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Abstract

Despite many advances in aviation noise control over the past 50 years, the industry is 

continually striving to  reduce noise emissions.   Turbofan engine acoustic  liners  are  efficient 

attenuators of engine noise.  Plasma actuators have been used as flow control devices in other 

settings and will now be studied as an enhancement for acoustic liners.  A plasma actuator can 

excite oscillatory flow or a single direction (bias flow).  Both flow types are studied as possible 

means to excite turbofan liners in order to improve the acoustic performance. 

Experiments revealed the oscillatory flow as the dominant factor in controlling resonator 

performance. The phase control of the actuator signal is an important parameter when dealing 

with the oscillatory flow. The actuator is first applied to a single resonator and then a set of six 

resonators.  The  experiments  show  that  with  the  correct  phase,  the  actuators  improved  the 

performance  of  a  single  resonator  by  3  dB  to  5  dB.  The  results  for  the  array  of 

actuators/resonators mirror the results of a single device. 

Beyond the improvements in performance, a number of other factors affect the usefulness 

of  the plasma actuator  technology in a  turbofan  environment.  The ability of  the  actuator  to 

produce plasma is susceptible to small imperfections in the device, and this property will likely 

be  amplified  in  a  perforated  sheet  with  embedded  actuators.  Additional  weight  and  energy 

consumed  by the  actuators  is  another  factor  to  consider.  Finally,  plasma  actuator  operation 

produces ozone, so environmental effects deserve consideration as well. 
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1 : Introduction

1 Introduction

1.1 Objective/Motivation

In the United States, the FAA regulates the amount of noise that aircraft can produce with  

a major focus on take off and landing [8].  This regulation on noise can be an important limiting 

factor  for  airline  operators  and is  sometimes  the reason less  flights  are  conducted in  a  day. 

Therefore,  the  aircraft  manufactures  have  a  powerful  monetary incentive  to  lower  the  noise 

propagated from their product.  

Several advances have been made in the area of noise control, dealing with aeronautical 

vehicles. Producing hulls and air foils with less air drag and insulating the hull have reduced 

noise  pollution  from the  point  of  view of  bystanders  and passengers.  Overall  precision  and 

efficiency of the engine have reduced unnecessary noise, also. The transition from the jet engine 

to the turbofan engine has reduced excessive turbulence and the accompanying noise. Despite the 

advances in the field, significant opportunity remains for further research.

The installation of acoustic liners has been proven to be an effective approach to mitigate 

the  excessive  noise  produced  by  turbofan  engines.   Further  improvements  to  conventional 

acoustic liners are desired to further reduce the radiated noise.  Through a knowledge of cavity 

acoustics, an acoustic liner can be effectively broken down into a Helmholtz resonator analogy. 

A Helmholtz resonator functions as a single element of acoustic liner.  As this thesis pursues new 
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1 : Introduction

methods of implementing acoustic liners,  Helmholtz resonators receive focused attention.  The 

combination of Helmholtz resonator methodology and plasma actuator technology provides the 

means to improve levels of attenuation already provided by acoustic liners.

This work aims to present a novel approach for improving the performance of acoustic 

liners  employed  in  turbofan  engines.  Although  the  addition  of  an  active  component  to  a 

Helmholtz-style  resonator  has  been  previously  attempted,  the  focus  of  this  research  uses  a 

synthetic jet plasma actuator as the active device. These research efforts strive to improve the 

performance  of  turbofan  acoustic  liners  as  a  sound  attenuator.  The  method  requires  the 

investigation of both acoustic liner and plasma actuator technologies with the aim of combining 

those technologies.  The 1kHz – 2kHz acoustic frequency range is the focus bandwidth for the 

research and investigation. This range lies within the larger problematic frequency range that 

Pratt and Whitney must consider when designing turbofan engines.  These research efforts strive 

to improve the performance of turbofan acoustic liners as a sound attenuator. 

1.2 Approach

This thesis seeks to investigate and document the combination of Helmholtz resonators 

and plasma actuator technology to acoustic liners. The acoustic liner is composed of perforated 

sheet with a honeycomb cell backing.  The behavior of one single element of this liner operates 

in the same manner as a Helmholtz resonator.  Before applying the plasma actuator technology to 

the complex acoustic liner, the simple Helmholtz resonator will be tested. A device is designed 

and  constructed  that  will  combine  the  active  components  of  the  plasma  actuator  and  the 
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1 : Introduction

attenuating affects  of the Helmholtz resonator.  This construction is  hereon referred to as the 

“actuator/resonator device” or “resonator/actuator”. 

Experiments are developed and employed that characterize the effects the actuator has on 

the attenuation of a single resonator.   While these experimental efforts produced noteworthy 

results,  great efforts were also committed to modeling and simulating these experiments.  The 

models  are  built  to  fully  embody  and  understand  the  components  that  are  controlling  the 

resonator-actuator device's capabilities to attenuate sound. A finite element method is used to 

model the actuator-resonator device.  Abaqus CAE was the choice for finite element solver. The 

well known spring-mass analogy for lumped-parameter acoustic resonators was addressed and 

altered  in  order  to  show  the  effects  of  the  plasma  actuator.   After  preliminary  testing  and 

modeling, the actuator-resonator device was further developed. The final device was developed 

to reflect the array of Helmholtz resonators which combine to act as a turbofan jet acoustic liner. 

1.3 Summary

This chapter has introduced the efforts to research and study the application of a plasma 

actuator. The motivation for this research has been discussed, as well as the possible benefits that  

may arise from the research. A brief summary of the entirety of the work done has also been 

outlined. The next chapter will detail the technical workings of the Helmholtz resonator as well 

as the plasma synthetic jet actuator with a brief review of previous literature relating to these 

concepts. 

3



2 : Background and Literature Review

2 Background and Literature Review

An overview of previous work that relates to the research conducted on plasma synthetic 

jet  actuators  as  a  means  of  improving  the  performance  of  turbofan  acoustic  liners  will  be 

presented beginning  with a summary and discussion of jet acoustic liners in turbofan engines. 

The acoustic liner is then broken down into its most basic element: a Helmholtz resonator.  The 

Helmholtz resonator is characterized and explored as an excellent source of knowledge on how 

the acoustic liner operates.  Then, the workings of a plasma actuator are explained.  A short 

history  of  the  development  of  this  technology is  explored.   Finally,  active  noise  control  is 

explained.   The  fundamentals  of  active  noise  control  enable  the  combination  of  these  two 

technologies as method to improve the acoustic liner performance.  

2.1 Turbofan Jet Acoustic Liners

Turbofan  engines  are  currently  the  most  feasible  propulsion  method  for  commercial 

aircraft due to their high power and low fuel consumption.  These engines use a series ducted 

fans and jet exhaust nozzles as the core components of operation, which can be seen in the basic 

rendering of the engine in Figure 2.1. Such designs typically require less maintenance than other 

typical engines types.  However, with the vast array of noise regulations imposed upon aircraft,  

manufactures must consider exterior flight noise a major design consideration. 

4



2 : Background and Literature Review

Acoustic  liners  are  an  excellent  means  to  reduce  noise  propagation  from a  turbofan 

engine and this method will be a main focus of this report.  Liners are usually placed at the inlet  

and/or outlet of the engine.  A single layer acoustic liner,  composed of a perforated sheet with a  

honeycomb core,  can be seen in Figure 2.2,  with labels on the most crucial  elements.   This 

arrangement produces an array of single degree of freedom resonators. The basic mechanism that 

allows an  acoustic  liner  to  reduce  the  outwardly propagating  sound from a turbofan  engine 

parallels the workings of a Helmholtz resonator (also referred to as “HR” throughout this thesis). 

Some liners have used multiple layers of honeycomb and perforated sheets to produce multiple 

degree  of  freedom resonators,  with  more  than  one  neck  and  volume  cavity,  which  will  be 

discussed later.  

5
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2.2 Helmholtz Resonator

Hermann von Helmholtz invented the Helmholtz resonator and authored  the book, “On 

the Sensations of Tone as a Physiological Basis for the Theory of Music”[9].  His work produced 

the  first  scientific  study  regarding  the  operation  of  an  acoustic  resonator.   An  acoustical 

resonator's operation depends on the physical characteristics of the cavity containing air. Section 

3.1 discusses the theory behind Helmholtz resonators in more detail.  When an incident acoustic 

wave interacts with a resonator, the pressure inside the cavity will fluctuate.  Since the Helmholtz 

resonator acts like a band-stop filter, some specific frequencies will be strongly attenuated, while 

others  will  not.    The  width  of  that  band-stop  frequency  range  is  controlled  by  viscous 

dissipation, like a dampener in a spring mass system.

6
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Another classic acoustician, Lord Rayleigh, produced a work entitled, “The Theory of the 

Helmholtz  Resonator”  [10] in  the  mid  1910's.   This  work  offers  an  early  and  rigorous 

mathematical model of operation of a Helmholtz resonator.  This work included a derivation of 

the resonant frequency of a Helmholtz resonator based on the radius of the cavity (which was 

assumed to be a sphere shape), the radius of the neck opening (which was assumed to be circular 

or oval in shape), and the volume of the spherical cavity.  Shortly after Rayleigh's publication, F. 

Puryer White published a conference proceeding which attempted to expand on that previous 

work.  White sets out to “carry [Rayleigh's] result, by a slightly different assumption for [the 

normal  velocity],  to  a  higher  approximation”  [11] in  his  work  “The  Period  of  a  Spherical 

Resonator with a Circular Aperture”. 

Since  these  early  studies  of  the  operation  of  acoustic  resonators,  generally  accepted 

models have focused on the volume of the cavity, the cross sectional area of the neck opening, 

and the length of the neck as the dominate dimensions impacting the resonant frequency of a 

Helmholtz resonator [12] [13].   

7
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2.3 Basic Review of Acoustical Liners

A little over half a decade before Rayleigh and White published their works, the Wright 

brothers were preforming their legendary test glides and flights on the North Carolina shores. 

While they may have not been the first to achieve flight, these bicycle mechanics are certainly 

worthy of being called pioneers of the sky.  From those humble beginnings at Kitty Hawk, the 

aviation industry has matured and expanded.  With the invention and incorporation of the aircraft 

engine,  the  problem  of  aircraft  noise  control  became  clear  to  society.  Currently,  the  most 

effective combatant of airplane noise is acoustic liners for engine nacelles. 

Intuitively,  the best  place to  combat  aircraft  engine noise is  in  the design phase,  but 

throughout the twentieth century and up to date, the state of the art engines do not operate with 

acceptable  noise  levels  by  design  alone.   Aircraft  designers  began  looking  for  alternative 

methods to attenuate engine noise by lining the nacelle with an acoustic treatment. As early as 

the mid-1970's works had been published that focused on the optimization of acoustic liners and 

segmenting of acoustic liner [14] [15].   During this decade, NASA and Boeing worked together 

to  study the  possible  effectiveness  of  acoustic  liners  placed  in  turbofan  engine  nacelles  by 

conducting  parametric  studies  [16].   As  a  result,  Atvars  and  Mangiarotty  reported  that  the 

significant parameters controlling the acoustic lining performance are the “acoustic impedance, 

treatment length, depth, core-cell dimensions, channel width, number of walls lined, number of 

layers in the lining, air velocity, and direction of flow with reference to sound propagation”  [16]. 

This  research was conducted under a number of metrics limiting the physical  application of 

Helmholtz resonator systems.  A list of these limiting factors are presented in Table 2.1.  While 
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an excellent starting point for research pertaining to acoustic liners, this paper has a focused 

range for the experimental data collected.  The bandwidth (800 Hz to 10 kHz for [16]) of interest 

exceeds the bandwidth of experimentation included in this thesis. 

Metric Range Units

Duct Size 4 – 12 in.

Lining Cavity Depth ¼ – 1 in.

Flow Mach Number -0.4 – 0.4 -

Table 2.1: Previous Research Metrics [16]

 Additionally, the dimensions of a acoustic liner have been the focus of a number of works 

[17] [18].  Different methods of optimization can focus on variations in the treatment depth, 

core-cell  dimensions,  and  number  of  layers  in  the  lining.   Once  the  extent  of  the  passive 

optimization  was  reached,  studies  in  active  methods developed to  further  improve upon the 

success of the passive liner.  Active in this context refers to a method which requires the addition 

of energy into a system.  Dividing the acoustic liner into segments is a method that has been 

found to  improve attenuation  of  the  liner,  and an excellent  review of  the  major  works  that 

contributed to this knowledge is authored by W. R. Watson [19]. 

 2.3.1 Resonator/Liner with Flow Interaction

Flow associated with the massive amount of air passive through a turbofan engine has a 

significant  effect  on  the  performance  of  acoustic  liner.   Parrott  Watson  and  Jones  astutely 

declare “the effective impedance of a duct liner beneath a boundary layer usually depends upon 

9
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both  the  intrinsic  impedance  of  the  liner  and  its  interaction  with  the  local  aeroacoustic 

environment”  [20].  Fluid flow interaction with acoustic liner has been the focus of numerous 

studies.  These studies are particularly interesting because the plasma actuator has the potential to 

control local fluid flow. Therefore, an intimate understanding of the fluid-flow and Helmholtz-

resonator interaction will better equip acoustic liner manufacturers to design acoustic liners with 

embedded plasma actuators. 

Fluid flow can interact with a resonator in one of two ways: grazing flow or bias flow. 

Grazing flow results from the medium of fluid flowing across the face of the liner, not through 

the neck, as shown in Figure 2.4.  For a Helmholtz resonator, the flow transverses the opening or 

aperture.  The  engine  of  an  aircraft  will  pull  air  across  the  face  of  the  liner  during  normal 

operation, and this air flow will produce grazing flow.  Beyond grazing flow, another important 

flow interaction can impact the performance of the turbofan liner.  Bias flow refers to the flow of 

air  through  the  perforations  in  the  face  sheet  of  the  liner  or  simply through  the  neck  of  a 

resonator. 

10
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A number of studies on the effect of the grazing flow on the acoustic liner performance 

have been conducted  [20] [21].  Understanding bias flow interaction with acoustic resonators 

will aid in the implementation of plasma actuators as an active component to the acoustic liner 

system.  Bias flow interaction has also been the focus of research [22] [23].  The plasma actuator 

will have an effect on this “local aeroacoustic environment”, and this effect will also change the 

impedance. 

Investigations into the effect of bias flow on acoustic liner began in the 1970's with P. D. 

Dean's work [24].  Dean's study focused on the effects bias flow has on several types of acoustic 

liner, with particular focus on the impedance as the main response variable.  Dean concentrated 

his efforts on narrow band, engine operational frequencies  [22].  On the other hand, Cataldi, 

Ahuja,  and Gaeta showed that negative bias flow has the ability to improve broadband liner 

performance  [25].  This previous research indicates that if a bias flow could be induced by a 

plasma  actuator,  then  this  active  component  has  ability  to  improve  the  acoustic  liner 

performance, theoretically. 

11
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 2.3.2 HR / Acoustic Liner Analogies

The basic mechanism that allows an acoustic liner to attenuate sound, is the same as a 

Helmholtz resonator (HR).  The two basic components of a HR are the cavity volume and the 

aperture of the neck.  To illustrate the physical behavior of a Helmholtz Resonator, two analogies 

are commonly presented.     

The first analogy is the spring mass system. The air in the neck of the resonator is treated 

as a single unit and the “mass” of the system. The air in the volume is equivalent to a spring, and  

other  parameters  make up the  dampening (such  as  viscous  effects).  Figure  3.1  (in  the  next 

chapter)  provides a visual illustration of these parameters.   This analogy will  be particularly 

helpful once the plasma actuator's operation is better understood.  

The second of these two analogies is most useful to people with a strong background in 

electrical  engineering  design.   This  analogy applies  the  workings  of  an HR to an  electrical 

circuit. Resistive, capacitive, and inductive elements are again based on the geometric and fluid 

properties of the resonator.  

2.4 Plasma Actuator Basics and Literature Review

Beyond the Helmholtz resonator and acoustic liner, the other major technology that is 

relevant to this research is the technology of plasma actuators.  Since the beginning of the study 

of  electricity,  a  number of electrical  discharges have been categorized and characterized.   A 

common example of one of these discharges is the arc discharge, and a lesser known example is 

12
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the glow discharge. Under certain conditions, the glow discharge can produce a synthetic jet or 

induced flow in a gas.  Electric wind, glow discharge, plasma synthetic jet, dielectric barrier 

discharge, ionic wind, and corona discharge are all terms used to describe the same electrical 

phenomenon, and these terms will be used interchangeably throughout this thesis.   

 2.4.1 Literature on Glow Discharge

An excellent history and summary of the state of the art up to the time of its publication is 

included in Movement of Air in the Electric Wind of the Corona Discharge [26], by Robinson. 

He says that this physical event “refers to the movement of gas induced by the repulsion of ions 

from the neighborhood of a high-voltage discharge electrode” [26]. 

In  1709,  Hauksbee  reported  the  first  observation  of  induced fluid  flow by means  of 

electric  discharge  [27].  Over a century later, Faraday developed the first explanation for this 

phenomena [27].  Myron Robinson chronicles the development of this physics in “A History of 

the Electric Wind” [27].  Such great scientists as Newton, Faraday, and Maxwell spent some time 

investigating the corona discharge, but as the late 20th century has progressed, the attention given 

to this electric phenomenon has been sporadic [26].  

Many of the more recent research efforts focus on specialized applications of the ionic 

wind, with little or no attention given to general purpose use.  The most promising application of 

the plasma actuator is on aircraft airfoils.  The actuator has proven to be an affective means of 

flow control for air accelerating around the foil. The induced flow by the actuator allows for 
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better control of the leading edge of turbulence on air foils [28].  Two other focused applications 

involve the food industry and the computer processor industry. T. Goodenough, P. Goodenough, 

and S. Goodenough explore the possibility of using ionic induced flow as a mechanism to dry 

food products in their 2006 paper “The Efficiency of Corona Wind Drying and its Application to 

the Food Industy”.  Confirming other previous work, Goodenough et al. show power usage of 

the actuators convert a mere 1-2% of the electrical energy consumed to kinetic energy of the air 

[29].   The plasma actuators  “[show] significant  drying enhancement  at  an overall  efficiency 

comparable  to  [industry  standard  conventional]  drying  methods”  [29].   An  important  and 

relevant finding by Goodenough  et al. “is that the electrode placement is crucial for effective 

operation” [29].  Yang et al. investigated the possibility of using the induced flow from a high 

voltage  corona  discharge  actuator  as  a  device  to  cool  microprocessors  [30].   Similar  to 

Goodenough et al.,  Yang et al. found that the energy efficiency of the high voltage electrostatic 

air pump is “comparable” to the standard heat sink and fan used for many common computing 

devices [30].  Other applications are likely to arise, since the technology is still being developed 

by a number of independent researchers [5]. 

A few recent publications apply the plasma actuator technology to aeroacoustic problems. 

Huang et al.  investigated the ability of a plasma actuator to “attenuate low-speed cavity flow-

induced tones” [31].  Huang et al. focused their investigation on specifically studying the power 

efficiency of their actuators.  The power usage by the plasma actuators will be a design constraint 

when implementing the technology in an acoustic liner.  A low flow investigation involving a 

rectangular  cavity is  presented by  Chan  et al. in “Attenuation of Low-Speed Flow-Induced 
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Cavity Tones Using Plasma Actuators”.  The results show that “the dominate cavity mode and its 

harmonics were attenuated to broadband level” during actuating of the device [32].   Many other 

conclusions  were  derived  from  their  experimental  work,  but  this  conclusion  holds  special 

relevance to this research.  This reduction in the modes of a cavity closely resembles the turbofan 

and acoustic liner system. The circular cross section of turbofan engines have a mode which 

acoustic liners are designed to reduce.  

 2.4.2 Basic Components of Plasma Actuator 

The  basic  elements  that  were  used  throughout  this  research  to  manufacture  plasma 

synthetic jet actuators (PSJA) will be described in this section.  A dielectric material makes up 

the base of  the actuator.   Two electrodes  are  adhered to  opposite  sides  of  the dielectric.   A 

number  of  variations  exist  on  the  alignment  of  the  electrodes,  but  they  are  commonly 

asymmetrically arranged, with some overlapping. Figure 2.6 shows an exemplary arrangement. 

High voltage alternating current is  the necessary electrical  input for the electrodes to 

produce  the  desired  glow discharge  and  induced  motion  of  the  local  air.  At  a  high  enough 
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potential, the air in the local region becomes ionized, and carries electrons from one electrode 

toward the dielectric region which shields the opposite electrode. The direction of the ion flow is 

reversed at the frequency of the alternating current.  Lorentzian collisions transfer the momentum 

from the ions to the neutral  gas  [31] [33] [34].  The properties of the dielectric used in the 

manufacturing of a plasma actuator can dictate the possible uses in industry.  Roth and Dia's 

conference  paper  [7] contains  a  great  amount  of  information  on  plasma  actuator  operation 

including a detailed summary of dielectrics. Their table of dielectric materials can be found in 

Appendix A. 

The straight line configuration is the most common found in the literature, but does not 

lend itself well to embedding/coupling with a Helmholtz resonator.  Further research revealed an 

alternative configuration of the electrodes.  Arvind Santhanakrishnan and Jamey Jacob were the 

first to present a configuration of the plasma actuator that had a circular form [35].  Figure 5.1 

shows the circular configuration, which serves as the basis for the original experiments outlined 

in Chapter 5.

2.5 Active Noise Control 

Active noise control is an important connection between the passive acoustic liner and the 

plasma actuator technology.  Active noise control manipulates a noise source by adding energy to 

the system in such a way that the source's intensity reduces.  This noise control method takes 

advantage of the physics of sound and interference.  A second sound source (speaker) is added to 

the system, and designed to emit the same amplitude as the noise source but with an inverted 
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phase. The two acoustic signals will then interact,  and the resulting sound wave will  have a 

reduced amplitude. The interaction of the two waves is commonly called interference. 

Thompson first observed active noise cancellation in 1878 while working with two early 

telephones [36].  Coanda recorded his observations and applied for a patent in 1930 [36].  Lueg 

patented his idea to use active noise control in a duct to control low frequency  [36].  Neither 

Coanda nor Lueg saw a working prototype of their ideas, and active noise control did not receive 

much attention for many years [36].  Olsen returned to these old ideas in the 1950s and attempted 

to apply the theories to rooms and headphones [36].  His efforts, like those of Lueg and Coanda, 

suffered from the infancy of many necessary electronics as well as relevant control theory. 

Active noise control in duct work is a realm of research that is especially relevant to this  

thesis because the turbofan engine is modeled as a duct system.  Trinder and Nelson were able to 

use a “detailed investigation of [a ducted] loudspeaker near field [which] enabled the optimum 

position of the microphone to be identified”  [37].  Using a “ 'virtual earth' principle, feedback 

loop [with the goal of] driv[ing] the sound pressure to a minimum” they were able to see a 

“reduction of up to 20 dB in the amplitude of low frequency broadband noise at  a position 

downstream of the cancelling [sic] source”  [37].   This ability has been so well  tuned that a 

company named NVH Technologies offers to design “active duct quieting (ADQ) systems” that 

can  focus on the 40- 100 Hz frequency band in heating, ventilation and air conditioning (HVAC) 

networks [38]. 

Today,  active  noise  control  has  become  common  to  many  people.   The  technology 

manifests itself in noise canceling headphones and in certain situations an active attenuator for 
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ventilation fans.  A plethora of information is readily available to someone who desires to learn 

more about active noise control. 

2.6 Summary

This  chapter  has  been  a  brief  introduction  to  the  workings  of  acoustic  liner,  plasma 

actuators and their relationship within the construct of active noise control.  Some history of the 

development of each technology is provided as a literature review.  Chapter 3 will present a more 

complete and detailed explanation of these two devices. 
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3 Related Theory 

 

This chapter presents the theoretical basis for the research and will relate the theory back 

to the problem of excessive noise propagation from turbofan engines.  The chapter begins with a 

discussion of the Helmholtz resonator because this device is the basic single degree of freedom 

system that acoustic liner is built from.  A Helmholtz resonator is the simplest element in an 

acoustic liner of a turbofan engine.  Once introduced, the effects of flow interaction with acoustic 

liner  will  be  presented.   The  chapter  will  then  present  a  summary  of  the  theoretical  work 

conducted on synthetic plasma actuators with all of the relevant work highlighted.  Finally the 

chapter will conclude with a look at the couple system of a Helmholtz resonator and plasma 

actuator device from a lumped parameters perspective. 

3.1 Helmholtz Resonator

The classic Helmholtz resonator, in its simplest form, is a cavity with an opening.  The 

opening is usually referred to as a neck, because in most cases this opening is small compared to 

the dimensions of the cavity.  The air inside the cavity couples with the air that resides in the  

opening of the neck. These two volumes combine to produce a dynamic system with a resonant 

frequency. 
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When excited by an acoustic pressure fluctuation,  air  flows into the resonator,  which 

increases the pressure in the volume.  If the force pushing air into the resonator, is then removed,  

the higher pressure on the inside of the volume will cause air to flow out of the opening.  Inertial 

effects cause the outward flow to continue beyond the equilibrium point.  This motion, in turn, 

causes the volume to turn into a low pressure region.  The cycle repeats as air flows back into the 

volume in an attempt to equalize the pressure.

Equation 3.1.1 shows how to calculate resonant frequency of a HR depending on some of 

the dimensions of the resonator.  The f h stands for the resonant frequency in Hertz, the  c 

stands for the speed of sound in the medium, the A stands for the cross sectional area of the neck, 

the V0 stands for the volume of the cavity, and the L represents the length of the neck. 

f h=
c

2  A
V 0 L

    (Hz)
(3.1.1)

The  resonant  frequency of  a  HR is  important  parameter  in  the  implementation  of  a 

coupled  plasma actuator and HR device.  One way to understand a HR is to consider it an 

acoustical  band-stop filter  with the  f h dictating a center point  of the stop band.  A more 

detailed explanation of the resonant frequency of a Helmholtz resonator is available in a number 

of sources, including Kinsler and Frey's  Fundamentals of Acoustics [12] or Bies and Hanson's 

Engineering Noise Control: Theory and Practice [13].  
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 3.1.1 Spring Analogy 

A common analogy for the Helmholtz resonator is the spring mass system.  The air in the 

neck of the resonator acts as a mass.  The properties of the cavity act like a spring and damper 

system.  The equations of motion are presented later in this chapter ( 3.4.1 Bias Flow Model).  

The spring-mass analogy provides an important method to analyze a HR system, using 

normal one degree of freedom vibration analysis.  The resonant properties of the device allow it 

to  amplify  certain  frequencies  while  attenuating  others.   The  sound  power  transmission 

coefficient describes the sound power that will transmit effectively during the excitation of a 

Helmholtz resonator by some disturbance.  The sound power transmission coefficient, Tπ for a 

HR is given in Equation 3.1.2 [12].
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T =1 c2

4S 2
Le

S b
− c2

V


2 
−1  

(3.1.2)

  The c term is the speed of sound in the fluid, the S term is the area of the opening of the 

neck, and the V term is the volume of the cavity.  The Le is an effective length of the neck where

Le=L1.7a  for outer end flanged 
Le=L1.4a  for outer end unflanged 

 
(3.1.3)

L is the length of the neck, and  a is the radius of the opening, for a cylindrical neck. 

When  applying  these  equations  to  an  acoustical  liner,  the  neck  is  usually  composed  of  a 

perforated sheet in which the thickness of the sheet is the length of the neck, the radius of the 

perforations is the radius of the opening, a. The **flanged instance is appropriate because the 

sheet usually has a percent open area less than 30%, and the surrounding perforations are small 

in radius as well. 

Equation  3.1.3 shows that  when  ω =  ωh,  the  transmitted  power  falls  to  zero.   This 

situation occurs when the frequency is equal to the tune frequency of the resonator.  A flow 

motion, described in the following section, has important properties that can be exploited by the 

plasma actuator's operation. 

3.2 Bias Flow

In  the  turbofan  engine  environment  large  amounts  of  air  are  being  compressed  and 

ignited.  All of the moving blades together with the explosive chemical reactions produce high 

amplitude  noise.   Fast  moving  air  is  common  throughout  all  parts  of  the  turbofan  engine, 
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especially at the exit and inlet.  Acoustic lining is commonly placed at the inlet or exit, and a  

number of studies have focused their efforts on modeling and predicting the impact the flow field 

might have on the performance of the acoustic liner [21, 32, 39]. 

There are  two common types  of flow interaction with the acoustic  liner  (or  array of 

Helmholtz resonators) in the literature.  Grazing flow as shown in Figure 2.4 (in the previous 

chapter) is a flow field moving across the opening of the Helmholtz resonator.  

Bias flow describes a single direction flow through an opening. In the case of the HR, the 

bias flow is traveling through the neck.  Figure 3.2 is a close up of the interface between a 

waveguide wall and the neck of a HR. 

The mechanism that plays a major role in the acoustics of bias flow is vortex formation 

[3].  The incident acoustic energy is converted to flow energy once it has interacted with the 

fluctuating shed vortices shown in Figure 3.2.  These vortices are created and dissipated by the 
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structural interaction with the bias flow traveling through the opening  [40].  As the bias flow 

increases, the acoustic resistance will as well [41].  Figure 3.2 shows where the shear layer and 

vortex formation occur relative to the bias flow, U, and the incident acoustic sound.  This figure 

shows  an  extreme  close  up  of  the  waveguide  and  HR  neck  interface  that  receives  further 

attention in both the modeling and experimental chapters. 

Some  amount  of  acoustic  energy is  dissipated  during  interaction  with  the  bias  flow 

vorxtices.  A metric has been developed which can predict the amount of acoustic absorption 

which is undergone during this interaction.  This absorption coefficient,  , for this bias flow 

situation can be calculated by using Equation 3.2.1 [3]. 

=

8
M c

R Rcos

∣R cos 4
M c

Ri R∣
2

 

(3.2.1)

With  standing for the open area of the neck, and Mc standing for the Mach number of 

the bias flow through that neck.  is the thermal conductivity. The cos accounts for the 

angle of incidence of the acoustic wave. The absorption coefficient is dependent on the Strouhal 

number, St, where

St=R/U c  (3.2.2)

In this equation, ω is the angular frequency, R is the radius of the opening of the HR 

neck, and Uc is the speed of the bias flow.  Howe's plot in Figure 3.3 shows the Strouhal number 

verses the absorption coefficient.
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The R and  R terms of Equation 3.2.1 are related to the Rayleigh conductivity, KR 

by Equation 3.2.3.

K R=2R R−iR  (3.2.3)

A normalized examination of these equations will offer some insight into the relationship 

between the Strouhal number and the absorption coefficient. 

Figure 3.3 reveals that when the Strouhal number is less than 1, the attenuation is at a 

maximum  [3].   The  absorption  coefficient  drops  for  Strouhal  numbers  above  one,  and  for 

Strouhal numbers above ten the absorption coefficient is nearly zero.  Figure 3.3 shows that for a 

constant bias flow speed, UC, the absorption coefficient declines as the frequency increases.  The 

bias flow adds a high-pass filter component to the system.  

Beyond the fluid-structure perspective, which focused on a single aperture, an alternative 
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bias flow explanation is worthy of exploration.  For this method, the focus will be on the bias 

flow effects on an acoustic liner segment, instead of a single Helmholtz resonator.  This approach 

will characterize the impedance of the acoustic liner, instead of absorption coefficient and power 

transmission coefficient.  

Bias flow has an effect on the impedance of acoustic liners. Dean's Bias Flow Model is of 

particular interest in comparing with the attenuation coefficient [23]. This model is based on of 

the Hersh 75 impedance model with bias flow terms added [23]. Dean's model is split into two 

regions:  one  linear  and  the  other  nonlinear.  In  the  following  equations,   stands  for  the 

normalized resistance, and  stands for the normalized reactance [23]. 

Dean=
1
 [k dt  0.4244vb

C D
2 1.0 t

d
 1.0

R e ][ 0.8488vb

C D
2 1.0 t

d

−1.01 2

R e ][ 2vb

c2 or
M gf

0.845
]


whichever is greater

 
(3.2.4)

Dean=
k d t
 [1.0 1

2 R e 1.0−
0.8488vb

C D
2 1 t

d
]  

(3.2.5)

The ratio  
vb

 d
 determines whether the impedance is operating in a linear or non-

liner fashion, the previous equations work when this ratio is less than one (linear operation), and 

the  applicable  equations  for  when  that  ratio  is  greater  than  one  (non-linear  operation)  are 

Equations 3.2.6 and 3.2.7 [3]:
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Dean=
k dt 0.64vb

C D
2 1.0 t

d 
[1.0−1.03CD1.0 t

d


vb


2

][ 2vb

c2 or
M gf

0.845 ]
whichever is greater

 

(3.2.6)

Dean=
k d t0.33
C D

[1.0
2.6CD 1

t
d


vb
][1.0− 1.03CD 1

t
d


vb


2

]  

(3.2.7)

Equations 3.2.4 – 3.2.7 have a number of variables. For quick reference, Table 3.1 defines 

many of the variables in the previous equations. 
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Dean Dean's normalized Resistance

 Percent Open Area

k Wave Number, =/c

d Perforated Hole Diameter

t Perforated Thickness, or Neck Length

vb Bias Flow Velocity 

C D Discharge Coefficient (steady flow)

R e Reynolds Number

c Speed of Sound

M gf Mean Grazing Flow Mach Number, =vgf /c

Dean Dean's Normalized Reactance

ω Circular Frequency, =2 f

Table 3.1: Term Definitions

These equations offer insight into the properties that control the impedance of acoustic 

liners.  A major difference between these models for impedance and the previous explanations 

for absorption and transmission coefficients is that Dean's models make a distinction between 

operation in the liner or non-linear regions.  This research will not address the non-linear 

operation, but its existence is still worth mentioning.  The next section contains the theoretical 
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details which pertain to the plasma actuator. After the plasma actuator section, the theoretical 

basis for the proposed device will combine the liner and actuator technology. 

3.3 Plasma Actuator

A brief description of a plasma actuator is delivered in the Background Chapter.  In a gas, 

such as air,  a high electric potential can cause the ionization of nearby air molecules.  Once 

ionized, many of those molecules will conduct electrical current through that ionized path.  Air 

normally acts like an insulator, but in the presences of a electric field strength exceeding 3 x 106 

V/m,  a  breakdown  in  the  insulating  properties  will  occur,  and  air  becomes  temporarily 

conductive  [42].  Air particles that flow away from the actuator quickly return to their neutral  

charge.  The plasma produced by these actuators is sometimes referred to as a one atmosphere 

uniform glow discharge plasma (OAUGDP).  When a spark or arc is formed in air, the color of 

the discharge is dependent upon the composition of the local medium air [43].  
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The voltage-current relationship varies around the onset of arcing.  A plot of the current 

and voltage relationship near values that would produce an arc is visible in Figure 3.4.  Area 1 in 

Figure 3.4 is a region where some but not all local air molecules are charged and these ions can 

allow for some small level of current to flow through the otherwise insulating medium  [43]. 

Region 2 shows a constant current for some range of voltage potential, and it is in this region 

where all of the nearby air molecules are ionized, and current can readily flow at that constant 

rate [43].  The final two regions in Figure 3.4 (Area 3 and Area 4) show the Townsend discharge 

zone which is  dominated by electron avalanche breakdown  [43].   This understanding of the 

electrical functioning of these discharges aids in the understanding of the overall plasma actuator. 

For corona or arc discharge, a chemical reaction produces ozone out of the air used as a 

medium.  This fact is noteworthy for any application of the plasma actuator which will have 

environmental consequences. 

A plasma  actuator  in  operation  produces  a  zero-net  mass  flux  (ZNMF)  jet  during 

operation.  The theory on the flow induced by the plasma actuator relies on Lorentz forces. These 

forces transform electromagnetic effects into body forces acting on individual particles [31] [33] 

[34].  This force falls under the umbrella of electrohydrodynamics, which studies the motion of 

fluid  with  individually  charged  particles  when  those  particles  are  interacting  with 

electromagnetic fields.  The Lorentz force is most concisely conveyed in equation form:

F=q Ev×B   (3.3.1)

Equation 3.3.1 relates the force applied to a particle, F, to four other parameters. E is the 

electric field (V/m).  B is the magnetic field (teslas). The change is denoted by q, and v is the 
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velocity of the particle.

Robinson developed the first equation for the electric wind velocity, shown as Equation 

3.3.2.

vG=k× i
gas

 
(3.3.2)

The “electric wind velocity” is represented by  vG. The  k term is a constant developed 

from the geometry of the electrodes, i is the time-averaged discharge current, ρgas stands for the 

gas density, and μ represents the mobility of the ions [26]. 

Sigmond  and  Lagstadt  built  upon  Robinson's  work  to  reform  Equation  3.3.2  into 

Equation 3.3.3. 

vG= i ge

AG

 
(3.3.3)

Reusing many of the same terms as Robinson, this expression removes the  k constant, 

and replaces it with the electrode gap, ge, and the discharge cross-section, AG [44]. 

Vortex motion and interaction play an important part in the jet formation[45]. The plasma 

produces an electrostatic body force on the local fluid. The force is dependent on the electric 

field, and Equation 3.3.4 [45] shows all the parameters that affect the force.

F=− o

D
2 E  

(3.3.4)

In this equation, o is the permittivity of free space,  is the net charge density, E is 

the strength of the electric field, and D is the Debye length. The Debye length is defined in 

Equation 3.3.5 [45]. 
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D= k Bolt T e

4 e2e

 
(3.3.5)

In Equation 3.3.5,  kBolt is Boltzmann's constant,  Te is the electron temperature,  e is the 

charge on the electron, and ρe is the plasma density[46] [47].

The electrical signals that control the actuator can induce flow in two ways: bias flow or 

oscillatory.   These  equations  for  electric  wind  focus  on  the  bias,  or  single  direction,  flow 

generated by the plasma actuator. The oscillatory flow is controlled by the operational frequency 

of the alternating current signal which feeds into the electrodes. 

3.4 Theoretical Design of Coupled Resonator Actuator 

The input electrical signals dictate the flow type:  oscillatory flow and bias flow. The 

plasma actuator will be planted in the neck of the Helmholtz resonator; Figure 3.5 shows the 

combination device. 

The oscillatory flow will operate similar to a loud speaker. Active control of the signal is 
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key in this situation. Bias flow produced by the plasma actuator will operate differently. Bias 

flow will improve the performance of acoustic liner by inducing vortex shedding. 

Using the spring analogy, the analysis of the resonator and actuator can be more fully 

developed.  A number of excellent undergraduate vibration texts include a thorough exploration 

of  the spring mass  system  [48].   It  is  useful  to  explore the plasma actuator  and Helmholtz 

resonator device using these tools.  The basic operation of the resonator as a spring mass system 

has already been briefly discussed in Section 3.1.1 with Figure 3.1 showing a helpful visual. 

Now,  since  the  important  mechanisms  that  allow  the  plasma  actuator  to  operate  are 

understood,  a  model  of  the  combined  device  can  be  developed.   There  are  two  common 

extensions of the spring mass system that can be applied here: a constant force acting on the 

mass (for bias flow) and an harmonic force acting on the mass (for the oscillatory flow).  

 3.4.1 Bias Flow Model

To model the resonator system, the air in the neck of the resonator is treated as one unit of 

mass.  The volume of the cavity controls the spring-damper properties.  The equation of motion 

for the system can then be written in the form of Equation 3.4.1 [12].   

m ẍ t Rtotal ẋ t k x t =0  (3.4.1)

In Equation 3.4.1 m stands for the effective mass of the unit of air in the neck of the 

Helmholtz resonator.  The effective mass of the unit of air in the neck of the resonator can be 

calculated for a cylindrical neck by Equation 3.4.2 [12].

m=0 S L '  (3.4.2)
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The Rtotal term is the total resistance and is further broken down in Equation 3.4.3 [12]. 

Rtotal=RradiationRWallLosses  (3.4.3)

Rradiation is the radiation resistance, and RWallLosses  is the resistance due to wall losses. 

Finally, the k term in Equation 3.4.1 is a stiffness term which can be calculated using Equation 

3.4.4.

s=0 c2 S2

V
 

(3.4.4)

 Equation 3.4.4 relates the stiffness term,  s,  in the equation of motion of the air mass 

system directly back to the density of air, 0 , the speed of sound, c, and the cross section area 

of the cylindrical neck, S, and indirectly to the volume of the cavity, V. 

The addition of bias flow can be modeled in a manner similar to gravity, as a constant on 

the right hand side of Equation 3.4.1. 

m ẍ t c ẋ t k x t =Fbias  (3.4.5)

Assuming that system starts from equilibrium with no displacement or velocity, one form 

of the solution is shown in Equation 3.4.3.

x t =e−n t⋅ Acos d t B sind t  F
k

 (3.4.6)

A=−F
k

             B= F
k nD

(3.4.7), (3.4.8)
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This solution for the motion of the mass of air in the neck can theoretically allow a HR 

design to be tuned for a specific band-stop frequency with the addition of bias flow.   

 3.4.2 Oscillating Flow Model

The model treats the oscillating induced flow like a harmonic excitation of the system.  If 

the Helmholtz resonator is a damped system, then the displacement of the unit of air in the neck 

satisfies Equation 3.4.6.

m ẍ t c ẋ t k x t =F 0cosdr t  (3.4.9)

The solution for this linear non-homogeneous equation is the sum of homogeneous and 

particular  solutions.   The system is  assumed to be underdamped.   The solution is  shown in 

Equation 3.4.7.
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x t =C e− t sind tD cosdr t−  (3.4.10)

Again, this explanation focuses on the motion of the bulk mass of air inside the neck of 

the resonator.  When the passive resonator is combined with an active driving component the 

solution to the system is different than the previously discussed cases. 

Both the bias flow and oscillatory flow models account for only a single resonator.  When 

applied to an acoustic liner, the models must account for a number of resonators tightly packed in 

a small amount of space. 

 3.4.3 Acoustic Impedance Considerations

The  acoustic  impedance  of  the  turbofan  liner  must  be  near  the  impedance  of  the 

surrounding medium for best performance.  When an incident sound encounters the liner, if the 

acoustic impedance is close to the impedance of the surrounding, then the incident sound will be 

absorbed, with a minimum amount  of the incident  wave reflected back since the impedance 

change is small.  

To connect  the acoustic  impedance,  Z ,  back  to  the  equations  of  motion Equation 

3.4.11 is provided.

Z=R jM− 1
C   

(3.4.11)

A few more equations are required to connect this acoustic impedance equation back to 

the geometry of the Helmholtz resonator. Those equations are shown in Equations 3.4.12, 3.4.13, 

and 3.4.14 with the names of the parameters [12].
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Acoustic Resistance:          R=Rm/S
2  (3.4.12)

Inertance:          M=m /S 2  (3.4.13)

Compliance:          C=S 2/s  (3.4.14)

These equations are only value for a situation in which the system can be treated like a 

lumped parameter  system.   For  this  assumption  to  be  valid,  the  dimensions  of  the  acoustic 

system must be small compared to the wavelengths of interest.  At 2kHz, the wavelength of an 

acoustic wave is .1715 m. The most acoustic liners have dimensions on the order of centimeters 

or millimeters, so frequencies up to 2kHz can by analyzed using this method.  The sponsor of 

this  research  requested  that  the  focus  bandwidth  be  between  1kHz  to  2kHz.  If  the  largest 

dimension of an acoustic resonator is 10cm, then the highest frequency that can be analyzed 

using this system is 3430 Hz, if the speed of sound is assumed to be 343m/s. 

3.5 Summary

This chapter summarizes the major theoretical concepts which compose the operations of 

the Helmholtz resonator, and the plasma actuator.  The major equations that dictate operation are 

presented and explained.  The synthesis of the two devices is also presented with comments on 

the theoretical operation of the combined device.  The theoretical model of the resonator/actuator 

requires restraints on the dimensions of the resonator to ensure the assumptions for a lumped 

parameter analysis are achieved.  
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4 Simulation of Resonator/Actuator  

A  number  of  models  and  prediction  methods  exist  for  predicting  acoustic  liner 

performance  [49] [39] [50].  A finite element software suite was chosen as the tool for use in 

modeling and simulating the plasma synthetic jet actuator.  The actuator is modeled to work in a 

similar manner as a speaker with an abnormal flexibility in its shape.  A portion of a waveguide 

and an array of resonators were built with Abaqus CAE.  Once verified by a parametric study of 

the passive resonator array, the model is then used to study the performance of the active system.  

The most common model of the actuator will be shown as an acoustic pressure source that is 

wrapped  around  the  interior  of  cylindrical  neck  of  the  modeled  resonator.   This  method 

specifically focuses on the oscillatory flow induced by the actuator.  Bias flow is not accounted 

for in these models because early experiments showed the induced bias flow speeds were too low 

to show significant change in the attenuating of a resonator.  Refer to Chapter 5 for further details 

on this experiment.   

4.1 Finite Element Method Background

The finite  element  analysis  (FEA) requires  that  the  continuous  real  world  system be 

broken down into discrete elements or nodes.  Governing equations dictate the interaction of 

each element in the model during simulation. A number of texts focus on the finite element 

methods [51] [52].
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 4.1.1 Introduction to Abaqus

The Abaqus suite of software gives a user the ability to apply finite element method 

(FEM) with the aid of a graphical user interface (GUI) for ease of construction and visualization.  

Abaqus CAE controls the graphical components of the suite, while Abaqus Standard/Explicit 

deals with bulk of  calculations that are completed while running a simulation. 

4.2 Construction of Model with Abaqus

This section will include various details that pertain to the construction of the model in 

Abaqus.  It will begin with the construction of the model, and go on to discuss the meshing 

method.  Then it will discuss the boundary conditions focusing first on the anechoic termination, 

then on the disturbance speaker, and finally discuss the modeling of the plasma actuators. 

 4.2.1 Model Construction

Abaqus CAE's GUI uses basic 3-D shapes and various tools to allow a user to build any 

shape imaginable from simple parts for finite element analysis.  The model is built to reflect the 

experiments.  The majority of experimentation relies on a waveguide as the base of the system. 

A test  subject  is  then  mounted  at  the  midpoint  of  the  waveguide  for  testing.   Refer  to  the 

Experimental Chapters for further details. 

 The basic elements of the model are intended to resemble the experimental setup.  See 

Chapters 5 -8 for the details of the experiments.  The waveguide used for experimentation is a  
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cylinder shape with a speaker as a disturbance source at one end.  The size of the cross section of 

the waveguide is chosen so the cut off frequency of the duct lies above the bandwidth of interest.  

See Section 6.1.1 Waveguide and Duct Design for more details on the cut off frequency.  This 

design consideration ensures that the bandwidth of interest will propagate down the duct as plane 

waves.   The  basic  system is  composed  of  a  waveguide,  with  an  anechoic  (non-reflecting) 

termination at one end, and the disturbance speaker (input source) at the other end.  Figure 4.1 

shows the cylinder constructed in Abaqus CAE as the base of the model.  An explicit dynamic 

model allows for the correct propagation and collection of data during simulation.

The test  subject  of interest  for these simulations is  an array of resonators,  which are 

shaped similar to the ones tested in the Chapter 8.  These resonators have a cylinder neck, which 

opens up to a wider diameter cylindrical volume.  For ease of composition and visibility during 

the visualization of the results, they are spaced 90 degrees apart at three points along the length 

of the waveguide.  The resonator/actuator array that is tested in the final experimental chapter 

has 3-pairs of devices (resonator/actuators) packed tightly together  at a single mounting point on 

the waveguide.  Despite the slight variations between the model and the constructed actuator 
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array,  the information from the simulations will  still  be useful and relevant.   This difference 

might affect the results if cross modes exist inside the waveguide, but both the model and the 

experimental  waveguides  were  designed  to  allow  only  plane  waves  to  propagate  at  the 

frequencies of interest.   This  simplification of only working with plane waves is  one of the 

reasons the simulation is a good representation of the experimental work.  Figure 4.2 shows the 

simulation resonators attached to the waveguide.

Abaqus CAE has multiple meshing procedures, which convert the geometry in Figure 4.2 

to an array of nodes.  An element type must be chosen which will dictate the geometry of the 

individual  elements  which make up the mesh of  the waveguide and resonators.   A dynamic 

explicit simulation requires a specific element set to construct the model.  A “AC3D4” element 

set is chosen for meshing, because this element type allows for the simulation to operate as a 

fluid medium with acoustic perturbations. This type of element in Abaqus is composed of a 4-

node linear acoustic tetrahedron.
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Seeding of nodes at corners of the model, continues the process of meshing.  According 

to the Abaqus User Manual, a functional meshing must have six nodes of the mesh spaced within 

the smallest wavelength, and accuracy is vastly enhanced if ten or more inter-node intervals span 

the shortest wavelength [53].  The number of nodes is set during seeding so there would be more 

than 10 nodes per the shortest wavelength.  The shortest wavelength of concern has a frequency 

of 2kHz.  To calculate the approximate maximum inter-node distance, Lmax, it will be assumed 

that  the  ideal  spacing requires  at  least  10 nodes  per  wavelength  of  interest n≥10 .   For 

Abaqus the speed of sound, c, will be calculated from the material attributes of the bulk modulus, 

Kf, and the density of the medium,  f .

c= K f / f   (4.2.1)

The bulk modulus of air, Kf, is set to 1.42 x 105 Pa, and the density of air is of 1.2 kg/m3. 

These  values  allow the  calculation  for  the  speed of  sound to  produce  344 m/s,  a  generally 

accepted value for the speed of sound in air at standard temperature and pressure.  The conditions 

in a turbofan engine will be quite different from these normal atmospheric conditions.  However, 

these are the conditions chosen to model because the experiments were conducted at normal 

atmospheric conditions.  The speed of sound calculated by Equation 4.2.1 affects the maximum 

inter-node distance.  The inequality shown in Equation 4.2.2 relates the maximum inter-node 

distance to all of the relevant parameters.
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Lmax
c

nmin f max

 
(4.2.2)

Input values used to calculate Lmax include: c = 344 m/s, nmin  = 10 nodes, and fmax = 2000 

Hz.  Calculating Lmax shows that the spacing between nodes of elements in the mesh should be 

approximately 1.7mm.  This more conservative calculation is used rather than the Abaqus User 

Manual recommendations for nmin = 12 and a maximum frequency of interest of 1000Hz.  The 

Abaqus User Manual recommendation inter-node distance is less than 29mm [53]. 

This knowledge is  particularly useful  when seeding the constructed outline of the air 

inside  the  waveguide  and Helmholtz  resonator.   Seeding a  part  places  outline  nodes  on  the 

intersection of two surfaces, and this process can be completed by specifying a number of nodes 

for a surface or setting an approximate distance between the nodes on a surface.  After a single 

face or edge is seeded, Abaqus can extrapolate the mesh for the rest of the model.  Throughout 

the  various  simulations  conducted,  a  variation  of  20-25  nodes  were  seeded  at  each  facial 

intersection on the model. The diameter of the waveguide is 5.08cm, so this seeding method 

ensures enough nodes per wavelength.  Figure 4.4 shows the meshed system.
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4.3 Abaqus Calculation Engine 

The  online  Abaqus  Theory  Manual,  part  of  the  Abaqus  Documentation,  provides  a 

detailed summary of the theoretical background of how Abaqus employs FEA. The equation that 

Abaqus  uses  “for  small  motions  of  a  compressible,  adiabatic  fluid  with  velocity-dependent 

momentum losses” [53] is shown as Equation 4.4.1. 

∂ p
∂ x
 x ,i u̇

f f  x ,i ü
f=0  (4.3.1)

In this equation, p represents the variation of pressure in the fluid, x is the placement of 

the individual fluid node. The u̇ f term stands for the fluid node velocity and ü f is therefore 

the term for the acceleration of the focus fluid node. The density term appears as  f , and the 
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 represents the drag force in the form of force per unit volume per velocity. The i and the 

i are  terms  for  independent  alternative  variables  including  temperature,  humidity,  or 

composition of the air [53].  A second important equation that also aids in describing the system 

appears as Equation 4.4.2.

p=−K f x ,i
∂
∂ x
⋅u f  (4.3.2)

These two equations make up the basis for the calculations that Abaqus performs during 

the finite element analysis.   

4.4  Boundary Conditions

The boundary conditions require the setting of special parameters for surfaces. One end 

of  the  waveguide  has  an  anechoic  termination,  and  a  non-reflection  boundary  condition  in 

Abaqus fulfills this condition.  A test pulse confirmed the non-reflecting property of the “end” 

surface of the waveguide.   This  test  entailed visually (through Abaqus CAE) confirming no 

reflection at the far end of the waveguide when the disturbance speaker perturbed the system 

with a short pulse.  A single data point collected the pressure time history which also showed no 

reflections from the non-reflecting end of the waveguide. 

The disturbance speaker and the actuators require a different boundary condition setting. 

A tabular input allows for definition of complex pressure functions.  The tabulated data is forced 
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upon the nodes at the speaker surface at the times specified.  The neighboring nodes see the 

changes which are imposed upon the speaker surface, and those nodal parameters are altered in 

the next time step.  This process is repeated as the speaker input drives the system. 

A desirable input function should cover the entire frequency range of interest, from 1kHz 

to 2kHz.  A single short pulses made up the input signal used for all simulations. The Fourier 

transform, FT(t), of a pulse results in a sinc function defined in Equation 4.3.1.

FT t pulse =
sin x 

x
 (4.4.1)

The theoretical frequency response of a pulse is shown in Figure 4.5, normalized by π. 

This  plot  was  formed  by  using  the  same  post  processing  matlab  script  employed  on  the 

simulation data.  An arbitrary pulse vector was used as the input to the post processing script.

Figure 4.5 shows the basic shape that should be expected from the simple waveguide 

response.  The next goal is to ensure proper frequency content is contained in the pulse.  The 
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shorter the pulse, the greater the frequency content.  The pulse used for simulations is shown 

graphically in Figure 4.6.

To confirm the appropriate amount of frequency content, a test simulation was run and 

the frequency response of the waveguide excited by this pulse are shown in Figure 4.7.
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Figure 4.7 shows the roll off of the major frequency to occur between 1 and 2kHz.  This  

will  be an acceptable trend.  Figure 4.7 also offers an important standard for comparison as 

resonators are added to the model, and tune frequencies are checked.  

All  other  surfaces  were  set  to  a  hard  walled  boundary  condition  to  reflect  the  PVC 

waveguide used during experiments.  This boundary condition forced the velocity of the outer 

nodes to not expand outward beyond their initial positions.  The impulse propagating down the 

waveguide with minimal dissipation.

A single, unique node was chosen for the sample location for all of the simulations that 

had resonators.  A different mesh was used when the HRs were not present, so the same node 

could not be used, but a similar location was chosen for data collection.  The similar location was 

within 1mm of the usual sampling location.  A sampling frequency of 50 kHz is used to collect  

data from the simulation at that single node point.  The time history collected from the sampling 

node was then saved in an excel spreadsheet, and post processed in matlab to convert the time 

domain information into frequency domain data.  

4.5 Parametric Study and Model Validation

A model was built of a simple waveguide with no resonators or actuators.  The input 

driving pulse shown in Figure 4.6 was set to excite the waveguide from the speaker end of the 

tube.  The end opposite the driving speaker was set as a non- reflecting condition.  The FEA 

calculation time step was set to be no greater than  .1 µs.  The sampling frequency for the data 
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collected from the downstream node was set to 100 kHz.  This vector of data was post processed 

in matlab to convert time domain information into the frequency domain.  

To validate the model, an arbitrary resonator size was modeled and then altered.  The 

basic dimensions of a “T” shaped cross section composed the resonator 2-d drawing.  A basic 

sketch with related variables is shown in Figure 4.8.  This two dimensional drawing is revolved 

around the pivot line called out in the figure to produce two coupled, cylindrical cavities.  The 

dimensions hN and rN turn into the length of the neck of the resonator and the radius of the 

opening of the neck, respectively.  The dimensions hV and rHR produce the depth of the cavity and 

the total radius of the cylindrical volume, respectively. 

The rN surface is the opening from the waveguide to the resonator.  Since the waveguide 

is a cylinder, this interface will not be perfectly flat like the rN surface.   The curvature of the 

opening  will  be  a  source  of  error  for  the  resonator  tune  frequency  calculations.   For  the 

parametric study, the HR was build with the dimensions shown in Table 4.1.  
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 rN 5 mm

hN 14.5 mm

rV 15 mm

hV 10 mm

rHR 10 mm

Table 4.1: Initial Resonator Dimensions (Resonator A)

Using  Equation  3.1.1  from  the  Theory  Chapter,  the  theoretical  tune  frequency  was 

calculated  to  be 1867Hz.   This  resonant  frequency was confirmed by a  simulation with six 

resonators arranged like Figure 4.4.  A drop of nearly 20dB is observable with the local minimum 

at  1873Hz.  

Two  more  resonators  were  tested  with  similar  dimensions.   The  details  of  those 

dimensions are present in Table 4.2.

Resonator: B C

 rN 5 mm 5 mm

hN 13 mm 9 mm

rV 5 mm 10 mm

hV 15 mm 15 mm

rHR 10 mm 15 mm

Table 4.2: Alternative Resonator Dimensions

Resonator B was designed to have a tune frequency of 1580 Hz, and resonator C was 

designed for the lower frequency of 1180Hz.  Both resonator arrays produced simulation results 
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which confirmed these resonant frequencies (See Figure 4.9).  

The data collection and post  processing deserve some attention before the results  are 

shown.  A node near the anechoic end of the waveguide mesh was sampled for its pressure time 

history data  at  a frequency of 10 kHz for the length of the simulation.   The data  was post 

processed in matlab with a pwelch function used to convert the time history data, into a density 

spectrum.     

4.6 Parametric Study Results

The results are shown graphically in Figure 4.9.  There are four curves plotted from 0 Hz 

to 2.1kHz.  The solid black line is shown as a reference because this is the spectral density of the 

waveguide without any resonators attached.  The other three curves show the spectral density of 

the simulations with different Helmholtz resonators attached to the waveguide.  
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Resonator Designed Tune Frequency Simulated Tune Frequency 

A 1.867 kHz 1.84 kHz

B 1.58 kHz 1.60 kHz

C 1.18 kHz 1.195 kHz

Table 4.3: Resonators Design and Simulation Tuning

Each curve is  identified by the legend, and for quick reference Table 4.3 is  provided 

showing the designed tuned frequency and the local minimum near that tune frequency.  The 

results  of the simulations  show that  the resonators  attenuate frequencies  within 30Hz of the 

design tune frequency.  This is a reasonable margin of error, and is likely due to the inexact 
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effective length of the neck of the resonator due to the curvature of the waveguide cross section. 

The attenuation each resonator produces varies widely.  Resonator set C produced over 50dB of 

attenuation at the resonant frequency.  Resonator set A produced over 20 dB of attenuation, and 

set B showed the smallest impact at the resonator frequency with about 5 dB difference at the 

tune frequency.  These results validate the FEA model and provide a source of confidence in the 

results of the simulations.     

4.7 Active HR/PA Simulations

To focus on the oscillatory motion, the plasma actuators were modeled as speakers.  The 

inside surface of the neck of the resonator is where the actuator was placed on the Helmholtz 

resonator.   This  configuration  reflects  the  actuator/resonator  (Res) configuration  sketched  in 

Figure 5.10.  The actuator signals were inversions of the input signal.  An appropriate time delay 

was calculated knowing the distance from the disturbance speaker to the middle of each actuator. 

This time delay allowed the actuators to fire when the disturbance signal reached the position of 

the actuators, but was unlikely the exact time delay necessary to see the most optimistic active 

control results.  Because of this, a number of tests were conducted to vary the time delay by 

fractions of the impulse time length.  These time delays simulate varying the phase of the single 

in a similar manner to the phase variations conducted for the experiments chronicled in Chapters 

6 and 7.  Applying these pressure boundary conditions at the disturbance speaker face of the 

model, and  also at the actuator faces produces a simulation of the waveguide, resonator, actuator 
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system with active control. 

Before combining the disturbance speaker signal with the actuator signals, the actuators 

effect on the system.  Various amplitudes of the actuator signals were simulated, and data was 

collected at a similar downstream position as other simulations.  

Figure 4.10 reveals some interesting information about the active signal originating from 

the neck of the Helmholtz resonator.  First, the shape of the system response when excited by the 

actuators is a different shape from the signal which originated from the disturbance speaker. 

There is significantly less frequency content at 1240Hz and 1600Hz.  These frequencies will not 

react well to active control, unless the reason for the lack of response at the 1600Hz is because 

the resonator is attenuating the actuator signal.  Because of this lack of frequency content, only 

frequencies between 1320 Hz and 1550 Hz were the chief concern throughout the rest of the 

simulations, with close attention also given to the tune frequency.  This frequency range is within 
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the bandwidth of interest from 1kHz to 2kHz and is likely to respond well to active control. 

These troughs of missing frequency content should not adversely affect the performance of  the 

passive resonator.  Figure 4.11 shows vertical lines at the tune frequencies of resonators A, B, 

and C.  Since Resonator A was the resonator used for this series of simulations, it is possible that 

the resonator was attenuating the signal before it could propagate down the waveguide.  

Resonator A, which is the resonator that was attached to the waveguide during this set of 

simulations, has a tune frequency of 1.84 kHz.  This indicates that the resonator removed an 

extremely large amount of the energy at 1.84 kHz.  A higher amplitude is required to make the 

amplitudes at most frequencies match which is necessary for the best active control results.  The 

time arrivals will probably not affect this resonator/actuator device,  because the actuator cannot 

excite the waveguide at the tune frequencies of the resonator.  Now Resonator B, with a tune 

frequency of 1.6kHz, will be the subject of a time initiation study to see if the different in phase 
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of the active control system will impact the broadband cancellation.  The frequency spectral at 

the downstream sampling node is shown in Figure 4.12.  The combination of the two signals has 

significantly altered the system response.  It appears that the dips in the actuator system response 

simulations had some negative effects in the 800 Hz to 1300 Hz range.  This range is blocked in 

Figure 4.12.  Reducing the amplitude of the actuator signals will reduce this negative effect, but 

may also reduce the added attenuation in the 1400 Hz to 1550 Hz range.  It should be expected 

that the negative and positive will both be reduced in a directly portion-able manner.    

To confirm this assertion, the model with resonator set B, will have the amplitude reduced 

and the time of fire varied with more exactness.  Reducing the amplitude of the actuator signal 

flatted  the  effects  out.   The  800  Hz  to  1200  Hz  band  has  +10  dB  response  in  the  active 
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simulations results shown in Figure 4.12.  In Figure 4.13, this effect has dropped some, and is 

most pronounced around 1000 Hz with specific time delays for the actuator firing.  Transfer 

function plots are provided in Appendix B.   

Reducing the amplitude of the actuator signal allows a clearer comparison between the 

passive and the active systems.  The shape of the frequency shows shifting of local minimums 

due to the active actuators.  The apparent tune frequency of the resonator has been shifted left by 

approximately 150 Hz, depending on the time of fire of the actuator.  The higher frequencies 

above 1.6 kHz show a 20 dB or more increased response.  
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4.8 Simulation Conclusions

The  active  simulations  showed  that  across  a  narrow  band  of  frequencies  the  active 

addition could be extremely effective with sound pressure level drops of greater than 20 dB.  The 

active actuators cause some creep of local maximum and minimums.  This shifting of the tune 

frequency could be used as a re-tuning mechanism.  This would allow narrow band filters to 

follow a frequency shifting tone and reduce the propagation.  The repercussion for this narrow 

band improvement in resonator performance comes at the higher frequencies.  
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5 Initial Experiments with Plasma Actuator

This section will relate and explain preliminary efforts regarding the plasma synthetic jet 

actuator (PSJA), in order to use the actuator as a means to improve the acoustic liners in turbofan 

engines.  A discussion of the basic setup used to run a plasma actuator is followed with details of 

the evolution of the design of the actuator.  Finally, a refined actuator design will be presented 

and  highlighted  for  its  attributes  that  display  its  effectiveness  as  a  compliment  to  turbofan 

acoustic liners. 

5.1 Overview of Experiments 

 5.1.1 Basis from Literature

The majority of literature that focuses on developing and testing PSJAs discusses one of 

two  designs.  Either  the  PSJA is  a  straight  line  configuration  or  in  a  circular  configuration 

following the form presented by Arvind Santhanakrishnan and Jamey Jacob [35].  The straight 

line  configuration  does  not  immediately  lend  itself  to  working  with  a  Helmholtz  resonator. 

However, the circular configuration has a shape that will naturally interact with the neck of a 

Helmholtz resonator with only a small alteration in the dielectric base.  An image of the circular  

configuration is shown in Figure 5.1. 
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The basic components that combine to make a PSJA are two electrodes separated by a 

dielectric.  In the cross section of Figure 5.1, the dielectric material is represented in gray, and 

the orange discs are the electrode panels.  This type of actuator configuration will here-on be 

referred to as a “flat” configuration, focusing on the dimensions of the dielectric. 

The flow field induced by the circular flat PSJA and the shape of the device lend this 

PSJA configuration to be easily coupled with Helmholtz resonators, while the straight line PSJA 

geometry does not.  The shape of circular configuration allows for a natural fit when placed 

around the opening of the neck of a HR.  However, the circular configuration requires one major 

alteration to integrate the plasma actuator with the neck of a HR: a hole in the center to allow air 

flow through the dielectric piece.  The cross section in Figure 5.1 shows a continuous piece of 

dielectric separating the electrodes.  A circular hole will be cut in the middle of the concentric 

electrodes through the dielectric and will double as an opening for the neck of the HR.  

 5.1.2 Initial Construction of PSJA
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The construction and experiments with the plasma synthetic jet actuators were preformed 

in  the  Vibrations  and  Acoustics  laboratory  of  Virginia  Tech.   The  raw  materials  used  to 

manufacture the devices were alumina - copper sandwiched panels (with two layers of copper 

surrounding the alumina).  Alumina is a common name for the dielectric, Aluminium Oxide, 

Al2O3.  The panels were cut to the desired shapes that matched with constructed HRs.  Figure 5.2 

shows both sides of a completed PSJA.  It embodies the shape that is outlined in Figure 5.1, with 

the addition of the hole in the dielectric.  The shape of the smaller electrode directly mimics 

Figure 5.1, and the inner perimeter of the outer electrode on the opposite side also has the correct 

shape at the important interface.  The square outer electrode around the perimeter will not affect  

the induced flow operation because the induced flow is controlled by the inner circular perimeter. 

This location is the shortest path for electrics to flow between the two electrodes.  When the 

electrodes  are  charged  with  low  differential  voltages  the  dielectric  will  block  the  flow  of 

electrons.  At higher differential voltages, on the order of 1kV and greater [46],  a break down in 
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the local air at this perimeter will occur, and some current will flow between the electrodes, 

despite the insulating properties of the dielectric  [5] [46].  The glow discharge occurs in this 

region and this area is where the electro-hydrodynamic forces originate.  A number of alternative 

electrode  settings  were  attempted,  but  none showed improved results  over  this  flat,  circular 

configuration.

 5.1.3 Hot Wire Anemometer

A hot wire anemometer measures the velocity of a fluid by measuring the change in the 

resistance of a thin filament at the tip of the probe.  The sensor of a hot wire anemometer is 

composed of an extremely thin filament and a conductive mounting.  The resistance in the thin 

wire, or filament, varies as heat is dissipated through convection by the motion of the fluid.  A 

constant current is run through the thin filament while the fluid flows around it.   Figure 5.3 

shows a tungsten filament being mounted on the tip of the anemometer by a heater.  Additionally, 
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a second hot wire probe was set up in order to calibrate the anemometer.  A known flow speed 

was controlled and set at 21.52 m/s to assure accuracy of the hot wire. 

5.2 Hot Wire Anemometer Experiment with Flat Actuator

A hot wire anemometer experiment was conducted to quantify the induced flow that the 

plasma actuator could produce.  This section will highlight and explain the electrical workings of 

the  components  that  were  used  to  run  the  flat  PSJA during  the  first  hot  wire  anemometer 

experiment.  Then, specific details of the experiments are followed by results insinuating further 

tests.  

 5.2.1 Actuator Circuitry 

The PSJA requires high voltage to produce the glow discharge and induce the electro-

hydrodynamic effects that are of key interest.  A step up transformer with a high turns ratio is the  

ideal means by which to convert normal voltage levels to the higher levels required for plasma 

production.   A single  transformer  that  would  step  the  signal  from the  amplifier  up  to  the 

necessary >1kV level, was unavailable.  Two transformers wired in series were used to obtain the 

necessary voltage levels for the actuators to operate.  An audio amplifier was used to increase the 

power of the driving signal of the actuator.  The glow discharge that the actuator produced was 

dependent on the gain the amplifier added to the system.

The source of the driving signal  for the actuator originates from a desktop computer 
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running Matlab.  A simple script was written in Matlab to control the actuator.  The sound card is 

the interface between the software or the mathematical model of the signal and the actual signal 

flowing through the circuitry in the form of voltage and current (See Appendix C for example 

Matlab script).  The script produced a single tone, which was output from the sound card of a 

laptop and wired into the amplifier.  A concise summary of the electrical circuitry for the flat  

PSJA, hot wire anemometer experiment is visible in Figure 5.4.

 5.2.2 Experimental Setup

The arrangement associated with the first set of experiments is presented in Figure 5.5. 

This figure shows the experimental setup with the hot wire anemometer positioned at the center 

of  the  flat  actuator's  opening,  ½”  from  the  surface  of  the  actuator.   The  position  of  the 

anemometer was not changed throughout this experiment. 
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In order to obtain a standardized set of results, the hot wire anemometer was calibrated 

for each experiment.  The calibration was dependent on the transducer.  The available transducer 

was not designed to operate with flow speeds below 20 m/s.  Not having a transducer that could 

operate reliably at lower flow speeds produced problems when data collection was conducted. 

      The actuator was activated by running the aforementioned Matlab script, which outputted a 

single  tone  from the  sound  card  of  a  laptop.   Subsequently,  four  sets  of  data  were  taken 

corresponding to four different pure tone frequencies of operation for the PSJA.  Each signal 

passed through the circuitry described in Section 5.2.1, and a glow discharge was observed.  The 

actuator usually ran for a period of 4-10 seconds before data was actually collected by the hot 
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wire  anemometer.   Four  frequencies  were  tested:  500Hz,  600Hz,  700Hz,  and  800Hz.   The 

actuator and hot wire can be seen operating during a test in Figure 5.6.  The characteristic glow 

discharge illuminates the actuator and local surroundings in this figure.

 

 5.2.3 Experimental Results  

As  expected,  a  fast  Fourier  transform  (FFT)  of  the  collected  data  showed  distinct, 

dominant peaks at the driving frequencies for each case.  The data showed flow result values less 

than 0.5 m/s.  The observed average flow speeds are shown in Table 5.1.  The two orders of 

magnitude  between  the  calibration  flow speed  of  21.52  m/s  and  the  results  is  a  significant 

problem.  The flow values are below the point where the transducer can be expected to operated 

linearly.  Furthermore, the values obtained are below the noise floor of the experimental probe. 
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Therefore, for all pure tone frequencies tested, the measured induced flow was nearly zero.  This 

does not mean that the actuator did not induce any airflow.  Rather the airflow induced was 

minimal and significantly less than  values expected.

      Despite  the lack of quantifiable  results,  a number of  lessons were garnered from this  

preliminary experiment.  The induced flow is strongest at the driving frequencies.  While this 

investigation  was  intended  to  characterize  bias  flow  properties,  it  actually  revealed  the 

dominance of the oscillatory motion.  This knowledge was combined with information collected 

from literature, to form a redesign of the actuator's layout.   This redesign is better suited to  

couple with an HR, which is described in the following section.  

5.3 Hot  Wire  Anemometer  with  Embedded  Tubular  

Actuator

These effort acknowledge the shortcomings of the previous flat PSJA design.  A redesign 

produced  the  tubular  actuator  configuration.   Experimental  considerations  parallel  the  work 

conducted on the flat actuator.  Section 5.3.2 will highlight and explain the electrical workings of 
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Freq. (Hz) Speed (m/s)
500 0.39
600 0.32
700 0.29
800 0.13
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the components that were used to run the tube PSJA, with noted differences from the previous 

experiment.

 5.3.1 Actuator Redesign

After multiple attempts at getting the flat actuator configuration to satisfy the needs of 

this specific project, a redesign of the plasma actuator was undertaken.  The focus of the redesign 

was to move away from a two part system where the actuator acts in the local area of a resonator 

and  move  towards  an  actuator  that  would  directly  enhance  the  physical  properties  of  HR 

operation.  

Initially, the design of the HR/PSJA system was going to involve attaching a flat actuator 

to the open end of the neck of a HR, seen in Figure 5.7.  Although, the flow field of the flat  

actuator produces vortexes that induce flow, the majority of the flow occurs in areas that do not 
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directly affect the operation of a HR.  This issue is illustrated in Figure 5.8.  A simple solution to 

this problem is to keep the flat actuator configuration but place the actuator within the neck of 

the HR.  A flow field visualization of the flat actuator set in the middle of a HR's neck is shown 

in Figure 5.9.  Unfortunately, this design does not operate as intended.  The actual neck opening 

of the HR is effectively only the opening of the PSJA.  However, the induced flow has been 

directed in a more efficient and productive manner.  The actuator acts as an input periodic force 

on the analogous spring mass system of the resonator.   
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The  previous  actuators  were  composed  of  a  flat  Alumina  piece  with  copper  panels 

attached to both sides.  The glow discharge from these PSJAs occur at small distance away from 

the opening of the HR neck.  The configuration shown in Figure 5.9 continued to lack the direct 

flow  field  interaction  that  was  desired,  because  the  induced  flow  was  still  produced  some 

distance away from the effective opening of the neck.  The final configuration places the copper 

panels directly on the neck of a HR, rather than on the outside or in the middle of the neck.  One 

copper  panel  is  placed on the inside  perimeter  of  the neck,  and the  other  is  on the  outside 

perimeter, as shown in Figure 5.10.  An example of an actuator built with this configuration is 

shown in Figure 5.11.
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As  with  the  original  actuator,  the  tubular  plasma actuator  creates  two areas  of  glow 

discharge.  In this case, the glow discharge on the inside of the neck directly interacts with the 

oscillating air of the resonator.  The glow discharge that occurs on the outside of the tubing can 

potentially  be  used  to  help  excite  the  air  inside  the  volume  of  the  resonator  that  is  also 

fluctuating.  Figure 5.12 shows both configurations, with the resonator on the left not using the 

outside glow discharge and the resonator on the right using the outside glow discharge to excite 

the air in the volume of the resonator. 
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In  addition  to  this  new configuration,  new dielectrics  have  been  tested  for  usability. 

Fused Quartz is now the standard dielectric used for testing because it is readily available in a 

variety of sizes that allow for different tune frequencies for the resonators.  The Fused Quartz has 

a dielectric strength of 5 kV/mm, while the Alumina has dielectric strength of 15 kV/mm (See 

Appendix A: Table of Tested Dielectrics).  Changing the dielectric material will change the way 

the actuator responds to the electrical driving signal. 

 5.3.2 Actuator Circuitry 

The early tests saw the refinement of the circuitry to a point where a given actuator could 

operate with a standardized set of electrical components.  Instead of using two transformers that 

have a combined weight greater than 10kg (22 lbs), a single high voltage transformer was used. 

Figure 5.14 shows a picture of one of the high voltage transformers used.  The design of the 

transformer  makes  it  useful  for  a  variety of  specialized  high  voltage  applications  including: 
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“solid state Tesla coils, plasma displays, Jacob's Ladders, drivers for DC multipliers or [other] 

general purpose high voltage sources”[54].  The specifications for the transformer rate it at 10kV 

peak at 10mA. It has a large ferrite core, in a square frame shape with windings on opposite sides 

of the frame. 

Like with many mechanical and electrical operations, a transformer is a dynamic system, 

and therefore has an associated resonant frequency.  If the resonant frequency of the transformer 

is known, this value can be used to improve the output of the transformer to ensure the necessary 

voltage  step-up  is  achieved.   A test  was  completed  to  find  the  resonant  frequency  of  the 

transformer.  A frequency sweep was amplified and fed to the input terminals of the transformer, 

while  the  output  terminals  were  connected  to  an  oscilloscope,  with  a  high  voltage  probe. 

Resonance for this particular transformer is 18 kHz.  

Finally, the previously utilized Matlab script used to produce the signal for the system 
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was revised and utilized for this set of experiments (See Appendix A for example Matlab script). 

The script required two frequencies as input: one as the carrier frequency and the other as the 

modulating  frequency.  The  resonant  frequency  of  the  transformer  was  set  to  be  the  carrier 

frequency at  18kHz.   The  modulated  frequency was  varied  from experiment  to  experiment 

depending  on  what  resonator/actuator  combination  was  used.  A filter  removed  frequencies 

greater than 100 kHz, added 10dB before the signal reached the amplifier, and smoothed the 

sound card  output.   A concise,  visual  summary of  the  electrical  circuitry for  a  typical  high 

voltage plasma actuator can be seen in Figure 5.15.

 

 5.3.3 Hot Wire Anemometer Test for Tube Actuator

The new PA configuration was tested using a hot wire anemometer.  The tungsten hot 

wire filament was placed 7/8” from an end of the actuator.  This test incorporated the Helmholtz 
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resonator  with  the  PA. Figure  5.16 shows the  hot  wire  placement  at  the  center  of  the  tube 

opening.  The actuator signal circuitry and the hot wire are independent (the filters and amplifiers 

are not shown).

In this experiment, the hot wire was calibrated to a 2m/s air flow. This calibration was 

much more appropriate for the expected flow rates. This low flow calibration was made possible 

by the availability of a low voltage transducer. 

 5.3.4 Tubular Actuator Hot Wire Results

Since the actuator is  run with an amplitude modulated signal,  three major  results  are 
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expected.  First,  a  net  bias  flow should  be  observable.   Secondly,  a  fluctuating  flow at  the 

modulated frequency should be observed,  and finally,  another  fluctuating flow at  the carrier 

frequency is expected.

The  experiment  was  run  by  operating  the  actuator  at  a  variety  of  frequencies  and 

collecting samples of data  through the hot wire.  A range of frequencies was tested to allow 

comparisons of flow depending on frequency of operation.  The average of the induced flow 

speeds was recorded, and those values are plotted in Figure 5.17, which represents the average 

values  of  three  samples.   The  highest  magnitude  of  induced  flow  occurred  at  the  lowest 

operational frequency tested, 1200 Hz. The range is less than 0.15 m/s across these frequencies. 

Additionally,  the  peak  flow  rate  recorded  during  the  test  reached  about  1.5  m/s  for  each 

frequency tested, showing that the maximum flow rate is independent of driving frequency.  A 

flow vs. time graph of the raw data showed oscillations of the flow around the average value or 

bias flow value. 

76



5 : Initial Experiments with Plasma Actuator

A test of the flow variation across the radius of the tube and beyond was also conducted. 

The measurements began at the center of the tube,  progressing outward to 24 mm at discrete 

steps of 2 mm.  The diameter of the tube plasma actuator was 25mm (radius = 12.5mm), so this 

range extended beyond the radius of the tube.  The symmetry of the tube actuator design should 

create a symmetry in the flow field in the angular direction. Some variation is expected in the 

radial direction (Refer to Figures 5.8 and 5.9 for the actuator flow field). Three measurements 

were taken at every position and averaged.  The results of this radial variation test are plotted in 

Figure 5.18, where the radial distance from the center of the tube for each measurement of the 

hot wire is indicated on the x-axis.  R is the radial distance from the center of the tube for each 

measurement of the hot wire(R=0 corresponds to the center of the tube).  For values within 

radius of the tube, the measured average flow rates are all larger than the recorded flow rates at  
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Figure 5.16: Frequency vs. Induced Flow

Frequency vs. Induced Flow

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1200 1500 1800 2100

Frequency (Hz)

In
du

ce
d 

Fl
ow

 (m
/s

)



5 : Initial Experiments with Plasma Actuator

radii  larger  than  the  radius  of  the  tube  actuator.  This  fact  indicates  that  the  synthetic  jet  is 

concentrated within the tube's radius. 

5.4 Summary

This chapter presented the early design of the flat Plasma Synthetic Jet Actuator, as well 

as the redesigned, tube actuator. Incorporating a plasma actuator with a Helmholtz Resonator 

required the redesign to aid the actuator's properties to better compliment the physical properties 
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of a Helmholtz resonator. Tests of the tube configuration actuator reveal low induced-flow rates, 

on the order of 1 m/s. While these flow rates are low they do reveal an induced flow caused by 

the operation of the plasma actuator. The next experiments present in Chapter 6 will test the 

combination  of  the  oscillatory as  well  as  the  induced bias  flow as  a  means to  improve the 

performance of a Helmholtz resonator in a duct setting. 

79



6 : Concept Validation

6 Concept Validation

This chapter presents the work done to test the tube plasma actuator in a setting which 

simulates  a  turbofan  engine  environment.   A waveguide  will  simulate  the  engine  nacelle 

environment with focus on the shape of the engine duct.  The goal of this experiment is to study 

the effects the addition of an active plasma actuator will have on the performance of a Helmholtz 

resonator as an attenuating device. 

6.1 Experimental Setup

 6.1.1 Waveguide and Duct Design

To designed a waveguide with ideal properties for testing of the actuator-resonator the 

frequencies of interest were considered along with source and termination details.  The 

experimental setup was designed to allow the acoustic pressure frequency range  from 1kHz to 

2kHz to operate without complication or modal interaction.  Referring to Figure 2.1, the basic 

shape of the engine is a short, wide tube.  A circular cross section shape for the waveguide duct 

was chosen to parallel the shape of the turbofan engine.  The basic design of the wave guide is 

shown in Figure 6.1.  While the primary noise source of a turbofan engine resides in the center of 

the duct, this experimental setup places a source speaker (also referee to as the disturbance 
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speaker) at one end of the waveguide.  This placement allows for the noise to propagate down 

the duct, past the mounted actuator-resonator device, and dissipate at the anechoic termination.  

Figure 6.1: Waveguide Setup

For the material composition of pipe, construction grade PVC piping was chosen because 

it was rigid and readily available.  The rigidity of PVC allows the perimeter of the inner tube to  

not absorb significant sound as a wavefront progresses down the waveguide.  By allowing only 

plane waves to  exits  within the waveguide,  the measurements and analysis  will  not  have to 

consider modal excitation in the cross section of the pipe.  The cut off frequency indicates the 

frequency at which he cross mode interaction should be a concern and  can be calculated from 

the radius, a, of the pipe:

f c=
1.81⋅343m / s

2π a
 

(6.1.1)

The highest frequency to be tested was 2.5kHz.  Applying a factor of 1.5, to ensure the 

calculated value was conservative,  gave 3750Hz as the target cut off frequency for the wave 

guide.  The conservative radius, a, is calculated in Equation 6.1.2. 

a=1.81⋅343m /s
2π f c

=1.81⋅343m / s
2π 3750Hz

=0.02634m  
(6.1.2)
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This radius corresponds to a diameter of 0.0527m, which is  2.0748 in.  A 2” diameter 

pipe allows only plane waves to exist along the length of the pipe at frequencies well above 

2.5kHz. 

The speaker was 2” in diameter, to match the diameter of the PVC pipe, with 3.2 Ohm 

resistance.  It was mounted on the inside of a PVC nozzle so that the face of the speaker was 

flush with the end of the 10ft pipe.  If the microphones and test subjects are placed in the far field 

from the disturbance speaker, then special near field analysis is not necessary.  Three criteria 

dictate the far field, and are shown in Equations 6.1.3-6.1.5

r≫ 
2

 (6.1.3)

r≫l  (6.1.4)

r≫ l 2

2
 

(6.1.5)

With  r standing for the distance from the source to the measurement  position,   is  the 

wavelength, and l is the characteristic source dimension.  The ≫ indicate that r should 

be at least three times greater that the other term in the inequality[13].  Using the outer bounds of 

the bandwidth of interest between 1kHz  (  =13.5 in.) and 2kHz (  =6.78 in.) results in the 

following calculations. 

r≫ 13.5in.
2

=2.15 in.  (6.1.6)

r≫2in.  (6.1.7)

r≫2in. 2

2 6.8in.
=.93 in.

 
(6.1.8)

82



6 : Concept Validation

The anechoic termination was made of a cone of fiberglass.  Fiberglass, with a soft and 

fibrous composition, absorbs airborne sound well.  The cone shape allows for the fiberglass to 

gradually occupy more of the waveguide cross section as an incident wave continues to progress 

toward the end of the pipe and is  therefore ideal for an anechoic termination element.   The 

conical shape of  the fiberglass was supported by a wire mesh.  A λmax /4 length for the cone will 

suffice because any incident wave will be absorbed both while progressing toward the end of the 

waveguide  and  during  any  reflections  that  are  not  already  effectively  attenuated.   This 

termination therefore acts as a full half wavelength absorber.  The largest wavelength of concern 

occurs at 1 kHz (  =13.5 in.).

Ltermination=
λ
4
=13.5in.

4
=3.38in.  (6.1.9)

The anechoic termination used is shown in Figure 6.2.
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The waveguide was 10ft.  The speaker was rigidly attached to a open expansion joint.  

The fiberglass termination was also mounted on the inside of a PVC expansion joint.  When 

inserted into the 10ft pipe, it extended  3.5” into the pipe, which exceeded the designed anechoic 

length.  The termination mounted to the end of the waveguide can be seen in Figure 6.3.
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Figure 6.2: Fiberglass Termination
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The mounting for the test subject (Helmholtz Resonator and Plasma Actuator) is centered 

at 5ft from the speaker end. The opening for the mounting point measures 1.5” along the pipe 

and 1” across.   Clay is  used around the perimeter  of the opening to grip the actuator  when 

mounted on the wave guide. The mounting opening and clay are visible in Figure 6.4.

The microphone array had two microphones upstream and two microphones downstream 

of the mounting point. The reader is referred to Figure 6.1 for a global view of all of these parts 

of the waveguide. 
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 6.1.2 Resonator Tune Test

A preliminary experiment  was  conducted  on  the  actuator/resonator  device  before  the 

actuator  was activated.   The test  was conducted  to  find  the resonator  tune frequency.   This 

frequency is then used to drive the actuator.   

A PA/HR device was mounted on the waveguide.  A hole, the size of the microphone 

element  (<  ½”),  was  drilled  in  the  resonator's  cavity.  A microphone  mounted  in  that  hole 

collected the acoustic pressure data in the cavity of the resonator.  A single microphone was 

placed in a similarly drilled hole at 2.5ft from the speaker and at 7.5ft from the speaker (Figure 

6.1). Every microphone was mounted tightly in the hole which was drilled to size, and clay was 

used to assure the microphone mountings are air tight. These microphones were connected to a 

signal  conditioning system which fed into a  National  Instruments  Data  acquisition  board.  A 

computer running LabView was used to collect the data. 

In order to use a flat power spectral density input, white noise was played through the 

disturbance speaker at one end of the waveguide.  The data from the microphone closest to the 

speaker was considered the reference data.  The transfer function was then computed for the two 

signals from the resonator and downstream microphones.   The transfer function between the 

reference  noise  and  the  resonator  cavity  microphone  produces  strong  peaks  at  the  resonant 

frequencies, and the transfer function between the downstream and upstream microphones will 

show a  clear  local  minimum at  the  resonant  frequencies  of  the  HR.   The  transfer  function 

between the resonator microphone and the reference microphone  using Equation 6.1.10. 
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TF  f =Output  f 
Input  f 

 (6.1.10)

The “Output” and “Input” in this case refer to the cross correlation and auto spectrum, 

respectively.  These parameters were calculated by the a LabView program, which will be 

referred to as “VAL DAQ”.  During all data collecting sessions which used VAL DAQ, a 

coherence plot was immediately checked after data collection ceased.  If the coherence dropped 

below 0.95 for the bandwidth of interest, that data was not use for further analysis.  The transfer 

function (TF) is shown Figure 6.5(a). The transfer function between the downstream microphone 

and the reference microphone data is also calculated, and the frequency response plotted in 

Figure 6.5(b).

Two clear peaks are visible in Figure 6.5(a) at 1290Hz and 1830Hz.  The 1290Hz peak in  

the resonator, is directly related to the 10 dB trough at the same frequency in Figure 6.5(b).  The 
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rest of Figure 6.5(b), away from the resonator tune frequency, shows a complex shape.  This test 

successfully  revealed  the  resonator  tune  frequency,  and showed that  it  is  an  effective  10dB 

passive attenuator. 

6.2 Actuator Experimental Operation

During early experiments, preliminary results showed the actuator signal impinging on 

the  reference  microphone.   This  was tested  by operating the actuator,  while  the disturbance 

speaker remained silent.  The reference microphone picked up the actuator signal as clearly as 

the downstream microphone.  This created a problem for data collection, because the reference 

signal  was  being  corrupted  by  the  actuator  signal.   This  additional  signal  would  have 

correspondingly  altered  the  transfer  function.   To  alleviate  this  undesirable  situation,  the 

experimental setup was altered.  Instead of being taken from a microphone upstream of the test 

subject,  the  reference  data  was taken from the signal  going into  the speaker.   This  solution 

eliminated  any  possibility  that  the  actuator  signal  was  affecting  the  reference  signal.   A 

foreseeable drawback collecting the reference data before the signal is  converted to pressure 

waves is that the speaker will have some shape to its transfer function.  The assumption is made 

that the transfer function from the input electrical signal to the output acoustic signal, across the 

speaker, is relatively flat and does not have a adverse effect on the system as a whole.  

The variation in the experimental setup is  shown in Figure 6.6.  When comparing the 

difference  between  this  setup  and  the  initial  setup  (Figure   6.1),  the  only  difference  is  the 
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microphone arrays.  The signal running to the actuator/resonator is provided by a sound card 

which output is controlled by a  Matlab script.  The script produced a modulated signal from the 

sound card  with  the  carrier  frequency as  the  resonant  frequency of  the  transformer  and the 

modulated frequency as the resonant frequency of the resonator.  The disturbance speaker and the 

actuator signal were isolated by disconnecting each before the actual test was conducted.  Data 

was collected for just the disturbance speaker and just the actuator.  Gains for each device were 

altered until the magnitudes at the downstream microphones nearly matched.  

The data  collection  computer,  used  the  VAL DAW program to  collect  the  data.  This 

program sampled the microphone signals at a frequency of 8192Hz., and averaged 20  sets of the 

data.  The sound pressure level (SPL) at the microphone array was approximately 60 dB during 

data collection.  Figure 6.7 shows the active device mounted on the waveguide. 
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6.3 Results

Figure 6.8 shows a number of experimental results and is not calibrated to SPL.  This 

series of data collections were taken one after another with the actuator running for 30 seconds 

during each sampling.  After data was collected the actuator was stopped for 30 sec while the 

data was saved and the test setup re-examined.  The process was repeated in this manner until a 

large number of results were collected.  
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The red curve in Figure 6.8 is the dip at the resonant frequency of the resonator.  That plot 

shows approximately 9dB of attenuation due solely to the passive resonator.  The various blue 

curves shown in Figure 6.8 represent experimental runs with the disturbance speaker and plasma 

actuator operating at the resonant frequency of the HR.

The results  show inconsistent  data  for  how the  actuator  interacts  with  the  system.  It 

appears  that  some  experimental  results  reduced  the  resonator's  attenuation,  and  other  runs 

improve the attenuation. Figure 6.8 shows that the actuator's operation affects a small range of 

frequencies surrounding the resonator's tune frequency.  The actuator's effect is not necessarily 

consistent across the entire affected frequency range. Some of the blue curves affect the tune 

frequency  in  a  “positive”  manner  for  the  lower  affected  frequencies,  while  the  effect  is 

“negative” for the higher affected frequencies. A key fact to note, is that the actuator always had 
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some effect. The effect was simply not consistent; sometimes improving the attenuation, and 

other times decreasing the attenuation. A phase plot of the data is shown in Figure 6.9.

Figure 6.9 shows a clear phase variation at the operational frequency of the actuator.  

6.4 Comments and Conclusions

The different results during different data collecting sessions point to the necessity for 

phase  control.  The  two  signals  were  controlled  by separate  devices,  with  no  defined  phase 

relationship between the signals. This waveguide test has proven that the addition of a plasma 

synthetic  jet  actuator  as  an  embedded  active  device  can affect  the  attenuation  of  a  single 

Helmholtz resonator. The best explanation points to a variation in phase that might cause this 

effect. The next chapter presents work that will test this hypothesis.   
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7 Control Authority Test

The results of the previous waveguide experiment, suggested a phase locked excitation of 

the plasma actuator to the disturbance speaker would produce more favorable results.  For an 

active control system to operate effectively the magnitude of the control signal must match the 

disturbance signal, and this was accounted for during the previously described experiment.  The 

phase  of  the  control  signal  must  be  shifted  by 180°  compared  to  the  disturbance  signal  to 

produce optimal results.    An experiment was designed and used to characterize the possible 

additional  attenuation  that  a  single  plasma  actuator  can  produce  when  coupled  with  the 

Helmholtz resonator with the phase control. 

7.1 Experimental Setup

This experiment required the use of the waveguide, as well as the plasma synthetic jet 

actuator embedded in the neck of a Helmholtz resonator.  The general setup of the experiment 

required a waveguide as a means of simplifying the acoustic elements of the experiment.  The 

waveguide was the same one described in the previous chapter with a speaker at one end and an 

anechoic  termination  at  the  other  end.   See  the  previous  chapter  for  discussion  and  further 

descriptions  of  the  waveguide,  the  actuator,  and  the  resonator.   The  key  change  in  the 

experimental setup was in the source of the two signals.  The signals originated from the same 
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computer, one signal coming from the right channel of the computer's sound card and the other 

from the left channel.  Each channel was fed into a different amplifier.  The speaker signal was 

then wired directly to the disturbance speaker.  The actuator signal was low pass filtered under 

10kHz.  From the filter, the actuator signal was stepped up by a transformer and then connected 

to the actuator.  The actuator was embedded in the neck of a resonator. This PA/HR was mounted 

on the waveguide at the mount point.  Figure 7.1 shows the basic set up of the experiment. 
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7.2 Method

The previous chapter showed that the active actuator has an impact on the performance of 

the resonator as an attenuator.  This experiment aims to examine the effects of varying the phase 

between the disturbance speaker signal and the actuator single.  This test was a feed forward test 

to confirm control authority over the system.  The source signals originated at a computer sound 

card.  The phase relationship between the two signals was systematically shift by 10° from 0°  to 

450°.  The actuator signal continued to be amplitude modulated, as discussed in Section 5.3.2, 

and the phase shift was applied to the disturbance signal.  Both signals were amplified, and the 

disturbance speaker signal was fed directly from the amplifier into the speaker.  The PAs signal 

was stepped up using the high voltage transformer and then sent into the PA.  A microphone on 

the termination side of the waveguide measured the acoustic pressure of the system at this point. 

Before this experiment began, the resonator tune test (See Section 6.1.2) was conducted 

on a new actuator/resonator.  This preliminary test revealed the resonator tune frequency to be 

1260 Hz.  The intent of this experiment was to see if the performance of the resonator could be 

improved by the addition of the actuator, and therefore this frequency became the focus of this 

experiment.  A 1260 Hz signal was sent to the speaker, and an amplitude modulated 1260Hz 

signal with a 20kHz carrier (the resonance of the transformer) was sent to the actuator.  Before 

data was collected, each sound signal was isolated by turning off the other signal's amplifier. The 

amplifiers were adjusted so the levels of the signals at the microphone were nearly the same.  
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7.3 Results

A transfer function was calculated between the signal going to the speaker and the signal 

from the microphone.  The magnitude of that transfer function was recorded, and then the phase 

between the two signals was shift by 10°.  The tone SPL in the duct when both the actuator and 

the  speaker  were  operating  was  76dB,  and  the  results  do  not  reflect  this  calibration.   This 

operation was repeated to collect data across a full period of phase offset. The results are shown 

in Figure 7.2.

The blue line represents the magnitude of the sound signal at the microphone while both 

the disturbance speaker and the PA were operating.  After all of the data for the phase offset had 

been collected, baseline data was taken for the speaker and PA, individually.  The red line at -5 

dB is the magnitude of the disturbance-speaker signal (with the PA off) at the microphone at the 

end of the experiment, and the red line at -14 dB represents the magnitude of the PA signal (with 
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the  disturbance  speaker  off)  at  the  microphone.   These  three  lines  demonstrate  the  relative 

magnitudes for each of the signals in relation to each other.  For a phase offset between 0º and 

120º  and for  the  values  above 310º  the magnitude of  the  combined signals  is  less  than the 

magnitude of the disturbance speaker alone.  The maximum reduction due to the PA/HR appears 

to occur at about 35º phase offset with a 5dB drop compared to the disturbance speaker's signal. 

It is noteworthy that the next trough at 390º phase offset does not return to the same the 

minimum value that is reached at  35º.  This fact led the experimenter to repeat this experiment 

over a larger phase offset range.  The results of this test are shown here:

The amplitude of the function drops slowly as the phase offset increases.  The process of 

testing  for  this  experiment  leaves  the  PA running  for  a  long  periods  of  time  during  data 

collection.  A possible cause could be the ozone that is being created by the plasma discharge 

glow.  The ozone might be filling up the HR volume and decreasing the effectiveness of the 

actuator/resonator to attenuate the signal.  A second possibility is that the heat created by the 

plasma glow is changing the temperature of air in the HR in such a way that the effectiveness 
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drops.  Rerunning the same test with an small openings in the volume of the HR may yield a 

better understanding of what is causing this drop in amplitude.  These holes should allow for 

better ventilation of the heated air and the ozone produced. 

In this plot, the blue line shows the changes in the magnitude of the acoustic signal at the 

microphone as the phase shift is increased, and the red line represents the level due only to the 

disturbance  speaker,  with  no  PA operating.   Again,  as  time  passes  the  effectiveness  of  the 

actuator decreases. 

7.4 Conclusion

The test for control authority confirms control over the system.  This conclusion can be 

broadened by saying that a plasma actuator can be effectively employed as a active noise control 
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device.  The effect  stays approximately constant, adding or removing 3 dB of attenuation.  The 

reduction in performance of the actuator did not change when ventilation holes were added.  The 

variation is likely caused by microphone drift.  The next step in researching the effects of the  

plasma actuators on turbofan liners is to test an array of resonators with operating actuators.

7.5 Summary

This chapter contains the work committed to the control authority test.  The experiment 

was  designed  to  show  that  with  the  correct  phase  relationship,  the  actuator  effect  can  be 

controlled.  Two signals were produced by a computer, and one of those signals was fed into the 

disturbance speaker, while the other entered the plasma actuator.  The results showed that the 

downstream speaker  saw an additional  3-4 dB reduction when the actuator  operated at  with 

certain phase shifts. 
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8 Array Testing

With control authority confirmed, the next experiment focused on applying the completed 

work to an array of actuator/resonators.  Working on an array of resonators simulated an acoustic 

liner environment by using multiple resonators, instead of a single resonator.  Testing an array of 

resonators/actuators  allowed  for  investigations  into  issues  that  might  occur  during 

implementation.   Building  an  array  of  resonators/actuators  revealed  the  best  circuitry 

configuration and a number of other nuances related to the powering of an array of active control 

actuator/resonators. This work provides a better understanding of the challenges and difficulties 

inherent to the implementation of these actuators in an acoustic liner. 

8.1 Actuator/Resonator Array - Experimental Setup 

A number of differences between the experiments and the turbofan acoustic liner  systems 

are noteworthy.  One of the differences is the spacial dimensions of the resonating cavity.  If the 

open  area  of  the  resonator  is  used  for  comparison,  the  original  resonators  described  in  the 

previous  experiments  were a  20 times  scaled model.   This  factor  was reduced during array 

testing (described in this chapter) down to factor of 6.   

Another difference between the previous experiment and acoustic liners is the number of 
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resonators in the system.  The old device focused on the effects of a single actuator-resonator 

device, and the major focus of this experiment was the actuator/resonator  array device.  This 

multiple resonator system is coupled with the spacial differences already mentioned.  The array 

of  resonators  in  an  acoustic  liner,  allows  for  a  great  number  of  individual  resonators  to  be 

compacted  into  a  tight  space.   So,  along with  dropping  the  scale  factor  of  the  experiment, 

additional  actuator/resonator  devices  were  wired  together  and  closely  (spatially)  mounted. 

Figure 8.1 shows a sketch of the cross section of an actuator/resonator array, with all of the 

devices structurally connected by a the mounting.  The neck of the resonators are composed of 

tube style actuators similar to the ones in Figures 5.10 and 5.11. 

When considering the wiring of the array of actuators, the electrical impedance was based 

on the impedance of a high impedance capacitor.  If the electrical impedance is assumed to be 

nearly the same for each actuator constructed, then the power dissipated by each actuator should 

be equal based on the linear addition equation used to describe a equivalent capacitor.  Equation 

101



8 : Array Testing

8.1.1 shows how to calculate the equivalent capacitance for an number of capacitors wired in 

parallel. 

C eqParallel=C 1C 2C3...Cn  (8.1.1)

If the power dissipated by each actuator element is the same, then the energy translated into air 

particle motion should be nearly the same for each actuator as well, assuming the local region 

has relatively similar characteristics.  A parallel wiring configuration was initially adopted in 

order to expel electrical energy evenly across the array of actuators.

Running multiple actuators in parallel repeatedly produced the plasma formation glow 

(which has been used as an indicator of fluid excitation) at only a single actuator in the array.  In  

actuality, the small variations in the constructed actuators likely cause a significant change in the 

electrical impedance.  Beyond the dielectric material used in normal capacitors, the capacitance 

is  also  dependent  upon the  size  of  the  electrodes,  and the  separation  distance  [55].   Small 

differences in electrical impedance between the actuators can cause a short at single actuator 

interface.  This finding makes the parallel wiring configuration unfit for the actuator array. 
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A series  configuration  was  investigated  as  a  better  wiring  configuration.   A series 

configuration would alleviate the issues encountered with the parallel wiring.  The series wiring 

was setup so that all of the positive electrodes resided on the same side of the actuator (inner or 

outer perimeter).  The actuators were mounted with all of the inner electrodes facing into the 

waveguide, and the outer electrodes facing on the cavity side of the neck.  Figure 8.3 shows a 

schematic of the wiring path looking at cross sections of the tubular actuators. 

A picture of an actuator array without any cavities is shown in Figure 8.4.  This figure 

shows a staggered actuator positioning on the mounting piece.  The copper tape electrodes are 

positioned on the fuzed-quartz tubes in the manner shown in Figure 5.10 and pictured in Figure 

5.11.  The wiring of this array matches Figure 8.3.
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This series wiring design ensures that if one actuator is operating, then all the actuators 

are operating.  However, it has operational some issues as well.  This configuration is prone to 

the possibility of arcing between outside electrodes of adjacent actuators.   Figure 8.5 shows 

arcing between actuators. 

The most efficient solution to the inter-actuator arching problem was to add a shielding 

dielectric tube.  This tube had an inner diameter that was 1-2mm larger than the outer diameter of 

the actuator tubes.  The actuator was then mounted with the “casing” tube as an additional barrier 
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to protect against the inter-actuator arcing.  Figure 8.6 shows a sketch of how the actuator was 

surrounded by another fuzed quartz tube. 

The final working array had 6 resonator/actuators.  The 6 elements had fused quartz tube 

actuators as the necks with the shielding tubes installed.  The wiring design connected only pairs 

of actuators.  The pairs of actuators which were connected were located at the same distance 

down the waveguide, so their acoustic phase information was synchronized.  This connection 

required each pair of actuators to receive a separate signal line, with different phase offsets. The 

phase relationship between the signals was controlled by the source computer in LabView.  The 

cavities of the resonators was composed of PVC pipe ends in the same manner used for previous 

experiments.  The final resonator/actuator array is pictured in Figure 8.7 and Figure 8.8, already 

mounted on the experimental waveguide. 
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8.2 Experiment Operation

The experiment ran with 4 channels of signal originating out of the control computer. 

The  first  signal  was  set  the  same  as  the  resonant  frequency  of  the  HR.   The  bulk  of 

experimentation focused on the improvements in the already present attenuation of an Helmholtz 

resonator device.  This specific frequency was, like in previous experiments, the main focus of 
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the experimentation.  The three other signals were designated for each of the pairs of actuators 

embedded in the necks of the resonators.  The actuator signals received amplitude modulation at 

the resonant frequencies of the transformers that were in the respective lines.  A preliminary 

transformer resonance test was conducted prior to this array testing.  The results revealed the 

resonance of each transformer, and that resonant frequency was used as part of the amplitude 

modulation to ensure an adequate step up in voltage on the actuator side of the transformer.  The 

magnitude of each individual signal was checked individually before testing.  Each signal was 

set to have nearly the same magnitude at the downstream microphones.  

The method to find the overall effect of the actuators on the resonator array consisted of 

adding one pair of active actuators at a time.  Step by step this process is outlined in Table 8.1.

Step Process

1 Find  Tune  Frequency  of  Passive  Resonator  Array  (See 
Section 6.1.2) 

2 Find  the  Phase  Angle  which  Minimizes  the  Downstream 
Propagation of Sound for the First Pair of Actuators (Similar 
to the experiment described in Section 6.2) 

3 Find  the  Phase  Angle  which  Minimizes  the  Downstream 
Propagation of Sound for the Second Actuator Pair with the 
First Pair Operating

4 Find  the  Phase  Angle  which  Minimizes  the  Downstream 
Propagation  of  Sound for  the Final  Actuator  Pair  with  the 
First and Second Pairs Operating

5 Confirm  Addition  of  Each  Actuator  has  Reduced  the 
Downstream Propagation of Sound

Table 8.1: Array Steps

For  clarity,  Figure  8.  shows  a  cross  section  of  the  waveguide  with  three  pairs  of 
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resonator/actuators mounted on it.  The cross section does not indicate that a pair of devices is  

composed of two, with only one shown.  Figure 8.8 clearly shows the pairs at the same length 

along the waveguide.  

The  two  microphone  arrays  shown  in  Figure  8.9  allowed  for  the  breakdown of  the 

pressure data at these points into upstream and downstream traveling waves.  The method used is 

based on the work of  Olivieri, Bolton, and Yoo [56].  Using two microphones spaced a short 

distance along the waveguide,  the two signals at  both upstream and downstream are broken 

down to two waves propagating upstream and downstream.  Figure 8.10 is from the work of 

Olivieri et al. and shows many similarities between their experimental set up and the setup used 

for experiments in this thesis. 
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Two  terminations  were  necessary  to  fully  characterize  the  the  waves  the  anechoic  cone 

termination was used, as well as an open termination.   

8.3 Results

The method used to collect data and analyze that data focused on transmission loss [56], 

but insertion loss is a more appropriate  metric for comparison.  The results presented in this 

section were collected by following the methodology described in Table 8.1.  The SPL at the 

microphone array due to the disturbance speaker with the passive resonator array mounted was 

74dB for the tone of interest.   The results  of the tune frequency test  for the resonator array 

showed the resonant frequency at 1280Hz.  With the experiment setup complete, the first set of 

data collected with an active actuator  is  plotted in Figure 8.11.    Subsequent results  for the 
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second and final pair of actuators are plotted in Figure 8.12 and Figure 8.13.  Figure 8.11 shows 

the best phase angle for that signal, where the IL is a maximum.  The plot covers insertion loss  

results for phase angles from 120º to 560º. 

A higher the insertion loss produces a lower sound propagation downstream, therefore the 

peaks are the ideal operational phase for maximum attenuation in each of these figures.  The 

experimental results appear somewhat jagged, due to the fact that data points are taken every 

40Hz.  A smoother curve could be expected if more phase angle data points are collected. 

The results show two peaks approximately 360º apart, as expected. The lower frequency 

peak occurs at 200Hz, and this will be the operational phase angle during the testing of the other 

two pairs of actuators.  There were some noted arcing problems with the first actuator, these 

issues may have reduced the effectiveness of this first pair actuators.   
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Figure 8.12 shows the same type of trend as Figure 8.11, but the over-all insertion loss 

values (36-44 dB) have increased with the addition of the second active actuator set. The phase 

angle (for the second set of actuators) creates a maximum IL at 160º. This phase angle will be the 

operational value for the rest of the data collection.

Finally, Figure 8.13 shows the IL of the device with all actuators active. The variation in 

the phase angle of the final actuator pair is a controlled variable and is plotted on the x-axis, in 

the same manner as Figures 8.11 and 8.12. 
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The addition of the final actuator did not significantly improve the IL.  Arcing problems 

also occurred with this pair of actuators during experimentation.  Figure 8.13 shows the actuator 

phase angle effect on the IL.  The variation from the expected trend at phase angles above 200º is 

unusual  compared  to  the  results  for  the  other  two  actuator  pairs.   The  likely  cause  of  the 

deviation  in  trend  is  the  arcing  problem.   The  dropping  of  the  amplitude  after  long 

experimentation has been seen in earlier experiments with the plasma actuator. 
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8.4 Conclusions

Plasma actuators embedded in the necks of an array of resonator have shown a ability to 

improve the attenuation performance.   The actuators require a sophisticate control system to 

allow the active components to effectively interact with the disturbance signal.  The constructed 

device has simulated the workings of a turbofan liner reasonably well.  The waveguide has also 

been designed with considerations for the turbofan engine environment.  The implementation of 

the plasma actuator in the necks of four resonators showed improvement in the attenuation when 

phase  relationships  were  controlled.   The  final  pair  of  actuators  did  not  show  the  same 

improvement that the previous two pairs of actuators produced.  The 6dB variation in insertion 

loss is a smaller range than the 10dB created by varying the second pair of actuators.   
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9 Applicability

Throughout this research experience, many vital details that pertain to the applicability of 

this technology have been uncovered.   This chapter will highlight the most important aspects 

that would be involved in employing the plasma actuator technology as an active addition to 

turbofan acoustic liner.

9.1 Arcing Problems

The fragile glow discharge-arcing boarder line was breached many times during testing. 

To avoid  arcing  problems,  the  plasma actuators  must  be  very robust  when employed  as  an 

addition to an acoustic liner.  This robustness is necessary to prevent the positive glow discharge 

effects from being spoiled by a small impurity.  The appropriate control system required to run 

the actuators is a difficult and costly system to integrate into a turbofan engine.  The plasma 

actuator while a plausible choice is truly a difficult and costly technology to implement in this 

environment. 

Throughout  the  progression  of  this  research,  arcing  between  electrodes  has  been  a 

concern.  The glow discharge, which is characteristic of operating plasma actuators, can easily 

convert to an arc discharge.  The arc discharge occurs when the high voltage electrodes have an 

effective “short”.   Arcing focuses all  of the current through one dense path,  while the glow 
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discharge is able to spread the ionization across more space.  When dealing with the simple 

Helmholtz resonators, the plasma discharge should aid in the vibration of the air in the neck. If a 

single  arc  path  is  produced,  it  is  unlikely it  will  be able  to  move large  amounts  of  the  air 

uniformly.  Glow discharge is better suited to induce air flow within an actuator.  

The arc discharge occurs when impurities  or cracks are present in the dielectric  of a 

plasma actuator. The high voltage electrodes discharge through the path of least resistance when 

an impurity is present.  Poor wiring configurations also cause arcing issues. These two issues 

should be addressed when designing the perforated sheet with embedded plasma actuators for the 

acoustic liner.

9.2 Embedding Actuators In Perforated Sheet

The current acoustic liner uses a simple perforated sheet at the necks of the resonators. 

This sheet will require a number of design considerations in order to apply the plasma actuator 

technology. The dielectric will have to be able to withstand the environment inside the turbofan 

engine  without  fracturing.  Beyond  simply  embedding  the  electrodes  at  each  opening,  a 

sophisticated control system is also necessary.

9.3 Transformer/ Actuator Additional Weight

The  step  up  transformers  used  for  testing  weigh  1.3kg  to  2.3  kg  (3lb  -  5lb).  Those 

transformers are composed of a ferrite core and wire windings. They operated with AM signals 

to take advantage of the resonant frequency of the transformer. 
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Separate transformers were used for each channel during the Array Testing experiment, 

but it is conceivable that a single transformer could be used. This would require high voltage 

phase control on the actuator side of the transformer. 

9.4 Power Consumption of Actuators

The  power  consumed  by  the  actuators  is  another  important  design  consideration. 

Labergue et.  all  report  values of  power consumption between 10 W/m to 100W/m for their 

plasma actuators  [57].  The units  have  a  length  component  to  account  for  the  length  of  the 

electrodes.  Roth  and  Dia's  conference  paper  [7] contains  a  great  amount  of  information  on 

plasma actuator operation. A number of power per unit length plots allow for comparisons to 

voltage and frequency of the signals for different actuator configurations. 

9.5 Ozone Production

Implementation of the plasma actuator comes with an environmental issue. The operation 

of  the  actuator  creates  ozone.  During  experimentation,  the  ozone  was  perceivable  by smell 

within a few moments of onset. 
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10 Summary/ Conclusions

10.1 Overview of Work

This thesis contains a summary of the work on the application of plasma synthetic jet 

actuators to turbofan acoustic liner.  The goal of this research was to investigate the potential for 

improvement of turbofan acoustic liner performance by using this plasma actuator technology as 

a fluid flow control device.  As a passive device, acoustic liners have improved the radiated noise 

levels which propagate from turbofan engines [58].  Previous work showed the applicability of 

plasma actuators as flow control devices in a number of situations [29] [31] [5].  Two types of 

flow produced by the plasma actuator were identified as mechanism for improvement: the bias 

flow and the oscillatory flow.  Previous work on bias flow improvements [20] in acoustic liners 

indicated that this method could effectively improve liner performance.  Active noise control 

methods also stand out as the other possible mechanism for improvement of the liner with by 

using oscillatory flow.  The entirety of this work, especially the active noise control experiments, 

leads to a principle conclusion:

➢ A plasma synthetic jet actuator can be effectively used as a acoustic source. 
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10.2 System Considerations

The  model  and  experiments  focused  on  a  simplification  of  the  turbofan  engine 

environment.  A circular duct replaced the short-length and wide-diameter cylindrical housing of 

a normal turbofan engine with a scaled small-diameter duct.  Special considerations were given 

to  ensure  plane  wave  propagation  within  both  the  modeled  and  experimental  ducts  for  the 

bandwidth  of  interest.   As construction  of  actuator/resonator  devices  progressed,  the  scaling 

factor between normal liner dimensions and the experimental device was improved.  Initially, the 

constructed devices were approximately 20 times the dimensions of a normal liner, and by the 

final experiments this factor had been reduced to six.  

10.3 Modeling 

Models to estimate the active control mechanism were constructed.  At the time of the 

model construction, a preliminary test to evaluate the bias flow mechanism had already been 

conducted.  The results indicated that the one-directional flow control of the plasma actuator did 

not produce the necessary flow speeds to alter the attenuating characteristics (see Section 5.2). 

This fact obscured the rationale for modeling the bias flow mechanism of liner improvement. 

Further  improvements  in  plasma  actuator  technology  are  necessary  before  the  bias  flow 

mechanism can be fully realized as a method of liner performance improvement. 

The constructed model relied solely on the active control mechanism, which was the main 

focus of the later experiments (See Chapter 7 and 8) described in this thesis.  The modeling 
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relied on finite element analysis to analyze the actuator/resonator waveguide system.  The model 

reflected many of the dominant attributes that were built into the experimental setups.

The  plasma  actuator  model  offers  a  possible  means  to  improve  the  performance  of 

acoustic liner.  A summary of the conclusions relating to the modeling is shown here:

➢ As much as 40dB of additional insertion loss was calculated at  the re-tuned resonant 

frequency by the FEA.  This value is unlikely to be fully realized during experimentation 

but can be noted as a theoretical ceiling on the improvement of the liner performance.

➢ The tune frequency of the resonators can be shifted by the activation of the actuators. 

Modeling results showed a 200Hz (12%) shift in tune frequency.

➢ The FEA model showed that retuning the resonant frequency of an array of actuators was 

possible by shifting the actuator firing times or the phase of the bandwidth of interest.  

➢ The  same  series  of  simulations  showed  that  other  bandwidths  (0.8kHz-1.2kHz  and 

>1.6kHz in Figure 4.13) had increased energy reaching the virtual microphone.  

10.4 Actuator Redesign 

The goal of combining the plasma actuator technology with the acoustic liner technology 

required  a  deviation  from  the  standard  actuator  configuration  studied  by  Arvind 

Santhanakrishnan  and  Jamey D.  Jacob  [5].   Initially,  their  flat  circular  plasma synthetic  jet 

actuator was the actuator configuration tested.   However,  the bias flow produced by the flat 
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actuator was unable to induce flow speeds necessary for significant attenuation improvement.  A 

hot wire anemometer test showed that air flow speeds did not exceed 0.5 m/s.  Consequently, the 

oscillatory flow became the focus.  Applying the flat actuator assembly to the neck of a resonator 

did not prove to function as initially anticipated.  Altering the flat line actuator design to cover 

the perimeter of a tube allows for better implementation as the neck of a Helmholtz resonator.  In 

order for the oscillatory flow to produce consistent results, the phase must be controlled.  

The research fell short of the goal of applying the plasma actuator technology to an actual 

piece  of  acoustic  liner,  but  dramatic  improvements  were  seen  as  constructed  resonators 

progressed closer to actual liner dimensions.  The actuator array was constructed from PVC pipe 

ends  (as  cavities)  and  fuzed  quartz  tubes  (as  necks),  instead  of  a  honeycomb  core  and  a 

perforated  sheet,  which  are  the  normal  components  of  an  acoustic  liner.   The  other  major 

research goal that was not achieved is the automatic generation of the plasma actuator drive 

signal.  The control authority test provided some insight into the design of an active control 

system,  but  it  does  not  consider  the  full  scope  of  turbofan  engine  parameters  necessary  to 

implement such a system.  Lastly, the array experiment attempted to bridge the gap between the 

experiments and an actual acoustic liner by deploying a number of actuators and resonators to 

better simulate an acoustic liner.  
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10.5 Experimental Conclusions

Initially, the dominate mechanism for acoustic liner improvement was unknown and two 

possibilities were identified: improvement by bias flow and the active noise control mechanism. 

The initial tests showed the bias flow produced by the plasma actuator was less than expected. 

This result drove the research towards focusing on the active control mechanism, which was 

further  reinforced  with  the  initial  waveguide  test.   The  results  from  this  early  waveguide 

produced two important conclusions:

➢ A plasma actuator can alter the performance of a Helmholtz resonator (by as much as 

6dB).

The experiment showed as much as 6dB of added attenuation due to the plasma actuator during 

some  data  collections.   During  this  same  experiment  as  much  as  5dB  of  added  noise  was 

recorded.  The actuator had degraded the performance of the resonator in this situation.  This 

extreme variation in results pointed to the need for phase control of the actuator signal.  The 

following experiment addressed this  parameter by phase locking the disturbance speaker and 

actuator signals.  Again the improvement in the attenuation of the resonator was 5dB.  This 

experiment  also  confirmed  that  driving  a  plasma  actuator  produced  an  acoustic  tone  at  the 

driving  frequency.   A control  authority test  was conducted,  and the  results  confirm a  major 

characteristic of active noise control:

➢ The phase of the actuator driving signal plays an important part  in the active control 

implementation of the plasma actuators within a Helmholtz resonator.    
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The next major experiment focused on applying the confirmed control authority to an 

array of actuator/resonators, simulating an acoustic liner environment.  Testing in this situation 

allowed for investigations  into issues that  might  occur during implementation.   Examples of 

iteratively improved methods include the layout of the circuitry, powering, and driving of an 

array of active control actuator/resonators.  Therefore, a better understanding of the challenges 

and difficulties inherent to the implementation in a turbofan were developed.  Findings related to 

array construction and operation are summarized as:

➢ Wiring of the actuators in series ensures that all actuators operate.   

➢ The  inter-actuator  arcing  was  alleviated  by  shielding  individual  outer  perimeter 

electrodes.  This method reduced arcing between neighboring actuators in the array. 

➢ A large  array  of  actuator/resonators  will  require  specific  phase  information  for  each 

actuator.  

  

10.6 Final Remarks

Commercially applying the plasma actuator technology to acoustic liners would prove to 

be costly.  The feasibility of this device would require further development of a reliable face 

sheet and honeycomb core assembly.  Once this scaling issue is addressed, the control system 

within the engine would require microphones and a feedback loop.  The normal turbofan engine 

environment is harsh, so developing sensors that can effectively operate in this space will be 

necessary.  
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If the bias flow induced by the plasma actuator had been greater, then the need for phase 

control would be obsolete.  Therefore, if some breakthrough in the plasma actuator technology 

dramatically improves this feature, then this work has produced an excellent basis for refining 

the attenuation capabilities of an acoustic  liner  with embedded plasma actuators.   Without a 

greater  bias  flow  speed,  the  oscillatory  flow  stands  as  the  dominate  mechanism  for  liner 

improvement.  

123



Appendix A:  Table of Dielectrics

This table of Dielectric materials and their properties was compiled by J. Reece Roth and Xin 

Dai and published in their conference paper, “Optimization of the Aerodynamic Plasma Actuator 

as an Electrohydrodynamic (EHD) Electrical Device” [7]. It is best used as a starting reference 

point when designing the dielectric portion of a plasma actuator. 
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Appendix B: Simulation Transfer Function Plots

Transfer functions (TF) of simulation results are presented here. 
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Appendix C: Matlab Actuator Script

This  matlab  script  controlled  the  disturbance  speaker  and  a  actuator  during  early 

experiments and the control authority test.

clear all 
close all
 
fs=48e3;
T=1/fs; 
Tmax=30;
t= 0:T:Tmax;
 
fc = 18e3; %carrier frequency
fi = 1520; %Resonant Frequency of HR used
 
phase = 0; %phase offset between signals. in degrees
phas = phase*pi/180;
mu = 0.9;

x1=(0.5 + mu * 0.5*cos(2.*pi.*fi.*t)) .* cos(2*pi*fc*t);

x2=(cos(2.*pi.*fi.*t + phas));

x = [x1' x2']; 

plot(x(1:100,:))
soundsc(x, fs)
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