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ABSTRACT

Piezoelectric materials have long been used for active flow control purposes in
aerospace applications to irese the effectiveness of aerodynamic surfaces on aircraft,
wind turbines, and more. Piezoelectric actuators are an appropriate choice due to their
low mass, small dimensions, simplistic design, and frequency response. This
investigation involves the dewgment of piezoceramigased actuators with two
bimorphs placed in series. Here, the main desired characteristic was the achievable
displacement amplitude at specific driving voltages and frequencies. A parametric study
was performed, in which actuatorstlwivarying dimensions were fabricated and tested.
These devices were actuated with a sinusoidal waveform, resulting in an oscillating
platform on which to mount active flow control devices, such as dynamic vortex
generator®r dynamic pinsThe main quarfication method consisted of driving these
devices with different voltages and frequencies to determine their free displacement,
blocking force, and frequency response. It was found that resonance frequency increased
with shorter and thicker actuators, ¥ehiree displacement increased with longer and
thinner actuators.

In addition to physical testing, a quasatic analytical model was developed and
compared with experimental data, which showed close correlation for both free
displacement and blockingrie. Similarly, finite element analysiwas performed on the
actuator designo determine the predictability of resonance frequency, again showing
good correlation.

To test the reliability of the fabrication process and the actuators themselves, a
manufacturing study and endurance testing were perforkhaitiple actuators with the
same dimensions were constructed, and showed that frequency responses and output
forceswerevery repeatablelhe endurance testingahied that the actuator design could
run for extended periods of time without any detrimental effects darpgnce.

Successfulntegration of the devices into active flow control test modulas
alsoachievel. A test module using an-series actuatoto drive a small dynamic vortex
generator in a crossflow was designed and fabricated. A parametrically identical static
vortex generator module was also created, and served as the basis to which the dynamic

vortex generator was comparedkewise, the actuator design was integrated into a

XVili



NACA 0015 airfoil to drive a dynamic carbon fiber trip. This test article had the ability
to induce stall cells in certain flow regimes, allowing stall cell formation to berdxse
and analyzed.
Finally, the static and dynamic vortex generator module® wested on a flat
plate ina small subsonic wind tunnel usiSgereoscopic Particle Image Velocimeay
the measurement technique. Both tiraed phasaveragedlow fields were acquired
for the static and dynamic cases. Comparison between the different sets of data showed
that there seemed to be no significantly consequential difference between the SVG and

DVG (in thetime-averaged sensdgading to a recommendation of fuethnvestigation.
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1. INTRODUCTION

Active flow control (AFC) techniques are currently the focus of extensive research to
improve fluid flow characteristics around various aerodynamic surfaces. These
technologies can be applied to different engineering systems, including increasing the
effectiveness of aerodynamic surfaces on aircraft and wind turbines. In civil aviation,
these scientific impneements can be used to increase aircraft performance, endurance,
and fuel efficiencywhile in military aviation they arealso imperative for producing
aircraft that can outperform others. AFC is unique because it employs mechanisms
which can be activateonly when needed. Also, when active flow control devices are
actuated at certain frequencies, they can incite instabilities in the flow field, which can
result in a desiredhodification toflow structure. As with many components intended for
aerospace gications, it is important that these devices are small and lightweight.
Piezoelectric actuators are a worthy option for these mechanisms due to their low mass,
low power consumption, small volumetric footprint, simple design, and frequency

response.

1.1 Previous Stroke Amplification Designs

Piezoelectric materials have the unique ability to directly convert elgotmergyinto
mechanical energy and vice versa; in other words, application of a voltage eauses
mechanical straimnd application of a mechaaicstress generates an electrical charge.
Unfortunately, piezoelectric materials by themselves typically produce very small
strains. To contend with this, many different actuator configurations, with methods of
amplifying achievable displacement, have bdeweloped in the past. The most common

of these is benders, which have multiple thin layers of piezoelectric materials and non
piezoelectric substrate$ With specific material arrangements and polarity directions,
the different layers cause an internal bending moment and beam curvature when
actuated. Piezoelectric stacks are anothemeommethod to increase deflection while

preserving the act ua t>*8Hebesmulietpiezeleatticiplatesb | o ¢ k

Portions of this chapter previdysappeared asChan, W. K., Clingman, D. J., and Amitay, M.,
ADevel op meends piezdelecirin bimorph bending beam actuators for active flow control
appl i c Broceedings of SPIE 9801, Industrial and Commercial Applications of Smart Structures
TechnologiesSPIE, Las Vegas, NV, 2016, pp.2D.
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are stacked on top of each other, causing the overall displacement to be the sum of all

individual deflections.

1.1.1 Stroke Amplification with Pre-Stress and Curvature

Further advancements with ways to improve ralier mechanisms have been made,
such as RANBOW?® and THUNDER'® actuators, which add curvature and-pres
into the structure during the manufacturing process to enhance deflection capabilities.

RAINBOW (Reduced and Internally Biased Oxide fé&f at¢uators are created
by bonding a circulapiezoelectric layer to ahemically reduced layer with different
themal expansion propertieshe layup is shown irFigure 1.1. During the cooling
process, the two layers contract differently, resulting in a dome dhagaator with
higher displacemenand blocking forcecapabilities.Haertlind showed that using a
single RANBOW actuator with a diameter of 1200 mm and thickness of On3TH a
450 V operating voltage could induce a maximum displacement of 3Homever, it
has been noted that due to the inherent shear stress between the two layers in the
actuator, there is typally a structural integrity issue at that interface locafioAs a
result, it wasobserved that these actuators would exhdighificant degradation in
performarce after repeated cyclic loads.

Similar to RAINBOW actuators, THUNDER actuators are rectangular devices
that consist of a piezoelectric layer sandwiched between two dissimidals with
different thermal expansion propertiess shown inFigure 1.2. The top and bottom
metal layers ardypically aluminum and steel, resgaely. Again, thecooling step
during the manufacturing procesgroduces varying tension and compression stresses in
the different layers and results in the characteristic curved shhpeprestress allows
an enhanced deflection capability of the actuator when a voltage potential is applied to
the piezoelectric layenoltage application causes the actuator to flatten through use of
the @ effect.

1.1.2 Stroke Amplification with Specific Geometries

Specific geometries aiming to mechanically leverage the piezaeleffect were also

explored withMoonie'**2 Cymbal®*** andC-block™>*®actuators



The Moonie actuatgishown inFigurel.3, uses a piezoelectric layer sandvadh

between two metal endcaps between the endcaps and the piezoelectric layer is a

moonshaped empty cavitywhich is responsible fot h e

compression and tension, through use of theeflect, causes the thin upper and lower
portions of the metal endcapsliackle resulting in a dsired transverse displacement.
This is accompanied by thegsdeffect, which causes additional ackable displacement

in the transverse directiohe magnitude of displacement not only depends on the

act ua taterald s

nan

piezoceramic properties and applied voltage, but also on the thickness and material of

the endcapsAlso, it is possible to stack multiple Moonie actuattwgether to enhance
the displacement respondéewnhani found that a double stackedodnie actuator
with 12.7 mm wide, 1 mnthick PZT (lead zirconate titanate)iscs achieved a 40nu

displacement with 1000 V applied.

Cymbal actuators are very similar to Moonie actuators, but are more efficient due
to a slightly different endcap design. As showrFigure 1.4, the ewlcaps are thinner
metal sheetswhich are shaped like cymbals (the musical instrumefitsg distinct
shape of the endcaps alloviar easier fabrication and higher displacements than the
Moonie actuatorsDogart® found that the Cymbal actuatoesuld produceabout twice
the diplacement oMoonie actuators for a gen PZT diameter and thickness; a single
Cymbal actuator with a 12.7 mm diameter achieved a displacement of about Bikeim.
Moonies, Cymbals can also be stackecetbgr to increase displacement performance.
Table 1.1 summarizes the achievable displacements of Moonie, CyrRBdNBOW,

and THUNDER actuators withearly identical dimensions and under siméatuation

voltages.

Table 1.1: Comparison between different flextensional composite actuatots

Type Moonie | Cymbal | RAINBOW | THUNDER
. . 25.4 25.4 . 25.4 mm
Dimensions (mm) Disk Disk 25.4 Disk Square
PZT PZT-5A | PZT-5A PZT-5A PZT-5A
Applied field Unipolar | Unipolar Bipolar Bipolar
(kV/mm) 1.0 1.0 +0.65 +0.65
Thickness of PZT 0.500 | 0.500 0.380 0.325
(mm)
Displacement (um) 50 80 88 60




C-block actuators make use of semicircular piezoelectric benders that are poled
in the radial direction, which results in a circumferential actuation when a voltage is
applied.These actuatortypicaly consist of multiple €block elemets; thiscan be seen
in Figure 1.5, which shows the series and parallel configurati@nC-block actuatcs.

The series configuration allows for increased displacement while the parallel
configuration allows for increased blockifgrce. The unique shape of these elements
means that they can output significantly higher forces than straight benders.

Despite these developments, the amplification desigidlievable deflection
amplitudes still do not reach those required by many active flow control applications.
Additionally, external leverage mechanisms, such as Jeverum amplifiers®, have
been proposed, but require complex mechanical systems, which can be cumbersome,
exhibit power losses, and are difficult to construct and incorporate into aerodynamic

surfaces.

1.1.3 Recurve Actuators

Recurve actuatorsdeveloped by Ervin and Bféi*, were an attempt to addredsst

issue by combiningmultiple bimorph bender elemenis a specific architectur¢o
achieve stroke amplifican. Figure 1.6 shows the basic element of Recurve actuators,
which is a bimorph beam where the piezoceramic layers switch poling directions
midway along the lengthiThis means that each half of the Recuslement bends with
opposite moments, resuly in a transverse otion at the bearend without any rotatian

Four cantilevered Recurve elements can combine to create a fundamental array as shown
in Figure 1.7. Also, these fundamental arrays can be combined themselves in series,
parallel, ora combination of both in series and parallel to enhance the performance
characteristics. The figure shows how theatiferent configurations can result in
increases in both force and displacement.

As stated beforethe slopes on both ends of the beam are zero and the slope
reaches a maximum at the middle length of the cantilever. This is done so that the
moments of irgrconnected Recurve elements do not counteract each other at the end
connectionsand cause undesired stres3&ile this nerotation condition preserves the

blocking force capabilities of the actuator array, it means that the maximum achievable



displacemat is less than that for a uniform beamith a constant bending momer
addition, a relatively complex manufacturing process, which allows the-pdnoed
moment direction to be switched midway along the beam length, is required to construct
the elemats.

1.2 In-Series Actuator Design

In response, aew piezoelectric lineadrive actuator configuratiéfi which can produce

high deflection amplitudes while maintaining a simple geometry and fabrication process,

has been developed aeRh s sel aer Pol ytechnic I nstitutec¢
Control (CeFPaC) and The Boeing Company. Thisednes piezoelectric bimorph

actuator incorporates two bimorphs connected at their ends and configured with
opposing bending moments.

The inseaies architecture was heavily inspired by the design of Recurve
actuators;the inseries actuator is essentially equivalent to a fundamental array, or a
combination of four Recurve element$ie main component of the-geries actuators is
a piezoelectrichimorph beam consisting of a proprietary shim material sandwiched
between two piezoceramic plates. The two piezoelectric sheets in the bimorph are
oriented with the same poling direction. A voltage signal is applied to the top surface
electrode of the togheet and the bottom surface electrode of the bottom sheet, and
ground is applied at the interface of the sheets with the inner shim. This wiring
configuration causes one sheet to expand and the other to contract, resulting in the
desired internal bendingioment and curvature. As shownhigure 1.8, two bimorphs
are connected together at their ends and are oriented such that their bending curvatures
are in opposite directions. The bottom bimorph is connected at its middle length to a
mounting base made of a roanductive polymer material. The poling directions of the
four piezoceramic sheets are oriented such that the same voltage signal is agilied to
four outer surfaces, while the same ground lead is attached to the inner surfaces of both
bimorphs. This stacking and wiring arrangement results in an actuator that can achieve
significantly higher displacements than a single siagplgported bimorph dam and
larger blocking forces than a cantilevered bimorph beam. As expected, the position of

maximum displacement is at the middle length of the top bimdiiglire 1.9 shows the



actuator with a (a) positive displacement and a (b) negative displaceferge
representations also show the resonance mode shape of interest, as this is the mode shape
that produces the maximum petakpeak displacemenilt is important to note, however,
that the end connections are not actually shaped as they appear in the figures. All
representations of the actuator here show a rectangle at theehdato protect the
proprietary end connection design

Through the use dhis proprietary design, it was possible to develop an actuator
that connects two bimorphs in series that are not restricted to tfegation boundary
condition unlike the Recurve actuator3he design allows the curvature of each
bimorph to be uniformalong its length, including the beaamds, while preventing the
moments at the connection point from acting against each other. As a result, these
actuators can achieve a higher maximum deflection but lower blocking force when
compared to assembling foure@urve elements to form a similar structure. This is
suitable for several particular active flow control applications, which prioritize output

displacement over force.

1.3 Motivation and Objectives

As with any new actuator design, it was necessary to deterthi@ performance
characteristics of the iseries architectur@.he bulk of thepresent work focuses on the
developmentand fabricationof these actuators, mainlgiming to experimentally
guantify their performance capabilities. These capabilities piynaoinsist of the quasi

static free displacement, frequency response, and achievable blocking force of unloaded
actuators with varying dimensions. In addition, it was deemed necessary to be able to
predict the actuator sod p ¢heoretcal madnnureerical har ac
methods. These approaches are important to determine the pligsigiparameters

that would yield an actuator that is useful in a specific applicaionexample, if given

a specificdesired free displacement and effectixegliency range, it would be valuable

to have tools that could establish the optimal actuator dimensions for that application.
Consequently, a theoretical model was developed to predict actuator performance in a
guastistatic mode of operation from the maaéproperties and input voltage. A finite

element analysis study was also conducted to determine the predictability of resonance



frequency for the iseries actuator#\s such, the experimental testing served not only to
exemplify the performance capab#s of the actuator design, but also to verify the
results from thenalytical and numerical modieg.

Furthermore, it wasmportant to evaluate the lorigrm reliability of the
actuatorswith endurance experimenfBhe goal of these tests was to determine whether
the performance of these actuators would degrade over the lifecyaléosi control
device. These tests are essential in order to confirm whether the actuators can be viable
for practical application in e aircraft. An actuator was run continuously for extended
periods of time, and the performance values were measured periodically.

In addition to thedevelopment othe actuators themselvethis research also
aims to employ them adynamic drivers for dtve flow control devices. Specific
applications include platforms for dynamic vortex generators (D¥Gs) dynamic
pins*. Traditional passive vortex generators are static fins attached to vehicles that delay
boundary layer flow gmration by producing vortical flow structures that bring higher
momentum flow into the boundary layer near the surface. As a result, effectiveness of
aerodynamic surfaces, such as the maximum lift of wings, can be greatly improved.
With variable height VG controlled by piezoelectric actuators, the devices can be
retracted when they are not needed, reducing drag during chdiggionally, dynamic
actuation of these vortex generators on aerodynamic surfaces can help introduce
temporal disturbances thatae instabilities present in the flow, which then grow and
induce earlier transition in the boundary layer. For example, Tolk®daichting(T-S)
wave instabilities can be triggered in the boundary layer, causing transition from a
laminar to turbulent dundary layer, which is less likely to undergo flow separation. This
mitigation of flow separation is helpful in increasing the lift of wings at high angles of
attack and yaw force of rudders at high deflection angles or in crosswiratidition, it
is possible that the dynamuctuationcan increase the magnitude and effectiveness of
the vortical fluid motion through the use of the added mass effect.

Previous work has been performed investigating the potential effectiveness of
this active flow control tehniqué>2*%’. To build upon this work, an ieeries actuator
was implemented into a wind tunnel test module with the purpbskiving a single

DVG. A fundamentally identical static vortex generator (SVG) module was also



constructed to serve ascamparison for the DVG resultStereccopic Particle Image
Velocimetry(SPIV) experiments were performed on the SVG and DVG modutea

flat platein a small subsonic wind tunnel with the goal of evaluating the possible
performance augmentation provided by the

Similarly, the actuatorsvere incorporated into a wind tunnel airfoil model for
investigatons into the formation of stall cells on the suction side of airfoils. Stall cells
are threedimensional flow structures that have been observed to occur on airfoils even
in quasitwo-dimensional conditiorf& In general, they are unexpected mushroom
shaped vortical structures, which occur at cerflow conditions and angles of attack.
These can be detrimental to the performance of unmanned aircraft and wind turbine
blades at moderate to high Reynolds numbers and angles of attack close to stall due to
their highly threedimensional behavior. It waund at CeFPa€ that by placing a
small theedimensional rectangular spanwise trip near the leading edge on the suction
side of an airfoil, stall cells could be induced in flow conditions where they otherwise
would not form. To study the formation of these stall cells, a dynamic trip powered by
in-series piezoelectric actuators was installed in a NAOAS airfoil. This device very
quickly protrudes into the flow, upon which the stall cells should start to form and their
evolution can be observed.

This document details the fabrication and quagdtion processes of several in
series bimorph actuators that were constructed. The theory behind the analytical quasi
static model and themodelng parameters used in the finite element frequency analysis
are discussedntegrationof the actuators into éhdynamic vortex generator and stall
cell airfoil test articles isalso reviewed. Finally, the results from the actuator
guantification, including comparisons withettanalytical and numerical mdoy, and

from the wind tunnel SPIV testing are shown aigtdssed.



Figure 1.1: Layup of RAINBOW actuator structure °
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2. EXPERIMENTAL SETUP AND PROCEDURES

The bulk of this study was a parametric investigation of unloaded actuators with
different dimensionswith the objective of determiningher varying performance
characeristics A setof eight different actuator dimensions was planned, fabricated, and
tested for the parametric study. These varied in bimorph length between 25.4 mm and
72.4 mm and irpiezoceramicheet thickness between 0.1 and 0.508 mm; this is
summarized inrable2.1. The specific dimensions were chosen to cover a wide range of
different sizes while making use of theailable material. Note that for each actuator
dimension, the aspect ratio (of width to length) was kept constant at 0.175 and the
maximum piezoelectric length was 72.4 mm because this was the largest sheet size

available from the manufacturer.

Table 2.1: Testing matrix of actuator dimensions

In-Series Piezoelectric Bimorph | PZT-5A Thickness (mm)
Actuator Testing Matrix 0.267 0.508
254

Piezo Lengths (mm)

2.1 Piezoelectric Actuator Manufacturing

The manufacturing proce$sr the inseries piezoelectriactuators is a simple procedure

and mainly consists of the bimorph fabrication. The spegiézoceramiaisedwasPZT

(lead zirconate titanate), and wasrchased from Piezo Systems, Inc.7@&s4 mm x 72.4

mm square shestwith varying thicknessed.ead zirconate titanateas the chencal

formula Pb[ZkTi1x]O3 ( 0 O xaddLi3 formed when a mixture of lead, zirconium, and
titanium oxide powder is heated to a high temperatsethe material cools, tetragonal

uni t cells are formed, whi ch ar eThertos pon s
sides of each sheet hawn&ckel electrodes to allow for conductance across the entire
surface.The specific PZT material used hask; coefficient of 390 x 18°m/V, a k1

Portions of this chapter previdysappeared asChan, W. K., Clingman, D. J., and Amitay, M.,
ADevel op meends piezdelecirin bimorph bending beam actuators for active flow control
appl!l i c Broceedimgs of GPIE 9801, Industrial and Commercial Applications of Smart Structures
TechnologiesSPIE,Las Vegas, NY2016, pp. 120.
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coefficient of-190 x 10" m/V, and a Curie temperature of 350%ar eabt actuator
size, two PZT sheets were cut the necessaryength using an ULTRA TEC
ULTRASLICE Macrotome precision diamond sashown inFigure 2.1. For example,

for the 50.8 mm length bimolng, the standard sheewerecut to a size of 50.8 mm x
72.4 mm.Thetwo PZT sheets, the shim material, and epoxy wezalayered(with the

shim between the PZT sheetnd cured at a proprietatgmperature angressureA
proprietary surface coating, which enhanced both structural strength and surface
electrical conductivity, was appliedihe 72.4 mm widdéimorphwasthencut tostrips of

the proper widthusing the Macrotome diamond sahe various major stepa the
bimorph strip fabrication process are shownFigure 2.2. Also, at each major step
during the fabricatioprocedurethe capacitance of the PZT layers were tested to ensure
that there were no cracks in the matefable2.2 summarizes the expected capacitance
ateach step in the procedsis important to note that throughout this report, the various
actuators are ideffiéd according to the thicknessesd lengtk of the PZT layers
themselves, not the dimensions of the entire actuAtmordingly, the actual thkness

of a bimorph isa combination of the thicknesses of two PZT sheets, the shim material,
the epoxy layers, antthe surface coating layer3his method of identification was done

to protect the proprietary end connection design and shim materidl@elec

Table 2.2: Capacitance table for PZT bimorphs

Cfor72.4 | Cfor724 | Cfor1 | Cfor2 CPfng“
Thickness | Length | Width Areg\ mm mm X PZT S.ide _PZT Sides
(mm) (mm) (mm) | (mm?) Square Length of Strip Sl'des of (Bimorph
Sheet (nF) | Sheet (nF) (nF) Strip (nF) Pair) (nF)
0.127 31.8 5.57 177.0 650 285.5 21.9 43.9 87.8
0.127 72.4 12.67 | 917.3 650 650.0 113.8 2275 455.0
0.267 254 4.45 112.9 315 110.5 6.8 13.6 27.1
0.267 50.8 8.89 451.6 315 221.0 271 54.3 108.6
0.267 72.4 12.67 | 917.3 315 315.0 55.1 110.3 220.5
0.508 254 4.45 112.9 162 56.8 35 7.0 14.0
0.508 50.8 8.89 451.6 162 113.7 14.0 27.9 55.8
0.508 72.4 12.67 | 917.3 162 162.0 28.4 56.7 113.4

Thebimorphsstripswere then paired according to the closeatchingwidthsand

capacitance Each pair wagonnected together usintbe proprietary end connections
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and attachedto the mountingoase usingyanoacrylateThe mounting bases each had

two components; the top lavas ABS to ensure that the conneatipoint was non
conductive while the bottom half was machined from aluminum. This was because the
clamps used to secure the actuators during testing algoe@aluminum and metal on

metal contact was desired to ensure strong and repeatable clafprigmorphs were
oriented such that they would have bending moments in opposite directions, which was
the characteristicesponsible for the stroke amplificaticddonductiveepoxy and jumper

leads were applied to create electficaonductive paths between all fopiezoceramic
electrode surface€lectrical connectivity was also ensured between the inner surfaces
of the piezoceramiby using conductive epgdbetween the twbimorph shimsA lead

for the voltage signal was attached to the middle length of the top electrode surface of
the bottom bimorph. A second lead for ground was attached to the shim at the end of the
bottom bimorphThe result was an igeries actuator witonlytwo input leads attached

at their relativepoints of minimum deflection amplitude. This wiring configuration was
advantageous because it minimized the possible impact of asymmetric loads on both
static and dynamic actuation.

2.2 Voltage Signal Generaton and Output

To run the actuators, a voltage potential was applied across the two leads; this potential
wastypically either a DC voltage or a sinusoidal waveform (AC voltage). The voltage
potential was generated using a LabVIEW program from a desktoputermand was
outputted using a National Instruments F2RP1 (DAQ) card and NI SGB8 connector
block. The signal from the SG&8 was passed through a customgain amplifier from

MIDE, and the output signal from the amplifier was connected to the peenie
actuator. The maximum voltage tested was %0 amplitude (400 V peato-peak),

which was the output voltage limit from the MIDE amplifier. Likewise, voltage limits
were selected for each actuator depending on PZT thickness to avoid the risk of
depoling. The limit for the 0.127 mm thick PZT actuators was 100 &mplitude and

the limit for the 0.267 mm and 0.508 mm thick PZT actuators was 2id0avhplitude

(the voltage limit of the amplifier).
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2.3 Testing Apparatus

For experimental testing of thectuators built according to the testing matrixXTible

2.1, a custom testing apparatus assembly was designed and fabricated out of aluminum.
As Figure 2.3 shows, he base of the testing apparatus was moudtexttly orto an

optical table and usesho sliding clamps to secure tlmgbrid ABS-aluminum mounting

bases of the actuators. This setup allowed actuators to be installed and switched out very
quickly, which was advantageous when it was necessary to test several different
actuators in a short period of timésing this testing apparatus, it wasssible to acquire

both displacement and force datgure2.4 is a diagram of the test setup including the
displacement and force sensodfsgure 2.5 is a block diagram representing thewer

anddata flow between various components in the setup.

2.3.1 Laser Displacement Sensor Setup

Above the actuator and mountibgse, a laser displacement s@nwassuspendedn a
threeaxis traverse system and pointed downwards to measure both the static and
dynamic displaement ofthe actuatorsthe traverses were motorized Velmex BiSlide
positioning stagesThe specific sensor head used was a KeyenceGHB, which
outputted data to a LabVIEW program on the compUteis specific laser displacement
sensor had a standoff distance of 400 mm, a working distance of + 100 mm, and an
accuracy oft 1 em. The LK-G402 was powered with a Keyence MB30 power
supply and interfaced with the computer using l2&K-G3001 controller blockFor all
displacementdata mentioned in this work, measurements were taken at the middle
length of the top bimorph, which was the position of maximum displacement and output
force. The traerse system, however, did allow for positioning of the laser at any point
along the width or lengtbn the surface of the top bimorgkote that inFigure 2.4, the

load cell apparatusblocks the laser from the displacement sensor from reaching the
actuator surface. For this reason, when displacement data were acquired, the load cell
assembly was meoved from the apparatus base, and the laser was positioned in the

desired location.
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2.3.2 Load Cell Setup

In addition to the displacement data, blocking force data were also collected. Force was
measured using a load cell transducer, and the contact pointgamsat the middle
length of the top bimorph. The specific transducer used was an Omega IKG-L
miniature tension and compression load qadweredwith a GW Instek PSE05
programmable power supplyrhis load cell had a capacity of 1 kg (9.8 N) in both
tension and compression and accuracy 0f5% of full scale outpu:0.049 N).It was
mounted on ananuallinear traverse above the piezoelectric actuator and was attached to
the testing apparatus base using custom aluminum brackets. Like the laseewntisptac
sensor, the load cell outputted the force signal to the-&CBnd it was displayed in
LabVIEW.

To ensure that accurateeasurements wefl@ing obtained from the loadlgea
calibration was performedVeights withvarying knownmasses were placeaxh top of
the load cell, which was oriented in an inverted positidret r a n s daltage aqutpus
was measurefbr the various massesdforce was calculated by multiplying the output
by acceleration due to gravity.hese values were then compared he theoretical
values of force, as shown kigure2.6. Linear regression was performed to find the line
of best fit for the experimental force valuaad showed that the slope of the force
measurements was 8.86 instead of the expected Bd1this reason, all force data
found using this load cell e multiplied by a factor of 9.81/8.86, or 1.1, to correct for

this discrepancy.

2.4 Experimental Procedures

Standard proceduresere formulated and followed to acquire all of the experimental
data. This includefrequency sweeps, force data of various forms, and endurance testing

data.

2.4.1 Frequency Sweep Procedure

All of the major displacement data were in thermh of frequency sweeps, where the
input voltage amplitudes were set at a certain magnitude and frequency was manually

varied to find the peato-peak displacement. Frequency sweeps were taken for all eight
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actuators fabricated. The displacement measuresmerere taken by the laser
displacement sensor. Before each frequency sweep, the actuator of interest wad mounte
into the testing apparatuthe displacement sensor was positioned at the appropriate
di stance away from t he aaodtearteasurément duppygd s ur
was zeroed. For each sweep, a sinusowlaVveform was outputted with the desired
voltage amplitudessing a LabVIEW programThe frequency value was set to 1 Hz and

the displacement measured by the laser sensor was recordeflediency was then
manually increased at certain intervals and the displacement was recorded for each
frequency value. After each frequency jump, several seconds were allowed for the
actuator to settle at the new peakpeak displacement before the valuas recorded.

This procedure was repeated for multiple voltage amplitudes for each actuator.

At most of the voltages tested, there is a portion of the frequency sweep near the
resonance frequency where data points were not taken; in other words, eediguig
or strain, limit was set. This was done to avoid excessively large displacements and the
associated high bending curvatures in the bimorph beams. When the beams were bent
too much, there was a significant risk of structural failure, which usuzdly the form
of cracks in the PZT sheets. After structural failure, the actuators typically exhibited
significant depreciation in deflection performance, especially at higher frequency values;
this was accompanied by nsmusoidal displacement responsEs.prevent actuation at
these high displacements, the laser sensor output was carefully noted near resonance.
When the displacement readout was near (slightly below) the set strain limit, the
frequency input was raised to a value significantly above resen&requency was then
slowly decreased until the displacement output was again near (slightly below) the strain
limit.

After this, the displacement value was recorded and frequency was again
increased at regular intervals until the maximum frequencintefest was reached.
These maximum frequencies were qualitatively determined; they were set at values
where the peako-peak displacements (after resonance) had decreased significantly and
were approaching a minimum. The maximum frequency was 150 Hhdorz.4 mm
long actuators, 250 or 300 Hz for the 50.8 mm long actuators, and 500 or 600 Hz for the
31.8 and 25.4 mm long actuato’ccordingly, each of the frequency sweeps only
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covered the first resonance mode where the displacement at the middleofethgtiiop
beam wast its maximum.

For the quantification of the DVG module, it was also necessary to determine the
phase difference between the voltage input and displacement output of the installed
actuator. To do this, the actuation signal and lasgplacement sensor output were
connected to an oscilloscope. The phase differences for the various actuation voltages

and frequencies of interest were then found using the oscilloscope's trace function.

2.4.2 Load Cell Procedure

When force data were acquiredetload cell assembly, which included mounting
brackets, the manual linear traverse, and the load cell itself, was installed above the
actuator. Four main types of force data were taken: static blocking forcetopea#k
blocking force, forced negativasplacement, and actuator load linBsior to acquiring
each dataset, the load cell output was zeroed; ageotiffset was applied so that zero
applied force would correspond to zero volts.

The static blocking force and actuator load line datasetsregfthat the load
cell contact point have an initial position of zelistanceabove the actuator surface and
zero force. To do this, the load cell was lowered using the vertioaéiyted linear
traverse so that the load cell was slightly in contact with actuator surface, which
corresponded to amall compressioforce. The load cell was then slowly raised until
the compression force reached zero. For the static blocking force data, DC voltages of
increasing magnitudes were then applied to generai@mpression force against the
load cell contact point and the force values were recorded. For the actuator load line
data, a DC voltage of a certain magnitude was applied to the actuator. The load cell was
then raised to several displacement intervalsthadapplied forces were recorded. This
was done until the force reached zero, which corresponded to thestatasifree
displacement.

For the peako-peak blocking force and forced negative displacement datasets,
the load cell was lowered to a certaiegative displacement of interest. The different
displacement distances will be noted and the procedures will be clarified in the results

section.
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2.4.2.1 Bending Stiffness Testing

The load cell was also uséadl find the bending stiffneq® Jvaluesof various bimorph
beams for use in the quasatic model and finite element analysis sefilgs was done
through three point bendg flexural tests.The bimorphs were placed on top of two
horizontal pointcontacts (dowel pins), which were located atlibamends the setup is
represented ifrigure2.7. The load cell was then positioned to be in zZiemge contact

with the middle length of the beams. Using the linear stage, tdecklawas lowered to
various negative displacements, ance thorresponding compression forces were
recorded. This was done for multiple displacements for each bimorph beam, the
relationship was plotted, and the béstine slope was foundequation(2.1) was used

to find the bending stiffness from these slopes.

o)

o 2.1)

00

Here, Qis the compression forcé,is the bimorph beam length, agd is thenegative
displacement.Therefore,"¥3>i is the slope of the force vs. negative displacement

relationship.

2.4.3 Endurance Testing Procedure

Endurance testing was performed to determine the reliability of t#serias bimorph
actuator architecture. gingle actuator with 0.267 mm thick and 50.8 mm long PZT was
run for long periods of time. To perform this testing, the actuator was set to a certain
voltage amplitude and frequency, and the piegeak displacement was measured with

a laser displacemesensorat five minute intervalsSeveral different test cases were run
for the actuator using various actuation voltages and frequencies. The total rein time
were recorded, but varied significantly due to varying availability of the testing

apparatus.
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2.5 Dynamic and Static Vortex Generator Design

An in-series piezoelectric bimorph actuator wiasegratedinto a test module to
investigate the effectiveness of iagle dynamic vortex generatan a crossflow. The

test module was fabricated in the form dafilular plug that coul be inserted into a slot

in the wind tunnetest section floor. At the middle of the plate surface, a small slit was
made, allowing a single DVG to protrutteoughthe surface of the flat plat€he DVG

was designed with a skew dagf 18° with respect to the streamwise directibralso
incorporated a cap completely enclosing the actuator to prevent a pressure differential
through the gaps between the VG and slit walls. A top view of the DVG test module is
shown inFigure 2.8. At the middle length of the top bimorph, a steel rod was installed
and attached to a 19.1 mm x 19.1 mm x 0.794 mm steel plate, which acted as the vortex
generator. Actuation of the mechanism allows vertical oscillation of the DVG in the
crossflow. The actuator and VG assembly were mounted onshdped block which
allowed the mean height of the VG to be variable; the internals of the DVG module are
shownin Figure2.9.

A 0.267 mm thick and 50.8 mm long PZT actuator was chosen because of its
predicted ability to excite the flow instabilities of interest; the parameters considered
included the boundary layer height and Tollm&ehlichting wave frequencfhe DVG
was run vith a mean height of 3 mm ariour different actuation modes: 0.5 nand 1.0
mm peakto-peak displacement at 40 Hand 0.5 mmand 1.0 mm peato-peak
displacement at 140 Hintuitively, the 0.5 mm peato-peak displacement corresponds
to an amplitude 00.25 mm and the 1.0 mm petikpeak displacement corresponds to
an amplitude of 0.5 mml140 Hz was chosen because it weishin the T-S wave
frequencyrangeof the wind tunnel for which the DVG module was designed. 40 Hz was
chosenas a baseline frequendsr outside of the 95 frequency range to observe the
effect of dynamic actuation without influencing flow instabilities

As it was desired to compare the flow effect of the dynamic vortex generator
with the effect of a static vortex generator with idealtiphysical parameters under the
same flow conditions, ra SVG module was also designed and fabricated out of
aluminum. Again, a circular plug was fabricated to fit into the wind tunnel floor and a

small slit was made in the middle of the plate to alloe G to protrude into the
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crossflow. The design includes 0.25 mm thick circular spacers, allowing the stationary
VG height to be varieffom 0 mm to 4 mm above the wall surface at 0.25 mm intervals.

Figure2.10is an exploded view of the SVG module.

2.6 Wind Tunnel and Particle ImageVelocimetry System Setup

The static and dynamic vortex generator modwieseinstalled in the floor of a 101.6
mm X 101.6mm crosssection openloop suctionwind tunnel. The wind tunnel is
powered by &8 hp motorattached to &our-blade fanand has a turbulence intensity of
0.5%; all tests were run with a freestream velocitglmutUp = 10.6m/s.

SPIV was used to visuae and analyze the flow field behind the static and
dynamic vortex generatordhe hardware for the SPIV is a commercially available
LaVision system and consists of two Imager LX 2M CCD cameras, a dpulsed 120
mJ Nd:YAG laser system, and a programraabhing unit. The Imager LX 2M cameras
have 1608 x 1208 pixel resolution (2 MP),-lid digitization, 7.4 x 7.4 micron pixels,
55% quantum efficiencyat 500 nm, and can run at 35 frames/sec at full resoluE@ch
camera was also attached to a 200 mra terfocus on the target planadto a 532 nm
+ 10 nm banepass filter A Martin Magnum 850 Fog Machine was used to seed the flow
with smoke particles at the inlet of the wind tunfig¢le lasemwaspassed through a free
moving optical arm, a laser headhwariable focusing, and-&0 mm cylindrical lens to
generate the light sheet in the desired locatibme cameras and laser head were
mounted on Velmex BiSlide motorized positioning stages; the camera traverses allowed
movement in all three axes whilke laser was limited to movement in the streamwise
and waltnormal directionsThe camera and laser positioning are showkigare2.11.

The DVG actiation andthe external trigger signal were generatesing NI
LabVIEW software, a PC6221 DAQ card, and a SC& block. Three downstream
planes at 20nm, 30 mm, and 40 mm downstream of the VG centerline were analyzed
for each SVG height and DVG actuatiamplitude and frequency¥ach camera was
oriented about 37° from the streamwise plane of symmetry and was positioned about 720
mm downstream of the VG centerline.

The velocity componentis the %, y-, and zaxis directionsvere computed using

DaVis 8.2.2 processing software with twsiep stereoscopic creserrelationpairs of
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successive images. The images were processed using an iterativpassltnethod
where thefirst pass had a window size of 64 x 64 pixels and a 50% overlap and the
secondpass hada window size of 32 x 32 pixels and a 7%%erlap One thousand

image pairs were acquired and processed for each dimiephasaveraged plane.

2.7 NACA 0015 Stall Cell Airfoil Design

In-series PZT bimorph actuasowere also integrated intol@1 mm chordand508 mm

span NACAQO015 airfoil to drive a dynamic trip with the goal of intentionally triggering
stall cells to investigate their formation. From previous wind tunnel tests varying the
height of static trips, it was found that a trip with a 152 mm spnigngth and 2 mm
height was desiréd Using the experimental quastatic free displacement data and
considering the space limitations of installing a device inside the airfoil, actuators with
0.267 mm thick and 62.0 mm long PZT sheets were selected to drive the dynamic trip. It
was predicted thahe 62.0 mm PZT length would be able to produce a 2 nak-pe

peak displacement while being able toifiside the airfoil. To provide the necessary
blocking force and a symmetrical platform to support the long trip, two actuators with
these dimensionserve installed in parallel.

The trip itself was a carbon fiber plate with dimensions of 152 mm in the
spanwise direction, 7.62 mm in the chomrmal direction, and 1 mm in the streamwise
direction. At the middle length of both top bimorphs, the carbaar fitate was attached
using polymer connection pieces and adhesive. The interior of the hollowed aluminum
NACA 0015 airfoil had platforms upon which the actuators were installecllow for
actuator wiring and pressure tubing, the airfoil wlasigned as hollow assembly of
three sections: the nose, the upper surface, and the lower stfa®8s of the chord, a
closefit slit was machined to allow for the carbon fiber trip to protrude into the flow.
Figure2.12 showsthe actuator assembly mounted on platformth@nose of the airfoll
andFigure2.13 shows (a) armssemblediew of the airfoil and (b) aexploded view of

the airfoil components
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Figure 2.1: ULTRA TEC ULTRASLICE Macrotome saw

Raw PZT Sheet — - S B
Resized to length — S ~
Layered with shim - S N

Cut to width =
Figure 2.2: Steps for manufacturing bimorph strips
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Figure 2.3: Testing apparatus sliding clamp base
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Figure 2.8: External view of DVG module

Figure 2.9: DVG module internals
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Figure 2.12. NACA 0015 airfoil actuator assembly

(b)

Figure 2.13; (a) Assembledview of NACA 0015 airfoil (b) exploded view of NACA 0015 airfoil

29



3. ANALYTICAL AND NUMERICAL MODELING
3.1 QuastStatic Model

To predict the ilmer i es a c t-statct perforinance,qau singplmodel was
developed using Euldernoulli beam theory and the pgectric equations. Equation
(3.1) from elementary beam thedPyrelates the beam bending moment and transverse
displacement, whermis transvese displacementyis distance along the beain,is the

beam momeniQi s Yo ungos Outhelarch manent & inadtia.

w 0w
00

o

(3.1)

el

Equations(3.2), (3.3), and (3.4) are the layered isotropic beam equations, which
calculate the theoretical flexural rigidity, piegwuced bending moment, and free strain,
respectively’. Here,®is the bimorph width{ is the number of layer& is the
piezoelectric coefficientw is the applied voltage) is the layer thickness, an€

represents the height boundaries of each layer as shokigung3.1.

(/0] g ®0 0 0 (3.2
o g H00 0 0 3.3)
o o 2 34

- (34)

For the analysis, the actuator was split into two parts: the bottom and top
bimorphs, which were evaluated as two separate beams. Representations of the two parts

are shown irFigure3.2; a loadD is applied at the middle length of the top beam and the

Portions of this chapter previdysappeared asChan, W. K., Clingman, D. J., and Amitay, M.,

i Devel op meends piepotlectric nbimorph bending beam actuators for active flow control
appl i c Broceedings of SPIE 9801, Industrial and Commercial Applications of Smart Structures
TechnologiesSPIE,Las Vegas, NY2016, pp. 120.
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load is transferred to the left and right ends of the bottom beam. Note that for this
analysis, the weight of the bimorphs is assumed to be negligible. For both halves, there
are also applied moments; is the piezeinduced internal bending moment aind is
the moment caused by the end connection. Due to the identical construction of the
bottom and top bimorphs, the magnitude® ofcan be assumed to be the sdraaveen
the two beams; the direction merely switched as shown in the representations.
Although the end connection allows for nearly unobstructed rotation, and consequently
should apply no moment on the beain, is kept in the equations for completeness.
Also, the origin of the horizontal axis is located at the left end of both bimorphs for
consistency.

The free body diagram for the left half of the bottom bimorph is shovamure
3.3. The boundary conditions are such that the beaneésdn the left end and clamped
on the right end; in other words, the connection with the mounting base can be
represented by a cantilever. The moment equation and boundary canftititims beam
are noted in(3.5). Using he relationship described {8.1) and performing the double
integration along the beam length yields the transverse displacement equation for the
bottom bimorphwhich is shown in Equatiof3.6).

U w E(JO U U
35
b QD (39)
w W - Tt - W - Tt
C Qb ¢
oo L5 Py Ly
00 PC PO TU
. . (3.6)
p. O, O ‘
U U - -0 — TT w -
C q y

Similarly, the free body diagram for the analysis of the top bimorph is showigume
3.4. The beam has a pinned boundary condition at the left end and-sl@aeacondition

at the middle length due to the symmetrical loading. From the moment equation and
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boundary conditions i1§3.7) and the relationship i3.1), the transverse displacement

eqguation for the top bimph can be found and is shownEquation(3.8).

0,
U E(A) U 0]
3.7
o @ . 0 (3.7)
W wWw T Tt —_— W - Tt
Qw C
- 0 0
& & %oo ﬁccb 2% b © goo N
p PO 38
.0
Tt w -
C

Note that Equation§3.6) and (3.8) are only form @ 07¢; the beam displacements
are assumed to be symmettieaver the 0F¢ location. To find the total transverse

displacement along the top bimorpth, @ can simply be added to the calculated
displacement atw T for the bottom bimorph. Also, the position of maximum

displacement, as noted previously, is siyrgdl the middle length of the top bimorph.
@ W W T 0O (3.9)

It was also possible to ugg.6) and(3.8) to calculate the forcé@ exerted by the
actuator at its middle length wh actuated by a voltage and allowed a certain positive

displacementd) ), as seen in Equatid.10).

Ty, 0 [OX ()
P G

V]

(3.10)

The equations modeling the-geries actuator were incorporated intMATLAB code
to predict its quasstatic performance given a set of input parameters. The inputs in the
code include the material properties of each layer (Young's modulus and piezoelectric

constant), the dimensions of the bimorph, applied DC voltage, @vitte force From

32



t hese, t he actuat or 0s -ifducedantemdd behding mamend, | r
and transverse displacement values along the bimorph lengths can be calculated and
displayed.The code also generatégures which represettie actiator with the bending
bimorphs; an example is shownkigure3.5, which is the output for a 0.127 mm thick,

72.4 mm long PZT actuator with 100 V applied.

3.2 Finite Element Analysis Setup

In addition to quasstatic displacement, another very important pengoice
characteristic for the #series piezoelectric actuators is resonance frequéndinite
element analysis (FEA3tudy was performed to determine the predictability of the
actuator so6 r eusiogithe freqeency analysis fanctioryin SOLIDRKS
Simulation2014 This function uses an eigenvalue approach to determine the natural
modes of vibration for any geometry; it is capable of outputting the first few resonance
frequencies and corresponding mode shapes.

Each actuator that was fabricatédcluding the end connection configuration,
was designed in the SOLIDWORKS CAD package and transferred to SOLIDWORKS
Simulation.The bimorpls themselveshowever, were simplifieéfom the layered PZT
and shim material structure to uniform and homogen@asnis.The simplified beams
were given strength properties that were measured experimentally from fabricated
bimorphsin the bending stiffness testinphis was done to reduce the resources and time
necessary to perform the FEA simulations; in other wor@dlowed for larger elements
to be used in the meshihe meshshown inFigure 3.6, was a standard structured grid
with tetrahedral elementsith edge lengths of about 1 migain, it isvery important to
note that the end connection appears as a rectangular prism ireiigigure to protect
the proprietary connection desigin reality, the analysis was performed using the
correct geometry and material properties for the end connection compowéith
were differenfrom the beanproperties

The 1 mmsizewas chosenfter a simple convergence studsing edge lengths
between 0.7%nm and 2 mm was performed on 267 mm thick and 72.4 mm long
PZT actuator dimensionThe study showed that the resonance frequency converged at

an edge length of about 1 mm at a vesgsonable amount of timattempts to analyze
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the structure with elements smaller than 0.75 mm resulted in very high simulation times.
With the 1 mm element size, tBe267 mm thick and 72.4 mm long PZT actuator model
had 31,584 nodes and 21,628 elements.

For all of the unloaded actuator simulatiorf®e moded werefixed so that the
mounting base was stationary; fixed geometry constraints were assigned to all surfaces
of the baseThese fixture locations are shown kigure 3.7. All other parts of the
actuator were allowed to move freely.

In addition to the unloaded actuator, the DVG module was analyzed with FEA to
predict resonance frequency. Faist analysis, the actuator itself, the VG plated a
connection points were mo@el and meshed. Again, the mounting base was assigned as
fixed geometry, but the VG was given roller/sliding fixtures to simulate its contact with
thefour inside surfacgeof themodulés slit
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4. RESULTS

As mentioned earlier, with these piezoelectric actuators, the main performance
characteristics of interest were quagtic displacement, frequency response (including
resonance frequencygnd blocking force. The following section presents and discusses
the major results obtained in the study regarding the performance of the different
actuator dimensionfuaststatic model and FEA results are reviewed and compared to
these experimental vadg. Endurance testing results and quantification of the DVG and
airfoil flow control test module actuators are discussed. Finally, results from the SPIV

testing of the DVG modulare shown and analyzed

4.1 Displacement Quantification
4.1.1 QuaskStatic Displacement

Staticfree displacement is the displacementaof unloadedctuator when a DC voltage
potential is applied. These displacement values can be assumed to be the same as the
displacement amplitudes when the actuators are run with a very low frequency sine
wave, since the effect of resonance (structural dynamics) is negligible at these
frequencies. In the studies performed in this wahnk displacement amplitudeslaHz
in the frequency sweeps were considered the euiasc displacements

Figure 4.1 shows the quastatic displacements for two 0.127 mm thick PZT
actuators with lengths of 31.8 mm and 72.4 niere, the horizontal axis is applied
voltage and the vertical axis ithe quasstatic displacemeniThere is clearly a nen
linear trend, as the slopes of the displacement vs. voltage curves are not constant for
each line.This can be explained by the ntnear effects of the piezoelectric actuation.
Higher applied electric fieldsgenerallyc ause t he bi mor phs t o

structurallystiff), allowing for higher bending displacements to ocdure same effect

Portions of this chapter previdysappeared asChan, W. K., Clingman, D. J., and Amitay, M.,
ADevel op meends piezdelecirin bimorph bending beam actuators for active flow control
appl i c Broceedings of SPIE 9801, Industrial and Commercial Applications of Smart Structures
TechnologiesSPIE, Las Vegas, NV, 2016, pp.2D.

Portions of this <c¢h
cells on a NACAO0O015
Washington, D.C., 2016, ppi 28.
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was olserved repeatedly by Wang ef'alnother source of nelinearity may also stem
from the specific geometry of the proprietary end connection design.

It can also be observed that for a given voltage, when the actuator length is
increased, the achievable displacement increases as well. This makes sense because the
same bending moment applied to a longer beam results in a larger transverse
displacement than when applied to a shorter beam.

Figure4.2 andFigure 4.3 are the quasstatic displacement plots for 0.267 mm
thick and 0.508 mm thick PZT actuators, respectivielyeach figure, displacements for
the 25.4 mm, 50.8 mm, and 72.4 mm lengths are ploAgain, from both figures, it can
be seen that for a given PZT length and thickness, actuation for increasing voltages is
nortlinear. In addition, when comparing therée figures, it can be found that among
constant length actuators and under the same voltage, thicker actuators achieve smaller
maximum quasstatic displacementskFor example, for the 72.4 mm length PZT
actuators with 50 V applied, the 0.127 mm actuathieved 0.752 mm, the 0.267 mm
actuator achieved 0.283 mm, and the 0.508 mm actuator achieved 0.0 Thinnend
is summarized irFigure 4.4, which shows the comparison of quastatic displacement
among multiple actuators with a PZT length of 72.4 mm and varying thicknd$sss.
occurs because the free strain in a sample of PZT is dependent dAZiothickness
and applied voltage. In other wordshicker PZT sheets requira higher voltage to
produce the same amount of stradmother reason for this trend is that the thicker PZT
bimorphs have higher bending stiffness, so larger bending moments are required to

achieve the same transverse displacgmas thinner bimorphs.

4.1.1.1 QuastStatic Displacement Comparison with Model

The experimental displacement values were compared with the results from the quasi
static model The compason plots are shown irigure 4.5 for the 0.127 mm thick,

72.4 mm long PZT actuatoFigure 4.6 for the 0.267 mm thik, 50.8 mm long PZT
actuator;Figure4.7 for the0.267 mm thick, 72.4 mm long PZT actuator; &mngure4.8

for the 0508 mm thick, 50.8 mm long PZT actuatdn all of the figures, the
experimental data points are plotted as black squares and overlaid with thetaf@si

model solution values ired. These plots clearly show the nbnearity present in the
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piezoelectric actuation. The theoretical lines all have a constant slope because the model

did not predict or compensate for the dimear effect.

The quasstatic displacement comparison plots show fairly good correlation

between the experimental and theoretical values. In getleeaklues are very close for

lower actuation voltages, biutecome increasingly dissimilar as voltage is increased

where the experimental values are higher than the predicted valuissis true for all
figures other than that for the 0.508 mm thick, 50.8 mm long PZT actitatopossible

that thisdiscrepancywas due toan inaccuracy in the bending stiffness used ttoat

actuator, which has a significant effect on the ggasiat i ¢

mo d e Thiswas|

ueso&b

a greater concern for the thicker (0.508 mm) actuators, for which there was higher

variation in the experimental bending stiffned®wever, the figures nevéeless show
that the model is certainly capable of predicting the gstasic displacement of various

actuatorgo a satisfactory degre€he maximum and average percent errors between the

experimental and theoretical values are showreinie4.1.

Table 4.1: Percent errors for quaststatic displacement values

PZT Thickness | PZT Length | Maximum Percent | Average Percent
(mm) (mm) Error (%) Error (%)
0.127 72.4 21.4 10.6
0.267 50.8 30.8 15.8
0.267 72.4 25.2 14.2
0.508 50.8 22.8 11.6

4.1.2 Frequency Sweeps

To determine the displacement performance of theeites design for vanyg

frequencies, frequencweep testing wagerformed for each of the actuators that were

fabricated. These sweeps are shown kigure 4.9 through Figure 4.16, where the

horizontal axes indicatdrequency and the vertical axes indicate piaieak

displacement.

As expected, when the input voltage amplitude increases, thet@pakk

displacemenamplitude at constant frequencies increases as well. The frequency sweeps

also clearly indicate the resonance frequency of the piezoelectric actuators. At low

frequencies, the pedk-peak displacement remains relatively constant for a certain
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voltage, imlicating quasstatic displacement. However, as the driving frequency rises,
peakto-peak displacement increases until it reaches a maximum at a particular
frequency, indicating resonance. After this point, as frequency increases further, the
displacemenvalues decrease significantly.

Figure4.9is the frequency sweep for the 0.127 mm thick, 72.4 mm long PZT in
series bimorph actuatoithe displacementriit is indicated at 5 mm and resonance
occurs around 62 Haznterestingly, theras a slight bump in displacememtior to
resonance;his effect wasseenrepeatedly formost actuators that werested.It is
believed that this is an artifact or secondary mode due to the structural dynamics of the
end connection desigi.his unexpected bump in resonaneg&s not observed when
frequency sweeps were performed for individual bimorphs without the end connections
attached. Also, it is not believed that this is duth#vibration of attached leads because
the same effct at the sae frequencies waseenwith varying wiring configurationg-or
some actuators, geemingly similadiscontinuitywasobservedafter resonancd-or the
0.127 mm thick, 72.4 mm long PZT actuator, the phenomenon was observed at about 22
Hz and 112 Hz.

Figure4.10 is the frequency sweep for the 0.267 mm thick, 72.4 mm long PZT
in-series bimorph actuatofhe displacement limit is indicated at 6 mm andnesice
occursat about 70Hz. Bumps in peako-peak displacement can been at about 24 Hz
and 98 Hz.

Figure4.11 is the frequency sweep for te508 mm thick, 72.4 mm long PZT
in-series bimorph actuatofhe displacement limit is indicated at 5 mm and resonance
occurs at abouB0 Hz. A bump in displaceent can be seen at around 32 Hz.
Interestingly, it canalso be seen that as the applied voltage amplitude increases, the
frequency sweep curves move slightly towards the left, indicating marginally lower
resonance frequenciebhis can again be expladby the norlineaity of piezoelectric
actuationwhich decreasethe bending stiffness at higher electric fieldgfecting the
structual dynamics and decreasing the beare&onance frequency.

Figure4.12 is the frequency sweep for tlle267 mm thick, 50.8nm long PZT

in-series bimorph actuatofhe displacement limit is indicated at 3 mm and resonance
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occurs at around 149 Hz. Discontinuitiegisplacement can lseenat about 50 Hz and
200 Hz.

Figure4.13 is the frequency sweep for t8e508 mm thick, 50.8nm long PZT
in-series bimorphactuator.The displacement limit is indicated at 3 mm and resonance
occurs at about 190 HZNo significant bump in resonande observed prior to
resonance, but theegea couple of discontinuities at frequencies between 275 and 300
Hz. Also, the 200 V tsplacement curve after resonance indicates lower displacements
than expected. It is possible that there was a failure in the PZT structure during the
frequency sweep, adversely affecting the actuatalisplacement capabilities
Nevertheless,Figure 4.13 still adequatelysummarizesthe actuator's performance
characteristics.

Figure4.14 is the frequency sweep for tleel27 mm thick, 31.8nm long PZT
in-series bimorph actuatorhe displacement limit is indicated at 2 mm and resonance
occurs at around 210 H&. bump in displacement carseen at around 74 Hz.

Figure4.15is the frequency sweep for tBe267 mm thick, 28 mm long PZT
in-series bimorph actuatorhe displacement lirhis indicated at 1.5 mm and resonance
occurs at around 380 Hz.

Figure4.16 is the frequency sweep for te508 mm thick, 28 mm long PZT
in-series bimorph actuatorhe displacement limit is indicated at 1 mm and resonance
occurs at around 380 HEor both the 0.27 mm and 0.508 mm thick actuators at the
25.4 mm length, therés a large degreaonmonotonic variation in the measured
displacementFor examplejn Figure4.16, between 200 and 300 Hz, the displacement
does not increase consistentlyis possible that this is due to the vehod length of
these actuators, whichay haveesulted intheinconsistent and erratic actuation.

Several tendencies car been when comparing the frequency sweep pfdte
different actuator dimensions fabricated; an array of these frequency sweeps is shown in
Figure 4.17. The ranges in the axes are kept constant for all plots to allow for easy
comparison among the different caséer each plot, the horizontal axis is frequency
from 0 to 500 Hz and the veréicaxis is pealto-peak displacement from 0 to 6 mm.

It is clear that actuators with different piezoceramic thicknessesigaificantly

different frequency responses even when the actuator length was kept cdrstard.
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becausehickerbeams have gher beam stiffness, whighcreases resonance frequency.
Also, when actuator length is decreased for a given PZT thickness, the resonance
frequency increases. This is intuitive from elementary structural dynamics analysis,
which shows that shorter beamavil higher resonance frequencies than longer beams.
These two terehcies are summarized ihable 4.2, which lists theapproximate
resonance frequenaidor all of the actuator dimensions that were fabricated. The only
deviation from these trends is that the two actuators at the 25.4 mm length have the same
resonance frequency. This may be due to manufacturing inconsistencies and the fact that
at such ahort length, the effect of length on the resonance of the structure is much more
significant than the increase in PZT thicknesgain, the inconsistent and unpredictable
performance for these short actuators may have also affected the observed resonance
frequency.

Table 4.2: Resonance frequencies of different actuators

In-Series Piezoelectric Bimorph | PZT-5A Thickness (mm)
Resonant Frequencies
254

Piezo Lengths (mm)

Another very important consideration when building the actuators was the
manufacturing repeatability of the devices. In other words, it was imperative to evaluate
whether the same performance could be achieved with different actuators of the same
dimensios. For this reason, a reliability study was conducted in which five different
actuators with the same dimensions (0.267 mm thick and 50.8 mm long PZT) were
constructed. The results from this study can be sedngure 4.18, which shows the
frequency sweeps for the five actuatGh€T 1-5). Large displacements near resonance
were againavoided to prevent strugal failure of the actuators anéah of tle four
plots corresponds to a different voltage amplitugi®@m the plots, it is clear that the
peakto-peak displacements are very consistent and repeatable. There are higher

dissimilarities in the displacements near resonance, but that is to be eXpecaede
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very minuscule variationsn manufacturing can cause significant changes at resonance.

Neverthelesdor the unloaded actuatordggh repeatability wasndoubtedlyobserved

4.2 Force Quantification

In addition to the frequency sweeps, force data veerpiired forthe actuatorsn the
form of static blocking force, pedak-peak blocking forceforced negative displacement,
and actuator load lineF hissection reviews some of the results from the force testing of

specific actuator dimensions.

4.2.1 Static Blocking Forceand Comparison with Model

To quantify the static blocking force characteristics of the actuators, positive DC voltage
signals were applied to the leads, the bimorphs were constrained from bending, and the
output force at the middle length thfe top beam was measur&datic blocking force is
shown for thed.127 mm thick, 72.4 mm long PZT actuatoiFigure4.19; for the 0.267
mm thick, 724 mm long PZT actuator iRigure 4.20; andfor the 0.267 mm thick, 50.8
mm long PZT actuator ikigure4.21. The plotsare showronly for thesethree actuators
because they were the main dimensions of inteheghese plots, the horizontal axis
indicates DC voltage and the vertical axis indicdtese. Also, in each figureboth the
experimental and theoretical values from the gstatic model are plotted.

For the 0.127 mm thick, 72.4 mm long PZT actuator, there is good correlation
between the experimental and analytical val@asr the vawus voltages, the maximum
error is 29.6% and thaverageerror is 10.5%For the 0.267 mm thick, 72.4 mm long
PZT actuator, the maximum error is 40.4% and the average error is 30.7%. For the 0.267
mm thick, 50.8 mm long PZT actuatdhe maximum error is0/0% and the average
error is 46.6%.Clearly, for the shorter and thicker actuators, there are increasing
differences between the experimental and predicted vallss. the measured blocking
forces are always below the theoretical validss effect islikely caused by the fact
that there is some energy lost in the end connections of the actuators. In other words, the
design and structure of the ends allow for a certain degrelasticcompliance, so the
actuators are not able to output the full théoad force. It is possible that the errors

increase with shorter and thicker actuatoesause they were trying to produce higher
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magnitudes of force. With a higher force output, the compliahtee bearends had a
greater effect, resulting in a highpercent errorlt is important to note, however, that
equipment inaccuracies could also have played a factor; the load cell had an accuracy of
+0.049N, which is not insignificant at the measured order of magnitude.

4.2.2 Peakto-Peak Blocking Force

The ped&-to-peak blocking force data ashown inFigure4.22 for the 0.127 mm thick
PZT actuatorsfigure 4.23 for the 0.267 mm thick PZT actuators, arigure 4.24 for

the 0.508 mm thick PZT actuasoin each figure, there are plots for every length that
was fabricated for the corresponding thickness.

For these plots, the actuators were driven using a 1 Hz sine wave with various
voltage amplitudes; the horizontal axis is time in seconds while thealeaxis is
blocking force in Newtons. The load cell was lowered such that it was slightly in contact
with the piezoelectric surface at the bottom of the displacement cycle; this was the point
of minimum negative voltage. As the voltage varied abow fhint, the force exerted
by the actuatoincreased and followetthe sinewave shape of the driving function. This
peakto-peak blocking force was recorded and plotted for four voltage amplitudes. The
figure shows this force data oveither 2.5 or3.5 actuation cycles. As expected, when
the voltage amplitude increases, the maximum (peak) blocking force increases as well;
the peak force for each voltage is indicated by the horizontal lines. Furthermore, the
spacing between each peak blocking force vadueery even, this again indicates a
linear relationship between the input voltage and resulting dynamic force of the
actuatorsThis relationship is shown iRigure4.25, which plots the force amplitude vs.
voltage amplitude with 1 Hz actuation of the 0.267 mm thick PZT actuators of varying
lengths.Each line, which represents a certain length, has a very consistent slope.

It is extremely important t@mphasize, however, that ti@rces shown here
representhe "maximum peako-peak bl ocking forceo of the
from the Atraditi onal 0previbua figurebedalsetbekzerm g f o1
force points correspond to theegative voltage amplitudeAdditionally, the peak
blocking force cannot be considered to be twice the static blocking force for a given

voltage because the load cell was positioned at different heights according to the lower

45



bound of the actuation cyclehik is why the peak blocking foe was higher for longer
actuatorsat a given voltage; displacement amplitude is larger for longer actuators, so the
load cell was moved farther down. Nevertheless, these plots are a good indication of the
full range of fores that the actuatoesecapable of exerting for the given voltages.

Another important consideration was again the manufacturing reliability of the
actuators with regards to the blocking force. To study this,-frepkak blocking force
dataweretakenfor the different actuators of the constant dimension (0.267 mm thick,
50.8 mm long PZT)These data arplotted and shown ifrigure 4.26, which clearly
shows that there is a fair amount of repeatability with respect to the force exerted by
different actuators of the same size. The difference between the highest peak force and
the lowest peak force for a given voltage was about 20% of the average peak force for
thatparticularvoltage.

4.2.3 Forced Negative Displacement Blocking Force

To further quantify the design, forced negative displacement blocking force deta w
acquired for seeral 0.267 mm thick PZT actuatofSor these tests, the load cell was
loweredto be in contactvith the mddle length of the top bimorpfihen, it was further
lowered toeither 0.5 or 1.0 mm below the naotuated state to achieve the “forced
negative diplacement” conditionThen, voltages between 25 and 200 V were applied to
the actuators and the output blocking forces were measthed dataare shown in
Figure4.27 for the 25.4 mm, 50.8 mm, and 72.4 mm PZT lengths and the 0.5 mm and
1.0 mm negative displacemenitéere, the horizontal axis is applied DC voltage and the
vertical axis is measured blocking forcEhe main purpose of these tests was to
concisely and easily confirm the expectation that shorter actuators of the same thickness

produce higher blocking forc&his expectatiois clearly substantiated in the plots.

4.2.4 Actuator Load Lines and Comparison with Model

Findly, the actuator load lineare plotted forthe 0.127 mm thick, 72.4 mm long PZT
actuatorin Figure 4.28; for the0.267 mm thick, 72.4 mm long PZT actuator kigure

4.29; and for theD.267 mm thick, 50.8nm long PZT actuator ifigure4.30. For these

tests, the force exerted by the middle length of the top bimorph was measured when the
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actuator was allowed a certain deflection. This was done for several different voltages,
andthe experimental results were compared with theoretical values from thestpiasi
model. In the plots, the black squares again indicate the measured values and the red
dotted lines represent the predicted load lifes.is standard for load line plotthe
horizontal axis intercepts represent free displacement and the vertical axis intercepts
represent blocking force.

In Figure4.28, for the diffeent voltages tested, the experimental and analytical
values generally correlate well with each other. The slopes of each line and the spacing
between the lines from the test data are very similar to those predicted from the
analytical model. However, there a slight offset of the experimental data towards the
right, especially for the 200 V case. It is believed that this can be attributed to the non
linearity of the piezoelectric actuation and the end connections

In the figures for the 0.267 mm thick PZactuators, there is a significantly
higher degree of discrepancy between the measured and theoretical values. In both
Figure4.29 andFigure4.30, the experimental load line slopes generally have a smaller
magnitude than the predicted lind%his causes the measured free displacement to be
higher and the measured blocking force to be lower than the theoretical Vidiess.
trerds are consistent with the data showwnprevious sectionskree displacement is
higher than predicted, especially fuigher voltages, because of the dimear actuation
effect. Static blocking force is lower than the expected values because there is energy
lost in the end connection due to elastic compliance.

Furthermoreit should again be mentioned thiae load ell had an accuracy of
+0.049 N which is not far from the order of magnitudktioe measured forceAs such,
there islikely a nornegligible degree of error that can be contributed to the transducer
itself. This can also explain thdbr the 50 V loadihes in the 72.4 mm and 50.8 mm
lengths for the 0.267 mm thick PZT actuators, the experimental values are consistently
lower than the theoretical values.

Nevertheless, the test data verified the analysis used for thestasimodel
due to thegenerdly satisfactorycorrelation between the experimental and theoretical
values for free displacement, static blocking force, and actuator load lines. Also, the

frequency sweeps mentioned in this section showed the effective bandwidths of each
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actuator and thedynamic displacements that could be achieved at certain frequencies.
This informationwas therused for matching actuator dimensions to specific active flow

control applications.

4.3 Dynamic Vortex Generator Module Quantification

As mentioned earlier, fronié quantification oftte various actuator dimensiors(.267

mm thick and 50.8 mm long PZT actuator was chosen to drive the dynamic vortex
generator. This was due to its high perfanoe capabilities (most notaply
displacement) athe flow instability fequencyof interest.From the various frequency
sweeps, this particular actuator dimension seemed to give the most promising
performance at 40 and 140 Hxfter the DVG module was fabricated and assembled, a
frequency sweep was taken; the location of measurement was the top edge of the vortex
generatorThis frequency sweep is shownkigure4.31.

Unfortunately, ashe frequency sweeps Hgure4.12 andFigure4.31 show, the
addition of the VG attachments decreased resonance frequency from 149 Hz to about
105 Hz. Although a decrease in resonance frequency was anticipated due to the
additionalmass, such large shift was unexpectéRlegardless, the installed actuator was
still capable of producing a decent displacement at 140 Hz; 200 V amplitutat at
frequency resulted in 1.35 mm petakpeak.Also, when comparing the two figures, the
guaststatic displacements were very similar, indicating thatstinall additional mass

had very little effect on the quasiatic performance of the actuator.

Table 4.3: Actuation voltage amplitudes and phasangles used for SPIV experiments of the DVG

module
Peak to Peak Frequency Voltage Phase
Displacement (mm) (Hz) (V) ()
0.5 40 1.65 20.2
1.0 40 2.65 18.7
0.5 140 1.58 187.5
1.0 140 3.05 189.5

As previously indicated, prior to the wind tunnel experiments, it was determined
that theSPIV would be performed for two actuation heights: 0.5 mm and 1.0 mm peak

to-peak.The necessary voltage amplitudes to achieve these displacements and the phase
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differences between the actuation signal and output displacementwere found

experimentally. These values are summarizethinle4.3.

4.4 Airfoil Actuator Quantification

The NACA 0015 airfoil actuator assembly with carbon fiber beam installed watso
guantifiedusing a laser displacement sensor; the measurement location wassaiamid
Unlike the DVG, this device was actuated using a square waveforeadhsf a sine
wave. This was because it was necessary to move the trip from the flush condition to the
fully-erected condition as quickly as possible. Actuation was planned such that at the
lowest negative voltage, the beam would be flush with the astoflace, while at the
highest positive voltage, the beam would have a 2 mm halghtethe airfoil surface.
Consequently, a negative voltage would be applied when a baseline (no stall cell)
configuration was desired, and a positive voltage would be apjlisnduce a stall cell.

As mentioned previously, a 200 V maximum amplitude was selected to avoid the risk of
depoling the PZT and because this was the limit of thgat® MIDE amplifier.

Displacement quantification of the actuator assembly \pasformed to
determine the dynamic response when subjected to a sudden voltage jump from the
negative to positive amplitudes. It was found that the actuator displacement exhibited
consideable overshoot above the steadgte displacement, indicating austurally
underdamped system. After the overshoot, the displacement oscillated with decreasing
amplitudes until finally reaching the steaskate value after a certain period of tinhiae
oscillations were measured to be around 100 Hz, which was expaliyemtrified to
be the resonance frequency of the actuator. These overshoots were not desired because it
was unknown whether they would have an adverse influence while dynamically
inducing the stall cells. To contend with the effect, it was decided tiesisior could be
placed in series with the actuator assembly as a quick and effective solution.
Piezoelectric devices act as capacitors, and the resulting RC network caused the voltage
across the actuator to be gradually ramped up or down. The dynamiactuator
assembly had a pacitance of 362 nF. EquatigA.1) describes the transient voltage
across a capacitor with capacitanée when placed in series with a resistoith

resistancgY; here,wy is the voltage output from the power source ‘asl time.
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® op p QT (4.1)

Figure4.32 shows this relationshipith a voltage step of 200 V, a resistardéel0,000
Y, and a capacitance of 362 nF.

To invedigate the effectiveess of placing a resistor in series with the actuator
assembly, a potentiometer was installed in the circuit, and dynamic displacement data
were taken for incremental resistance values betw® 0D Y an dFigdre438 00 Y.
shows the transient displacement response of the trip when actuated with a step function
signal from-175 V to 175 V at E 0 seconds and with several representative resistances.

As the resistance is increased, the overshoots and oscillation amplitudes decrease
significantly. However, it was necessary to avoid using resistances that were too large
because those required longer time to reach steady state. The resistances weee narrow
down to several values and 10,000 Y was eV
any displacement overshoot, decreased oscillation amplitude very quickly, and had a
relatively short ramp up time.

The transient displacement response & &ctuato with various squargvave
voltage amplitudes isahown inFigure8.34.0\0 displacemert s i st o
curves are offset so the minimum displacements (at the negative voltage amplitude) are
set to O mm. The horizontal axis indicates time in seconds while the vertical axis
indicates displacement in mm. As expected, as voltage amplitude increases, the peak
peak displacement increases as well. From the plot, it can be seen that a 2 aton peak
peak displacement is achieved witi&b V squarewave signal. Also, netthat as the
voltages increasghe number and magude of oscillations increasend the actuator
takes a longer time to reach steady state. Thisexpected because the higher
displacement caused the actuator to overshoot a larger amount, resulting in greater
oscillations. It must be mentioned that there is a difference between the displacement
response forthe 1728 1 0, 0 0 O FiYure4.38 anelFigura4.34. The displacement
seems to be more dampedrigure4.34 and reaches steady state aftesmaller number
of oscillations. The reasoning behind this is believed to be the fact that the Begare
4.33 weretaken with the actuator outside of the airfoil and the datgore4.34 were
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taken with the actuator installed in the airfoil. This makes sense because the
configuration used foFigure4.34 meant that there was slight frictigrubbing) between
the carbon fiber trip and adjacent airfoil wall. Nevertheless, the reasoning behind the use
of a resistor and its value of 10,000 Y st
Finally, the specific voltages required to actuate the dynamic trip to the flush and
fully-erected positions were determined experimentally. A DC voltage was applied to
the actuator assembly and was varied until the carbon fiber beam reached certain
incremental heights between 0 mm and 2 rilrese data ardisplayed inFigure 4.35,
which shows the static cherbrmal displacement with applied DC voltage; here, 0 mm
indicates a flush condition with the airfoil surface. For the vast majaiftythe
displacement range, the relationship followed a very linear trend. However, a slightly
more negative voltage was required to reach the 0 mm condition; it is believed that this
was due to friction between the carbon beam and airfoil slit boundatses.applying 0
V did not correspond to a 1 mm protrusion height. This is becdusgo manufacturing
imperfections, the trip was not installed exactly 1 mm above the local airfoil surface.
Nevertheless, it was found thd92.5 V was required to gdid carbon fiber beam flush
with the airfoil surface and 177.5 V was required to reach the 2 mm hdihist.
correlates extremely well to the petikpeak static displacement measurements; with a
squarewave function, a 18¥ amplitude (370 peakto-peak)voltage was neceary to
generate a 2 mm pedd-peak displacement. The voltage difference between the
maximum and minimum DC voltages was 17Y.5(-192.5V) = 370V, which agrees
exactly with the 370v peakto-peak votage from the squamwave testsThe airfoll
model underwent pressure data @RIV experiments and thectator assemblyas
driven using a squareave signal corresponding to these maximum amdimum

voltage$®.

4.5 Endurance Testing Results

Fourteendifferent endurance testing cases were run for a single 0.267 mm thick, 50.8
mm long PZT actuator. The majparameters for each case are summarizetalrie
4.4. Overall, the actuator exhibited very good reliability and endurance; in tbéal

actuator ran for about, 210 hoursor 383 million cycles.The testing showed that there
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was very little variation in the pedak-peak displacement of the actuator during the long
periods of actuationThis is supported by the very low coefficient of variation
percentages as shown in the tabligure4.36 is an examplelot for the displacements
measured in case 11; the horizontal axis is the time elapsed in hours and the vertical axis
is the peako-peak displacementThere was also no olservable degradation in the
performance, as the average displacement of the cases with the same voltage and
frequency remained virtually constantonsequently, it was determined that this
actuator design could remain consistently operational for longg=eaf time.

Table 4.4: Endurance testing table

Time Frequency .Average Coefficient of Number of

Case| Elapsed Displacement tion (4 Cycles
(hours) (H2) (mm) Variation (%) (millions)
1 3.0 120 2.915 0.438% 1.296
2 5.0 120 3.022 0.557% 2.162
3 35.2 175 1.986 0.552% 22.178
4 23.1 175 1.974 0.869% 14.555
5 83.5 175 1.955 1.244% 52.622
6 219.9 10 1.448 0.766% 7.916
7 93.0 40 1.525 0.611% 13.393
8 65.3 100 1.789 0.442% 23.523
9 46.7 100 1.799 0.973% 16.814
10 21.1 100 1.774 0.959% 7.592
11 258.7 100 1.809 1.128% 93.128
12 170.3 100 1.808 0.816% 61.309
13 93.2 100 1.802 0.555% 33.546
14 92.0 100 1.753 1.144% 33.138

4.6 Finite Element Analysis Results

Finite element analysis simulatiomgere run for all eightactuator dimensionand the
DVG module to determine the ability of FEA to predict their resonance frequencies.
Figure4.37 is an example of thEOLIDWORKS Simulation results; it shows the mode
shape of the 0.267 mm thick, 72.4 mm long PZT actuator and the corresponding
resonance frequency value.

Table4.5 lists the experimental and FEA resonance frequencies for the different

actuators along with the percent errdree table shows thalhe percent errors gerally
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decrease with thicker and longer actuatdrss possible that this is because for the

shorter and thinner actuators, small manufacturing inconsistencies had a greater effect on

the measured resonance frequencisvertheless, it is clear that thimite element

simulations were very capable of predicting the resonance frequencies of the actuators.

Not e

can be a useful and accurate tool to determine the operating frequenciesenésn
actuators loaded with active flow control devicAsso, with this tool, it is possible to

avoid issues such as that notedsiection4.3, where the addition dhe VG attachment

t hat

even

wi t h

t he

DVG modul

to predict the resonance frequency within 6Phis shows that fing element analysis

caused an unexpectedly large decrease in resonance.

Table 4.5: Experimental and FEA resonance frequency comparison table

eods

PZT PZT Thickness Experimental FEA Percent
Length (mm) Resonance Resonance Error
(mm) (Hz) (Hz) (%)
25.4 0.267 380 421 10.8%
25.4 0.508 380 416 9.5%
31.8 0.127 210 167 20.5%
50.8 0.267 149 144 3.4%
50.8 0.508 190 183 3.7%
72.4 0.127 62 55 11.3%
72.4 0.267 70 72 2.9%
72.4 0.508 90 92 2.2%
50.8 (DVG) | 0.267 (DVG) 105 99 5.7%

4.7 SVG and DVG SPIV Results

| oade

After the majority of the actuator development was completed, a SVG and a DVG driven

by an inseries actuator were tested a flat plateBefore data were taken with vortex

generators installed, baseline SPIV data veerguiredabove the flat tunnel floor. This

was done to confirm the boundary layer profile on the flat plate and to determine the

boundary

| ayer

thickness.

The

freestream velocity was 10.6 mésd the profilas plotted inFigure4.38. The vertical

boundhary | ay

axis represents the distance from the wall normalized by the boundary layer thickness

and the horizontal axiepresents the streamwise velocity component normalized by the
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freestream velocity. Both the experimental and the Blasius boundary layer profiles are
shown in the figure. Clearly, there is good correlation between the experimental and
analytical profiles.

After the baseline flowfields were acquired, SPIV was performed on both the
SVG at different heights and the DVG with varying actuation parameters. The following

section discusses the results from these tests. Note that all distances are normalized by

theboundary | ayer thickness, U, velocjties :
and vorticities are normalized bypU U . Each case was acquir ecd
planes(x = 20 mm, 30 mm, and 40 mm)or r esponding to x/ U4 = 6
respectively.

4.7.1 Static Vortex Generator Flow Fields

Using the SVG module, timaveraged SPIV data were taken for six different SVG
heights at the three downstream planes. The six SVG heights were 0 mm, 2.5 mm, 2.75
mm, 3.0 mm, 3.25 mm, and 3.5 mm, correspondiy O 4, 5/ 6 U, 11/ 12
and 7/6 U, respectively.

Figure 4.39 shows inplane velocity vectors superimposed with streamwise
velocitycon our s at t he x/ 0 andFgurétAoskoostimegdiatee a m p |
streamwise vorticity contours. Flow over the SVG from its pressure sidg $oction
side causes a clockwise vortex to be for me
height, there is onl y-3positon;thisis thaexpeaed thaenx n e a
vortex generated at the VG tip. As the SVG height is increasea iha formation of a
secondary smaller emtating vortex to the left of the main vortex. This is believed to be
from the horseshoe vortex that results from the rollup of the boundary layer at the VG
leading edge. Typically, two streamwise vorticesfarmed when this occurs. However,
as was suggested by Leong et’,at is possible that the vortex on the suction side of the
VG (associated with the second half of the horseshoe vortex) is not formed due to the
significant pressure gradient at the leading edge. Higher SVG heights correspond to
larger cerotating vortices and greater separation between them; the distance between the
vortex cores and the distance away from the wall also increases, as expected. The

vorticity contours Figure4.40) exhibit the same trends, indicating two distinct vortices,
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which grow in size and separation as the height of the Bvi@ases. As anticipated, the

vorticity is negative inside the vortices due to their clockwise orientation. Below the

main vortices, there is walhduced positive vorticity. Note that Figure4.39, at t he z,
=-0.5 location, there is a rectangular area where the streamwise velocity is considerably
lower than in the immediate surroundings. This is due to laser reflections on the VG
edge, which affaed the visibility of the particles at that location. This effect is not
observed farther downstream because the reflections were not as powerful with the laser

at those planes.

Figure4.41 showsthein-plane velocity vectors and streamwiseoaty contours
at x/ 0 Frured.02 stowsdhe corsponding streamwise vorticity contours. The
same major observations from the upstream
difference is that the #plane vortices are larger at this location, which is to be expected
because they grow in size asythmopagate downstream.

Figure4.43 shows the irplane velocity vectors and streamwise velocity contours
atx / 0 = antiRBgur8434 shows the corresponding streamwise vorticity contours.
Interestingly, thesélow fields seem to show only one distinct vortex unlike those from
the more upstrearplanes. It is believed that by this streamwise location, the two co
rotating vortices combine into a single larger vortex.

In addition, it can be seetihat when comparing the contours from the three
locations the negative (clockwise) vorticity decreasesmagnitude as downstream
distance increases. Similarly, the axial velocity in the vortex cores increases. It should be
noted that the streamwise velocity contours are not explicitly showing the vortex axial
velocities since the vortex lines are not ekaparallel to the xaxis. However, because
they are very close to each other, the same general trends that are seen for the
streamwise velocities inside the vortex cores can be applied to the vortex axial
velocities. These observations indicate that as ubrtices advect downstream, they
become weaker and diffuse into the freestream flow, which is expected. There is also a
clear movement of the vortex cores to the left as they move downstream, which is due to

their seltinduced velocity.
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4.7.2 Dynamic Vortex Generator PhaseAveraged Flow Fields

To determine the effect of t-dveraged@diaswerg er t i C
acquired for the four actuation cases discussed in Se2toa t the same thr

measurement planes. The phéseked data were obtained at 45° phase intervals. The

four actuation cases were amplituded of dh
=40 Hz, and ddhh = uwi//6l 2atanfd = 140 Hz. The me
casewas 3mm,oRlr 1 U. As a resul t, HJvwagekDVGs a t

datasets; each plot showsplane velocity vectors and streamwise velocity contours. It
must be mentioned, owever, that the data at a certain phase do not necessary
correspond to the effect of the DVG at that phase. This is because the spquiditein
vortex generated at a certain DVG height takes time to propagate downstream.
Therefore, in reality, when aqil is shown for a certain phase angle in the following
figures, it corresponds to a DVG phase prior to that phase angle; the difference in these
phases depends on the plane location. Nevertheless, the effect of the overall DVG
actuation cycle can still bgeen and compared in the phaseraged datasets.

The results for the dh = 0/12 and f = ¢
13.33 are shown ifrigure 4.45, Figure 4.46, andFigure4.47, r especti vel y. A
6.67, the flow fieldsat each phase are very similtre velocity fieldseachexhibit two
small cerotating vortex cores. This is because the actuation amplitude is small and at the
x/ 0 = 6.67 |l ocati on,t ot hdee vwed rotpi.EigeAstd.48ka/dl =i t:
there is a much more noticeable difference between the different phasesf At 138°
and 180° phases, theage two distinct vortex cores; however, at the 0° and 315°
phases, there seemshtie onlyone distinguishable core. This suggests that throughout
the actuation cycle, at this plane, the distance between the main VG tip vortex and
primary horseshoe viax varies; at their closest distance, they start to combine. The
maxi mum di stance bet weenf v185.tTRixcontromgteas | s ¢
the dynamic motion causes an effect similar to that of varying the SVG height. From
Figure4.41, it was seen that the lowest SVG height only generates a single vortex core,
but the higher SVG heights r eBigute44?)jte t wo d
individual vortices have combined into a single core due to downstream movement and

size growth. Indeed, when comparing the three planethése actuation parameters, it

56



is very clear that the two cores at each phase merge into a single core while moving in
the positivezd i r ect i on. Moreover, the flow fields
oscillation patt er wsthatthe xartex istargdst)(in termmecdin s e it
plane area) when the phase is arofine 135° and 180° but is the smallest when the
phase is arounfi= 0°.

The results for the dh = 0/6 and f = 4
13.33 are shown ifigure4.48, Figure4.49, andFigure 4.50, respectively. The phase
averaged plots irFigure 4.48 are very similar to those ifrigure 4.45. The main
difference is that the two vortices in each plot are slightly larger due to the greater
actuation amplitudeand the distance betweené m i s i ncreasée by al
same small differences can be made when compéigagre 4.49 and Figure 4.46.
Again, at x/ 04 = 10, t hefr=e35aanck180° and they btartt i nct
tomergeaf = O0A and 315A. AtFiguré4is0), the vbrex RaiBs are s h o wn
further combined.

The results for the dh = u0/12 and f = 1
13.33 are shown ikigure4.51, Figure4.52, andFigure4.53, respectively. The velocity
fields are very similar to those at f = 40 Hz; the main dissimilarity is a difference in
phase between the two sets of data. This is to be expected because, asslprevi
mentioned, the plots at the downstream planes correspond to an actuator phase prior to
the one stated. Due to the difference in actuation frequency and the fact that the
freestream velocity stays the same, when comparing the 40 Hz and 140 Hz phase
averaged flow fields, the DVG is not at the same points in the actuation cycle. For this
reason, there is a phase shift between the data obtained in the 40 Hz and 140 Hz cases.
For example, irFigure 4.45, the two vortex cores are farthest apart at 180°, but in
Figure4.51, they are farthest apart fat= 315°. Otherwise, the same overall trends and
observations can be made for the f140 Hz case as the f 40 Hz case with an
amplitude of U /vdrtkes and the distance leetweeh eathhpair remain
relatively consistent with the previous case as well.

Next, the results for the dh = 0/6 and
and 13.33 are presented kigure 4.54, Figure 4.55, and Figure 4.56, respectively.

Again, this DVG actuation case generated very similar flow fields to those from the dh =
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a/ 6 and f = 40 Hz cas ¢iguphdAelpatly conbrms tre s hi f
observation fronFigure4.51 that at f= 140Hz, the vorticesare the farthest apart fat=
315°.

4.7.3 Dynamic Vortex Generator Time-Averaged Flow Fields

To further compare between the four different actuation casesatienaged data were

acquired and are presented for each case at the same three streamwise planes discussed

in the previous section. Note that for the timeeragedcases data were acquired at a

frequency that was different from the actuation frequency taimldata at random

points throughout t he Daveeayed floavdields ar¢ sShawmn c vy c |

at x/ 0 Fgured576 7 x i o Figured38, iaind x/ &igue4d5D.3. 33 i n
As expected, there are two distinct vortex cores, which merge together and move

in the positive alirection as they propagate downstream. Comparison of the four cases

in each of these figures shows that there is no real observable difference of DVG effect

in the timeaveraged sense; the four plots in each plane are very similar to each other. In

other words, with respect to the current test parameters, both actuation frequency and

amplitude had | ittl e notaverageddifece | mpact on

4.7.4 Comparison Between DVG and SVG SPIV Results

Finally, the timeaveraged flow fields of a static vortex generator and the gheked

flow fields of a dynamic vortex generator were compafext. these comparisonshe

actuation frequency is f = 140 Hz and th@wnstream locationis / U = 13 . 3 3. I
again be noted, however, that there is a phase difference between what is seen at this
downstream plane and the phase of the actuator. As an attempt to correct for this, the
appropriate phase of the actuatoath corresponds to the x/ 0
calculated. With a freestream velocity of A0n/s, it takes 0.0038 seconds to move
downstream by 40 mm (13.33 {0). The time p
seconds; thus, the pba of the actuator is abt 536 o f a cycle ahead o
plane at any particular point of time. The closest pli#serencetaken that corresponds

with this shift is 180°. These calculations are shinere
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As a result, the comparisons between the SVG and DVG cases are shown with a
negativel80° phase shiffigure4.60 throughFigure4.69 show these comparisons with
in-plane velocity vectors and contours of streamwise velocity and vorticity contours. The
titles above each DVG plot state the phase of the actuator at the miantem¢ when

the image was acquired. In reality, the actuator phase that was responsible for the
vortical flow at that plane i = 180° behind; this is specified in the figure captions.

Figure4.60 andFigure4.61 show the comparison of the flow fields between the
SVG case at h ctofthedVGath=d Qhe(a@&tf fe = 1 U m
positive ydirection). These plots show vortices that are comparable in size but slightly
different in shape. The vortex from the DVG seems tabeginally wider by about 0.5
0. FromFigure4.61, the SVG case has a higher negative vorticity magnitude.

Figure4.62 andFigure4.63 show the comparison of the flow fields between the
SVG at h = 1 0 anfd tllBdsAe (@mft thhe DVG- aMovi n
direction). As can be seen, for the SVG cdbe flow field exhibits a distinguishable
core with a clear minimum axial velocity in the center. However, the flow field
associated with the DVG shows a more diffused and less distinct axial velocity profile at
the center. It is possible that this is an effectdie DV Gdés vertical dy
Also, for the SVG case, the vortex has a slightlyrenegative vorticity magnitude at its
core. For both comparison cases, thplane velocities near the core are similar.

Figure4.64 andFigured65s how t he compari son bet ween
and the effet of the DVG af = 270°. Like in the previous set of flow fields, the vortical
structures in the two plots are significantly different. The flow field of the SVG case
shows a distinct single vortex with a minimum axial velocity at the core, whereas the
flow field of the DVG case exhibits a more dispersed and disorganized axial velocity
profile. The decreased streamwise velocity area is larger for the DVG case than the SVG

case. Also, the magnitudes of thepilane velocities are much smaller, especiallyhe
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wall normal direction. It is possible that this is because at this plane, the VG tip vortex
and the main horseshoe vortex have not fully combined, resulting in unfavorable
interference.

Figure4.66 andFigure4.67 show the comparison between the flow field due to
the presence of the SVG at=9%° Iaterestindy, tie an d
trends seem to be reversed from what was observed in the previous two sets of images.
At this VG height, the flow filel due to the SVG exhibits a more diffused and less
coherent axial velocity profile than that of the DVG case. The DVG plot has a very
distinct single vortex with a small axial velocity at the core center. The small axial
velocity and negative vorticity ngaitude at the cores are similar to each other. The
center of the vortex generatbg the DVG is also aboutZb higher than the center of
the SVG vortex. In addition, the-plane velocity vectors for the DVG case show a more
distinct vortical patternrad have a slightly larger magnitude than those of the SVG case.

When comparing the observations fréfigure 4.60 throughFigure 4.67, it can
be concluded that the effect of the DVG is largest when it is at either its maximum or
minimum heightsf( = 90° and 270°), respectively. With the siwave actation, these
phase angles correspond to the VG&s minim
the cycle. As such, the added mass effect of the DVG, and consequently, the influence
on the flow field, is the largest at these points of maximum acceleration.

Figure4.68 andFigure4.69 showthe last omparison between the flow fields of
the SVG and DVG cases. Here, thetim&# er aged fl ow fi el ds are
and the DVG at that mean height with dh =
borders to more easily distinguish between the convels. The timaveraged flow
fields of the SVG and DVG cases are fairly similar. The minimum axial velocity in the
SVG vortex is slightly lower than that in the DVG vortex, but thglame size of the
vortex is slightly larger for the DVG case. Thegative vorticity magnitude is slightly
higher for the SVG vortex core. Also, theptane velocities are similar between the two
cases. These observations suggest that at these test parameters, including actuation
frequency, amplitude, and downstream plathe DVG fails to deliver a significant time
averaged advantage over the S\HBwever, it ispossible that the DVG provides some
advantages, through its dynamic motion and the oscillation between {teg¢atog
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vortex pairs, whichcannot be seen in the tiraweraged dataConsequentlyfurther
investigation, in the form of more detailed and quantitative analysis of the current data

and additional SPIV experiments, are warranted before a final conclusion can be made.
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Figure 4.1: Quasi-static displacements at various voltages for different 0.127 mm thick PZT
actuators
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Displacement Amplitude (mm)
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Figure 4.2: Quasi-static displacements at various voltage®f different 0.267 mm thick PZT
actuators
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Figure 4.3: Quasi-static displacements at various voltages for different 0.508 mm thick PZT

actuators

64



Displacement Amplitude (mm)

14 T T I

—B-Voltage: 26V
—©-Voltage: 50 V
--&-\oltage: 75V

N : :
] RN S N s OO OO SO SO P OO SO PSS POTP PP
\ : :
\ § :
Al H
\ §
\ :
\ :
\ :
\ :
\ :
1 o
\ :
N
V
N\
A
\:
X
0
] T RRRRRSNS S R T R
\
Q \
N \
N \
\7\ \
“ \
i K
“ .
DB E e N SRR M- e R e e

04

02

0 | i i | |
0 0.1 0.2 0.3 04 05
PZT Thickness {mm)
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Figure 4.5: Comparison of experimental and analytical quasitatic displacement values for 0.127
mm thick, 72.4mm long PZT actuator

66



1 ! ! ! ) T ) T ; '
: : : : : : - | ~'B'~ Experimental
;| — — - Quasi-Static Model

0L — — — T— — T— — — S |

Displacement Amplitude (mm)

0 i i i i i i i i i
0 20 40 60 80 100 120 140 160 180 200

Applied DC Voltage (V)

Figure 4.6: Comparison of experimental and analytical quasstatic displacement values for 0.267
mm thick, 50.8mm long PZT actuator
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Figure 4.7: Comparison of experimental and analytical quasstatic displacement values for 0.267

mm thick, 72.4 mm long PZT actuator
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Figure 4.9: Variation of peak-to-peak displacement with driving frequency at different voltage
amplitudes for 0.127 mm thick,72.4 mm long PZT inseries bimorph actuator
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Figure 4.10: Variation of peak-to-peak displacement with driving frequency at different voltage
amplitudes for 0.267 mm thick, 72.4 mm long PZT irseries bimorph actuator
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Figure 4.11: Variation of peak-to-peak displacement with driving frequency at different voltage

amplitudes for 0.508 mm thick, 72.4 mm long PZT irseries bimorph actuator
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Figure 4.12 Variation of peak-to-peak displacement with driving frequency at different voltage
amplitudes for 0.267 mm thick, 50.8 mm long PZT irseries bimorph actuator

73



25 T
—B-50V
—+-100V
—&-150V
—#*-200V
_ Strain
Limit
2_.— ——————————————————————————————————————————————————————— —_—
o)
¥ o
by
i i
[ 1
i ot
[ B I T
—- A
[= [ B T
I T B T
£ 15F A i
c . %
] ! P Vi
£ ! [ N B T
& ORI ¥
& O
& I
2 [
[ ! P g iy
& ! [ i Y
o Y
Rl Ao ]
- " oo Vot
o / ! P [
7] ] i I . Vol
o ! ® i | (B
! ; [ RN
/ / 1 l oty
;{ ; i | [
4 / ?‘ ! LA
' & ; [T
s - / 1 \
1(’ s / ,! .Y \,&{‘
e i i i ! | *\\-\
- m \ \ k
051 P /.D ’4: / \ \ \\‘Q i
e e =4 e / \ N
e o ! i \ \
om0 ot f & "y, *,
LD-0 e i . o
. O =D e : k . %‘g}.
P —0---0---g e 4 \‘\‘ « g
b=t T = N Fen ®
s pm T L o e \‘;<
m_g-E-T ~a._ VAN
5. g---0-a--a--g--g--a-8-8-8 E"“Ek-_é__‘g_r_ﬂ
0 1 1 1 1 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200 225 250 275 300
Frequency (Hz)

Figure 4.13: Variation of peak-to-peak displacement with driving frequency at different voltage
amplitudes for 0.508 mm thick, 50.8 mm long PZT irseries bimorph actuator
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Figure 4.14: Variation of peak-to-peak displacement with driving frequency at different voltage

amplitudes for 0.127 mm thick, 31.8 mm long PZT irseries bimorph actuator
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Figure 4.15: Variation of peak-to-peak displacement with driving frequency at different voltage

amplitudes for 0.267 mm thick, 25.4 mm long PZT irseries bimorph actuator
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Figure 4.16: Variation of peak-to-peak displacement with driving frequency & different voltage
amplitudes for 0.508 mm thick, 25.4 mm long PZT irseries bimorph actuator
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Figure 4.17: Frequency sweepomparisonarray
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Figure 4.18 Frequency sweeps for five actuators with the same dimensions (0.267 mm thick, 50.8
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Figure 4.19: Comparison of experimental and theoretical static blocking force values for 0.127 mm
thick, 72.4 mm long PZT actuator
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Figure 4.20: Comparison of experimental and theoretical static blocking force values for 0.267 mm

thick, 72.4 mm long PZT actuator
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Figure 4.21: Comparison of experimental and theoretical static blocking force values for 0.267 mm
thick, 50.8 mm long PZT actuator
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Figure 4.22: Peak-to-peak blocking force for 1Hz actuation of 0.127 mm thick PZT inseries
actuators with varying lengths
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Figure 4.23 Peak-to-peak blocking force for 1 Hz actuation of 0.267 mm thick PZT irseries

actuators with varying lengths
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Figure 4.24: Peak-to-peak blocking force for 1 Hz actuation of 0.508 mm thick PZT irseries

actuators with varying lengths
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Figure 4.25: Variation of force amplitude with voltage amplitude when actuating 0.267 mm thick
PZT actuators of different lengths at 1 Hz

86



—-B--50 V (Sine Wave)

—&-100 V (Sine Wave)
—+~ 150 V (Sine Wave)
— &= 200 V (Sine Wave)
—— 50 V (Peak Force)

——-100 V (Peak Force)
.......... 150 V (Peak Force)
_____ 200 V (Peak Force)
2.5 ' | | |

-
L4}

L

Blocking Force (N)

—

oo

o
T

Time (sec)

Figure 4.26: Peak-to-peak blocking force comparison for multiple 0.267 mm thick, 50.8 mm long
PZT actuators (each color represents a different actuator)
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Figure 4.27: Forced negative displacement blocking forces for 0.267 mm thick PZT actuators of
different lengths
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Figure 4.28 Comparison between experimental and theoretical@uator load lines for 0.127 mm
thick, 72.4 mm long PZT actuator
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Figure 4.29: Comparison between experimental and theoretal actuator load lines for 0.26 mm

thick, 72.4 mm long PZT actuator
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Figure 4.30: Comparison between experimental and theoretical actuator load lines for 0.267 mm
thick, 50.8 mm long PZT actuator
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Figure 4.31: Frequency sweep for DVG module actuator (0.267 mm thick, 50.8 mm long PZT-in
series actuator with VG attached)
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Figure 4.33: Dynamic displacement of actuator assembly with 175 V squamave and different
resistances
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Figure 4.35: Actuator static displacement values as a function of applied DC voltage
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Figure 4.36: Endurance testing plot for 0.267 mm thick, 50.8 mm long PZT actuator

Model name: 10mil_285in_FEA

Study name: Frequency 1(-Default-]
Plot type: Frequency Amplitude1
Mode Shape : 1 Value = 72.245 Hz
Deformation scale: 0,.000642545

Figure 4.37: Example of finite element analysis simulation output
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Figure 4.38 Comparison between Blasius boundary layer profile and experimental velocities
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Figure 4.39: Time-averagedSPIV flow fieldswi t h vel oci ty vectordorand cont
SVG at different heights relative to boundary layer thickness
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Figure 4.40: Time-averagedSPIV flow fields with velocity vectors and vorticity contours &

6.67 for SVGat different heights relative to boundary layer thickness
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Figure 4.41: Time-averagedSPIV flow fieldswi t h vel ocity vectors and conto
at different heights relative to boundary layer thickness
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Figure 4.42: Time-averagedSPIV flow fieldswi t h
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Figure 4.43 Time-averagedSPIV flow fieldswi t h vel ocity vectors and cont
SVG at different heights relative to boundary layer thickness
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