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Thermoacoustic energy conversion is an emergenhntdogy with
considerable potential for research, developmeand,ianovation. In thermoacoustic
resonators, self-excited acoustic oscillationsiadeiced in a working gas by means
of a temperature gradient across a porous bodyvarel versa with no need of
moving parts. In the first part of this dissertafichermoacoustic resonators are
integrated with piezoelectric membranes to createwa class of energy harvesters.
The incident acoustic waves impinge on a piezofdiagm located at one end of the
thermoacoustic-piezoelectrid AP) resonator to generate an electrical power output.
The TAP design is enhanced by appending the resonator amitlelastic structure
aimed at enhancing the strain experienced by teeopelement to magnify the
electric energy produced for the same input acopstiver. An analytical approach to
model the thermal, acoustical, mechanical and mtattdomains of the developed
harvester is introduced and optimized. The perfoiweaof the harvesters is compared
with experimental data obtained from an in-housdt prototype with similar
dimensions. In an attempt to further understanddireamics and transient behavior
of the excited waves in the presence of piezoatectrupling, a novel approach to
compute and accurately predict critical temperagreglients that onset the acoustic

waves is discussed. The developed model encomp#ssissfrom electric circuit



analogy of the lumped acoustical and mechanicalpom@ants to unify the modeling
domain. In the second part of the dissertation,zguriven thermoacoustic
refrigerators PDTARs) are presented. Thé’DTARs rely on the inverse
thermoacoustic effect for their operation. A higmpditude pressure wave in a
working medium is used to create a temperatureigmadcross the ends of a porous
body located in an acoustic resonator. Findl,TARs with dynamic magnifiers are
introduced. The developed design is shown, themigti and experimentally, as
capable of potentially enhancing the cooling effettPDTARs by increasing the

temperature gradient created across the porous body
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Chapter 1

1. | ntroduction

1.1.Literature Survey

1.1.1. Historical Development

Thermoacoustics is an emerging technology that tisesphenomenon of
interaction of acoustic fields with adjacent sdbdundaries to develop engines and
refrigerators. In its current state, thermoacousyistems generally take the form of
acoustic cavities, referred to as resonators, avgblid porous body, referred to as the

stack, located between a heat source and sinkredfto as heat exchangers.

There exists two main opposite thermoacoustic efféiche first is calledthe
direct effect, and involves the development of self-sustaineesgure oscillations
from an input temperature gradient generated a¢hessvo ends of a solid boundary.
Feeding off this effect, are the thermoacousticireesy where energy is converted
from a thermal input into an acoustic energy outgtrigines of this type can be
thermally driven by any source of heat, appealinglgste heat energy from
combustion [1, 2] or concentrated solar power [3The induced acoustic energy can

be converted to electricity by means of conventi@lactromagnetic transducers or



by smart piezo-elements [5, 6], thus presentingpeernompact, reliable, and efficient

class of energy harvesters.

The second thermoacoustic effect, known as theerse effett is observed
when an acoustic input energy from a driver soecg. speaker) is used to generate
a temperature gradient across the two ends oftée.sDevices based on the reverse
effect are called thermoacoustic refrigerators &@ndk by converting acoustic energy

into a thermal output that can be used to creatsolng effect.

The development of the first concepts of thermoatiouengines can be
credited to the Bell Telephone Laboratories (BTLherneby heat energy was
converted into acoustic pressure waves and thendlgctricity by using reversed
acoustical speakers (Hartley [7] and Marrison [8]jhough the BTL concepts were

attractive because of their simplicity and relidjltheir conversion efficiency was

relatively low (<10%). Furthermore, as reported by Ceperley [9], thesgure

oscillations were relatively weak. These criticalfprmance metrics were enhanced
considerably by the introduction of porous soliddmeinto the resonator tubes by
Feldman in 1966 [10]. The porous media enableceitigtence of large temperature
gradients which in turn resulted in the generatdrpressure oscillations that are
capable of performing useful work. Such a breakibho concept by Feldman is
considered the major milestone in the developmémiasking prototypes of a class

of thermoacoustic engines which are commonly knoas standing wave

thermoacoustic enginedn example of this class of engines is showniguie 1.1.
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Figure 1.1 Schematic and photo of a powerful stagpehiave thermoacoustic engine (background) at
Cryenco in Denver, CO to supply acoustic powent@wfice pulse tube refrigerator (foreground).

A radically different concept for achieving higtedficiencies is introduced by
Ceperley in 1979 [9] and 1982 [11] whereby the pamtl acoustic waves were
forced to undergo phasing similar to the inhererglersible and thus highly efficient
Stirling engine. The resulting class of thermoaticusngines is called thigaveling
wavethermoacoustiengines Despite of their potential, the development o tlass
of engines has always been hampered by the neesefds which are capable of
withstanding high pressure and many cycles of djgerawithout failure. Recent
advances in the Stirling technology have includeé-piston machines and the use of
linear alternators. Unfortunately, these advanddsndt completely eliminate the
unreliability and high cost of sliding seals. THleidyne engine by West [12] in 1983
was the first attempt to totally eliminate slidisgals, by using U-tube liquid pistons.
Unfortunately, this solution has limited the operatto low frequencies by virtue of
the high mass of the liquid pistons. Ceperley [9] fhas repeatedly attempted to

totally eliminate the sliding seals but his expemtal engines were not able to



amplify the acoustic power. Much later, Yazakial [13] first demonstrated such an
engine, however low efficiencies were observed beeaof unanticipated heat and
viscous losses. However, Backhaus and Swift [1dpacted for these heat losses and
devised an acoustical method to counteract theusstosses. This resulted in a high
efficiency hybrid engine with efficiency of convers of the heat input into acoustic
power reaching about 30%. A smaller version of #rajine was provided with a pair
of linear alternators in order to produce 57 waftslectricity at up to 17.8% thermal
to electric efficiency (Petacht al, [15]). An example of this class of engines is

shown in Figure 1.2.
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Figure 1.2 A traveling wave thermoacoustic-stirlmgrid engine, producing 1 kW of power at an
efficiency of ~30% with no moving parts [16]
As for the development of the thermoacoustic refiagors, the first known
working prototype was built by Hofler [17] who wasnember of Wheatley’'s group.
Soon afterward, a thermoacoustic refrigerator knasihe beer cooler was also built

atLANL[18]. This refrigerator used a heat driven primeveranstead of a speaker to



drive it. At the Naval Postgraduate School, an mesiten of Hofler's refrigerator
design was built to be launched on the Space &hDidcovery. This refrigerator is
known as the Space Thermoacoustic Refriger&@®Ag [19]. A thermoacoustically
driven thermoacoustic refrigeratorTADTAR was also built at the Naval
Postgraduate School by Adeff and Hofler [3]. Thefrigerator used a lens to focus
light from the sun to create heat for running arrtf@acoustic engine. The output
from this engine was used, in turn, to drive thertimoacoustic refrigerator,
completely eliminating all moving parts. With 100a#s of input energy from the
sun, 2.5 Watts of cooling power was obtained. Theapi®ard Electronics
Thermoacoustic ChillelSETAQ was built to cool electronics aboard the U.S.8y®
[20]. SETACwas able to operate at a maximum coefficient ofgoerance COP) of
21% relative to Carnot. However, when operatechatgower necessary to cool the
racks of electronics it was designed SETACwas only able to obtain @OP of 8%
relative to Carnot. One of the biggest thermoadoustfrigerators ever built is the
TRITON It is named because it was designed to haveadbleng power of a three-ton
air conditioner. Though the performance charadiesiof theTRITONare not well
documented, information about it can be found onnP$tate’s website [21]. Tijani
performed a number of studies on the effects ofimgrindividual components of
thermoacoustic refrigerators [22, 23]. He builtefrigerator based on the results of
his research with €O0P of 11% when helium was used as the working fluid. A
gualitative thermoacoustic refrigerator designedeoa demonstration unit was built

by Russel [24]. This refrigerator is low cost arm$yto make. However, it was very



inefficient because it was designed to demonstheeconcept rather than to operate

as a practical and efficient unit.

Ben and Jerry’s ice cream funded a project at Fatiate to make a clean
thermoacoustic refrigerator that would cool theie icream freezers [21]. This
refrigerator has a cooling capacity of 119 W andeaerall COP of 19 % of Carnot’s.
Prototypes of this refrigerator, as shown in Figlirg, are currently being used by
Ben and Jerry’'s in the Boston and Washington, Br€as, and if the prototypes are
successful this may become the first commercialbdpced line of thermoacoustic
refrigerators as Ben and Jerry’s would like to stviéll their stores over to the clean

technology.
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Figure 1.3 An ice cream cabinet powered by a thamoostic refrigerator
(The Ben & Jerry’s Project, 2005) [21]

1.1.2. Integration with Piezo-transducers

Using piezo-elements to harvest energy from theowmwstic engines is

promising for numerous reasons. Piezo transducerdight weight devices that are



particularly suitable for operating efficiently laigh oscillation frequencies which, in
turn, will result in compact acoustic resonatorsl amgines. On the contrary, the
conventionally used electromagnetic alternators rawe only heavy but are also

limited to low frequency operations.

The technology of using piezoelectric alternatoased back to 1974, when
Martini et al [25] utilized a piezoelectric stack to conver @coustic oscillations of
a Stirling engine into electric energy. The higkamanical impedance of the stack
has limited its suitability for practical thermoastic engines. Since then, extensive
amount of efforts have been exerted to employ warioonfigurations of either
piezoelectric alternators or actuators in thermaatio engines or refrigerators.
Examples of these efforts include the work of Kawoliand Bastyr in 2006 [26],
Symkoet al.in 2004 [27], and 2007 [28], and Matveetval in 2007 [5], whose work
in particular is used in many areas of this stuatycbmparative purposes. In the work
of Keolian and Bastyr, the emphasis was placedhendevelopment of large scale
thermoacoustic engines and the proposed systerndedt| heavy moving masses
communicating with arrays of piezoelectric alteanat This is contrast of the work of
Symko et al. and Matveevet al, where focus was on the development of small
engines for thermal management in microelectronidote that the work of Symko
et al. was primarily experimental in nature whereas tleekwof Matveevet al. was

limited to the theoretical analysis.



In the present work, focus is placed on developmgcomprehensive
theoretical and experimental study of thermoacowysBzoelectric harvesters with
Helmholtz-like resonators. Such a class of harvesie originally proposed by
Anderson and Symko in 2009 [29] for standing wangimres and Sugt al in 2009
[30] for traveling wave engines because of itsaattve attributes. Namely, these
engines were shown to generate higher pressures dbaventional engines with
straight resonators due to the positive feedbatkraproduced from the Helmholtz
cavities. This action results in lowering the thmsl for generating sustained
acoustic oscillations. Furthermore, the large di@meavity enables the use of a large
piezoelectric alternator which, in turn, is capabtenarnessing more of the acoustic
power. Note that neither of the theoretical work Aofderson and Symko or the
theoretical and experimental work of Seh al 2009 has considered the use of

piezoelectric alternators with the proposed resmmggometry.

As for the refrigerators, nearly all of the therrooastic refrigerators in existence
are driven by electromagnetic loud speakers. Howetke performance of
electromagnetic loudspeakers is greatly diminishédchigh frequencies. For this
reason, piezoelectric drivers have been used fgh litfequency applications of
thermoacoustic refrigeration [31]. Avoiding electragnetic drivers may also be
required for applications involving magnetic semsit equipment. Unlike their
electromagnetically driven counterparts, numeriaad experimental models for

piezo-driven thermoacoustic refrigerators are lagki



1.2.Background

1.2.1. Standing Wave Thermoacoustic Engines

The simplest class of thermoacoustic prime movershe standing wave
engine Modeling, operation and optimization of this elasf engines constitutes a
dominant portion of this dissertation. Known by gimple design, lack of moving
parts and its reliability on environmentally benidtuids, a standing wave
thermoacoustic engine stands as a promising camedidathe field of heat engines
and energy harvesting. Being in the research andelaement phase, the
development and operation of standing wave therowsic engines have not yet
reached technical maturity. Energy conversion ifficies obtained to date remain

relatively lower than their conventional countetpdB2].

The operation of standing wave thermoacoustic @sgims based on
acoustically excited parcels of working fluid camy out an approximated
thermodynamic cycle that lacks a piston and hahdly any moving parts. This is
achieved by exiting the working fluid in the preserof a temperature gradient. As
suggested by Figure 1.4, an acoustic wave trayelhe gradient while the working
fluid, usually gas, particles are in intimate thatmontact with the adjacent solid
surfaces. While a parcel of gas is at its meantiposibut moving to higher
temperatures, it is being relatively compresseth wiconsequent rise in temperature.
If the temperature rise is not sufficient to cowate the temperature increase in the

adjacent surfaces, as the patrticle is displacedt,iegransferred to the gas during this



compression phase. Conversely, heat is lost dahn@garefaction process and energy

is thus consecutively being added to the acousivew
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Figure 1.4 Standing wave thermoacoustic engingeration

Resonators of standing wave engines are usuallg af/ 4 (open end) to
A 12 (rigid end) length, wherd is the wavelength of the self-sustained oscillaio
In its simplest forms, the stack located insidedhgine resonator is a porous body as
shown in Figure 1.5. The stack spacing is of trdepof the thermal boundary layer

thicknessd, , through which acoustic oscillations with standingve time phasing
occur. This explains the name of this class of meg)id, , sometimes also referred to

as the thermal penetration depth, is given by,

3, = c (1.1)
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where K., w, p, andc, are the thermal conductivity, oscillation frequgnmean

density and the isobaric specific heat of the wuykgas respectively. The stack
spacing gaps are thus required to be small to eralequate thermal contact and heat
transfer between the gas and the solid boundaryeMer, the smaller this gap gets,
the thicker the corresponding viscous penetratieptid §, becomes, raising the
possibility of more energy dissipation due to vissdosses, slower gas particles and

less acoustic power outcome eventually. The visgmreetration depthd, is given
by,

2
P

1
I

(1.2)

with  being the gas viscosity. This is typically beingpided by careful selection of
working fluids that have an adequate ratio of therto viscous boundary layer
thicknesses. The square of this ratio, is refetoesls the Prandtl number, which is
given by o=c u/ K,. Most gases have a Prandtl number in the vicioftynity,
thus making them more suitable for these applioatioNorking gases such as

atmospheric air, helium, helium-neon and heliunpargnixtures are common in

thermoacoustic systems.

D g%g:::::::::::: ::::#: 5., O,

Figure 1.5 Stack spacing magnitude relative tahieemal and viscous boundary lay¢a3]
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For the gas in the stack to produce work, the Brelhangers must maintain a
sufficiently large temperature gradient acrossdtaek ends, above a specific critical

value, referred to as the critical temperature igratd_JT;, given by [18],

o7 = TBwP(x)

= 1.3
crit pmc pU ( XS) ( )

whereT  and 8 are the gas mean temperature and expansion ¢eeffi®(x,) and
U (x,) are the pressure and velocity magnitudes at #ok stenter location where the

velocity of the gas along the stack’s temperatuaglignt is 98out of phase with the

oscillating pressure.

1.2.2. Thermoacoustic Refrigerators

The main purpose of thermoacoustic refrigeratorisemove heat from a
low temperature and reject it to a higher tempeeatwhile necessarily consuming
work. With the help of a source (e.g. a speakerjirivse an acoustic wave in the
resonator, heat is pumped and acoustic power isgbabsorbed in the stack.
Emphasis is placed here on simple standing waventtecoustic refrigerators. One
other class of refrigerators is called the Oriffnése-tube refrigerator and is more
similar in terms of operation to traveling wave g but is, however, beyond the

scope of this work.
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When a working gas parcel is at one of the stads gits pressure is high, and
when it approaches the other end, its pressurentexcdow as shown in Figure 1.6.
Adiabatic temperature oscillations accompany thesgure oscillations, so the
parcel’s temperature tends to rise adiabaticallif asves towards the high pressure
region and vice versa. However, the plate’s tentpegagradient is relatively small,
so when the parcel is at the low pressure/temperatgion, it is cooler than the
surrounding plates and can absorb heat from theeglat the opposite end, the
parcel becomes warmer than the solid boundary godiag it, thus it rejects heat to
the plates. Hence, heat is pumped up the tempergtadient. The combined action
of all the gas parcels in the stack in effect reesoheat from the cold end of the stack

and rejects it at the other.

Hot Exhaust
Heat — Air
Exchanger -~
J_r"‘
Fan_. -
]

—

N

Heat
Exchanger .-
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i

Outdoo -
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Exchanger .[..
- 2 - ”
st |
- |
= - Fressure |
Driver ~ " stack 0ol Cold St
Air Velocny
-
:
F&n___ - [t re ’r“—!
F -~ ' I
- -~ Heat
Pt xchanger
"“f’
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Air (@ o)

Figure 1.6 Schematic of a typical half-wavelengtmding wave thermoacoustic refrigerator [33]
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It should be noted here that a thermal contact éetvthe parcel and the adjacent
plates must be neither too weak nor too stronthdfthermal contact is too weak, no
heat would be transferred between the parcel aadoliites and no heat pumping
would take place. For a too strong contact, thegdar temperature would trace an
oscillating line exactly on top of the solid’s lddamperature, which would shift the
time phasing of the heat transfer by roughly.9®ith such phasing, the net heat
transfer from the parcel to any particular locatmm the stack would be zero, and
again no heat pumping would occur. Successful tdiperas therefore dependent

upon the proper design of the stack spacing tmbghly a fewJ, .

1.3. Objective and Scope of Thesis

The present thesis aims at presenting a compledéysam of thermoacoustic
engines and refrigerators integrated with piezaeteelements. Design, modeling,
construction and operation of prototypes of thésenoacoustic-piezoelectric energy
harvesters as well as the piezo-driven thermoaimorestigerators will be carried out.
Though attempts of modeling these classes of sgsteravailable in literature with
brief experimentation in some, very little, if anlyas been suggested as means of
optimizing these systems and enhancing their pmdace. In terms of numerical
modeling, this work also intends to present methoflntegrating the developed
mathematical models with the commonly used thermstecc modeling software
DeltaEC [34], while incorporating the characteristics bktpiezo-elements in the
resonators of thermoacoustic harvesters and theaceaistics of piezo-speakers in

thermoacoustic refrigerators.
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The performance of prototypes of thermoacoustiegeectric energy harvesters
and refrigerators will be presented in the expentale section of this work.
Measurements of key performance characteristicdudimg but not limited to
acoustic pressure and velocity waveforms, power nd temperature distributions
are carried out. Comparisons with numerical préuhst are shown validating the

findings of the developed theoretical models.

The major contribution of this thesis lies in irduxing a novel approach for
enhancing the performance of thermoacoustic systemtegrated with
piezoelectricity, using the concept of dynamic maggtion. Literature lacks a solid
proposal of methods to improve performance of eeg@s energy harvesters, and of
refrigerators as cooling devices, specifically srms of the energy conversion

efficiencies.

The overall efficiency of the thermoacoustic-pidectic energy is the product of
the thermal to acoustic and acoustic to electrergynconversion efficiencies. In that
sense, techniques adapted to enhance the inducestiacenergy or the power output
of the piezo-transducer should both reflect a betteerall efficiency in order to
improve the performance of such a class of systétfferts attempted to achieve
better acoustic power from the stack are mainlyceamed with optimizing the stack

parameters such as the material, porosity and rgpaand using different stack
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geometry such as parallel plates, pin arrays aralilar pores and/or changing the

tube geometry and aspect ratio.

In previous efforts, impedance matching betweentridnesducer and the acoustic
tube is seen as a way to maximize the output pdveen the engine [5]. This,
however, results in a system that optimally per®riat specific frequencies,
exclusively governed by the tube dimensions andrémesducer parameters in order
to satisfy the impedance matching condition. Foerrtibacoustic-piezoelectric
harvesters, the innovation introduced here is topt the piezo-element with a
mechanical system, as simple as a spring-massnsysiéis coupling can produce

considerable improvement of the performance ofelievices if adequately tuned.

The concept of dynamic magnification of output eyethrough coupling of
elastic structures is motivated by earlier invesimns such as Cornwedt al. [35],
Ma et al.[36] and Aldraihem and Baz [37]. Proper tailormigthe parameters of such
a system can help increase the strain experiengédebpiezo-element. This in turn
will enhance the harnessed piezoelectric power fitbm input acoustic energy.
Variation of the parameters of the magnifier caspahelp maximize the harvested
energy over a broader frequency range and henaewaphe operating bandwidth of

the overall system.

In this study, the use of such technique is extén@md employed in

thermoacoustic devices with proper account of tbeptng between the thermal,
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acoustical, mechanical, and electrical fields. Pheposed idea can be extended to
optimize more performance metrics other than trek p®wer output such as the total
integrated power over specific frequency range® itlea could also be extended to
piezo-driven thermoacoustic refrigerators to anyplife source flow provided to the

resonator tubes from the speaker, as is seen latdrechapters of this thesis.

Therefore, this dissertation is presented in edfapters. In Chapter 1, a brief
introduction of thermoacoustic engines and refagens was presented. In Chapter 2,
the mathematical modeling is presented for stangiage thermoacoustic systems
coupled directly with piezoelectric elements or si@ynamic magnification system.
Chapter 3 introduces a detailed optimization scheshehe proposed class of
harvesters that can be tailored to satisfy differdesign objectives. Chapter 4
presents the experimental portion of the studytedl#o thermoacoustic-piezoelectric
energy harvesters, with and without dynamic magrsfi Chapter 5 provides a
stability analysis of this class of harvesters anbbok into the transient operation
characteristics that lead up to the onset of smsudlations. Chapter 6 presents the
mathematical modeling of standing wave thermoaeousfrigerators which are
driven directly by piezoelectric transducers or &idynamic magnification system. In
Chapter 7, experimental validations of the modedsetbped in Chapters 6 are
presented. Finally, possible directions and fueexeensions of the present work as

well as some concluding remarks are outlined inp@#re8.

17



Chapter 2

2. Thermoacoustic-piezoelectric Harvesters: Modeling) an
Theoretical Analysis

2.1. Introduction

In this chapter, the main equations governing thesgure and velocity
propagation of a working gas inside thermoacoustsonators are presented. Using
the appropriate boundary conditions and impedanegéchimg, the resonator is
integrated with a piezo-element for energy harmgspurposes. With a porous stack
placed inside the resonator, the system at hamrdfésred to as a standing wave

thermacousticpiezoelectric TAP) harvester.

The model is extended to implement fRAP with a dynamic magnifier. The
adopted system is referred to as dgnamically magnified standing wave
thermacousticpiezoelectric DMTAP) harvester. A comprehensive analysis of the
DMTAP s presented and a thorough comparison is maaeebatthe performance of

both devices in terms of waveforms, power output @mergy conversion efficiency.

At the end of this chapter, a simplified thermadlgsis is carried out to show the
effect of both thelTAP and theDMTAP on the critical temperature gradient required

to onset self-sustained oscillations. Equationsegung the heat transfer between the
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working gas particles and adjacent boundaries i@en@s a function of the different
geometrical and thermo-physical parameters of ttaeksand gas respectively.
Comments are made with reference to areas of desigrest such as optimal stack

placement in these types of energy harvesters.

2.2.Waveforms in Acoustic Resonators

A schematic of a constant cross section standingyewthermoacoustic-

piezoelectric harvesteT AP) is shown in Figure 2.1.

Piezoelectric
0 I Harvester

Acoustic Waves

/' Stack \ Resolnawf _’

Heat in Heat out
(Hot) (Cold)

Heat Exchangers

Figure 2.1 Schematic of a standing wave thermodimpiezoelectric harvesteT AP)

The propagation of pressure and velocity in thedster's resonator is both time-
and space-dependent. Neglecting the effect of thekson the waveforms and
assuming negligible thermal and viscous losses)eplamear acoustic waves in the

propagation directiorx are considered. The pressupéx t) and thex-component of

velocity u(x, t) of the working gas can be written as,

p(xf=[ Ae™+ A&] & 2.1)
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and,
— 1 sikx _ ikx }
u(x,t)—E[Ae AE] & (2.2)

where A and A, are amplitude constants that can be determined fhenboundary
conditions, pand ¢ are the density and speed of sound in the worldag

respectively,w represents the angular frequency &1id the complex wave number

given by,

k :(ﬁ’j +ai (2.3)

with the imaginary component denoting a loss factor. The pressure and velocity
expressions in equations (2.1) and (2.2) are thdymts of separable spatial and time
dependent components. Assuming sinusoidal time mdkpee, the spatial

components of pressui x) and velocityU (x) can be separated and written as,

P(X)= Ae™ + A& (2.4)

and,

_i sikx _ ikx
U(x)—pc[ﬁe X (2.5)
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2.3.Boundary Conditions

For a resonator of length, a closed rigid end at = 0implies a zero working gas

velocity at this sectioni.e. U(0)=0. Substituting in equation (2.5) suggests that

A=A=A

At the other end of the resonator £ L), there exists 3 different scenarios. This
can be another rigid end, at which case imposethanaero velocity boundary.€.

U (L) =0). The resonator can also be open ended forcinggbiating amplitude of

the gas pressure to vanish upon interfacing with #tmosphere outsidd.g|

P(L) =0). Defining the acoustic impedance at any sectibthe resonator tube as
the pressure to velocity ratio at this section,abeustic impedance at the right end of

the tubeZ, then becomes,

- P(L

=00 (2.6)

Given the above definition oZ, the boundary conditions in the rigid and

open ended cases can now be generally expressed as,

o - rigidend
Z,= (2.7)
0 - openenc
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It is intuitive now that the third possible scewars to have a lumped-element

connected to that end of the tube that has a fiiitesalue betweer® andw. In the

case of thelTAP system under consideration here, the right enthefresonator is
equipped with a piezo-element aimed at harnesgiegiritcoming acoustic energy.
Thus, the piezo impedance defines the second boyrmmdition governing the

waveform equations.

2.4.Integration with Piezo-element

The piezo-element attached to the end of the aicovssonator is ideally a
circular diaphragm anchored at all circumfererpiaihts. The first mode resonance is
the preferred operating mode as the diaphragm wagesnst itself in the second
mode as shown in Figure 2.2. While a finite elemenatidel of the diaphragm is
carried out in Appendix (A), the piezo-element Ire tsubsequent sections of this
chapter is modeled as a rigid piston moving baak fanth in thex-direction with a
single degree of freedomDQF). This simplified treatment is used to derive
simplified equations of motion and obtain approxien@stimates of the system

performance characteristics and onset frequencies.

The constitutive equations of the piezo-elemernthis case are given by,

SHERAR
52 =)

33 533
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where S, and D, are the piezo strain and electrical displacem&nand E, are the
stress and electrical field intensitg, and d,, represent Young's modulus and the

piezoelectric strain coefficient in the polingdirection andel, is the permittivity at

constant stress.

2"d Mode

(b)

Figure 2.2 (a) Firstdesired and (b) Secondundesiredl vibration modes of a piezoelectric diaphragm
anchored at the circumference

A force balance of the piezo-element yields théfeing equation for thex,

degree of freedom,

m% +bx—- AR D+ TA=0 (2.9)
where m, b and A, are the effective vibrating mass, damping coedfitiand the

cross sectional area of the piezo-element resmgti®ubstituting the first row from

equation (2.8) into equation (2.9) yields,
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m+bx- AR D+ &( S & § A0 (2.10)

Substituting for the piezo-element strain By/t, and the electric field by
V /t, wheret andV are piezo-element thickness and the voltage athedsad’ |,

then equation (2.10) becomes,

m¥ + bx — A R )+ g(tﬁ- qstl] A=0 (2.11)

p p

which can be rewritten as,
mx, + bx + sx— d, s\/—%:o (2.12)

wheresis the piezo-element stiffness coefficient givendiy% / t,andk; is the ratio

of the tube to the piezo-element cross sectioredsar

ms :
Incoming N %
Acoustic Wave

A <

SH D
— >

r_______
S —<—> o

il

Figure 2.3 Force balance diagram for the simplif@to-element in @AP harvester (excluding
piezo-element internal stiffnesand dampindp)

The second row of equation (2.8) yields anotherm@#ga which governs the

electrical degree of freedowhand is given by,

D3 = d33T3 + 513—3E3 (213)
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The electrical displacemerd, is equal toq/ A, where q is the electric

charge. Equation (2.13) can thus be written as,

q= d33(‘§3/%(té - dsstXJ + €T33Abtx (2.14)

Regrouping thex, andV terms and differentiating equation (2.14) oncenwit
respect to time gives,
cE\ELA
A\DC“ d,,x, +( O G o 33j—33pb V-9=0 (2.15)
33

P tp

Using Ohm’s law to relate electric current and &gé by the load impedance

(i.e. g=-V /7)) gives,

E
By 5 +( das C33j ATV (2.16)
t, £l t, Z
Introducing the electromechanical coupling fadtgy,

k332 d33TCSS (2 . 17)

533

and the piezoelectric clamped capacita@ge

£

> =(1- k) A*’ & (2.18)

P
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Equation (2.16) can now be simplified to,

sd,, X, + Cp\'/+zi:o (2.19)

L
For sinusoidal oscillations and by eliminatidy from equations (2.12) and

(2.19), the following equation is obtained,

PL) _Kligm+bs S+ Y2 (2.20)

x, S w 1+wZC,

where ¢ =d,.s is the reciprocal coupling factor. The above eigmatgrees with

those developed by [5] and [38] in similar studi€ke expression at the right hand
side of equation (2.20) is a pressure to velo@tiorof the piezo element and thus is

equated toZ, from equation (2.6) which represents the pressureelocity ratio of
the working gas ak = L. Equating (2.6) and (2.20) yields,

frap(@a@)=0 (2.21)
where f;,; is given by,

: K| . S Wz
foo=I cot(kL) -—=| iwom+ b+ —+ — - 2.22
e =i{c)cot(K) S w 1+iwZ C, (2.22)

Solving (2.21) for both real and imaginary partelgs the frequency of self-

sustained oscillations for different valueslofor a TAP harvester.
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2.5. Implementing a Dynamic Magnifier

Consider th&MTAP harvester shown in Figure 2.4 which consiststarsimplest

form, of a spring-mass system which is placed betwine piezo-element and the

acoustic resonator. To formulate more general eéousfor the system, the magnifier

body is assumed to have a mags, stiffnessk . and a damping coefficierdt, and a

stiffness k. of the spring coupling the mass, with the piezo-element. The system

now has POFs, namely the displacemert of m, displacemenk,  of the piezo-

element and the electricRBIOF V across the load, . Applying the same technique

used with theTAP and using the force balance diagram shown in Eigub, the

governing equations of tH2MTAP can be derived as follows,

X, — DOF:
w ) S
Mm%+ G, %+ k x+ k( x- m-%ﬂ)
X, — DOF:
m¥%,, + b, + s% + k( %,— ¥- ¢ s¥0

V - DOF:

S0 %, + C, \'/+Zi:0

L

(2.23)

(2.24)

(2.25)

For sinusoidal oscillations, and by eliminatiiigand x,,, from equations (2.23),

(2.24) and (2.25), the ratio of the end presdR(e) to the velocity of the magnifier
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massm,, can be expressed in terms of the parameters afythemic magnifier and

the piezo-element as follows,

{iamm+cm+.k°+_km} icom+ b+_ﬁ+_ﬁ+.‘/’i +£2
P(L):ﬁ iw iw iw iw 1Hd C, of

X > ia;m+b+i+£+7l'[/ZZL
lw iw 1l+ia C,

(2.26)

Standing Wave Dynamic  Piezoelectric
Thermoacoustic Engine Magnifier Harvester
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Domain Domain Domain

Figure 2.4 Schematic of a standing wave thermoaimepiezoelectric harvester integrated with
a dynamic magnifielMTAP)

The expression at the right hand side of equat@®®26] represents the

impedance value that should be equatedtofrom equation (2.6) which represents

the pressure to velocity ratio of the working gasxa L. Equating (2.6) and (2.26)

yields,

fDMTAP(w’a) =0 (2.27)
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where f .5 IS given by,

{iam +c +k°+K“:| icom+ b+£+£+£ +£
" w iw iw iw 1HaC, | o (2.28)

. K,
1:DMTAPzl(la:)cot(kl_)_ S 2
iam+b+j+£+7w 4
iw iw 1+ C,

Solving equation (2.27) for both real and imaginpayts yields the frequency

of self-sustained oscillations for different valudsL of aDMTAP harvester.
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Figure 2.5 Force balance diagram for the magnifiass and piezo-element in th&TAP harvester
(excluding piezo-element internal stiffnessand dampindp and internal stiffneds,, and damping:, of
the magnifier mass)

Table 2.1 lists values of some design parameteasTéP harvester [5] and a

DMTAP harvester used in the analysis carried over insthEsequent section with a

dynamic magnifier that has a mass and stiffregsand k; , respectively. Also, air is

considered to be the working gas with mean presByrand temperatur&_ which

29



are set equal to 1(Pa and 400 K respectively. An electric lodd of 100 Q is

attached to the piezo-element in bofhi’P and aDMTAP.

The frequencies of self-sustained oscillatiamsfor both theTAP and the
DMTAP are obtained using equations (2.21) and (2.27gs@lirequencies are plotted
against the resonator length as shown in Figure Thé vertical axis represents a
normalized frequency which is equal td_/ c, the solid line represents the natural
frequency of the piezo-element alone while the ddsand the dash-dotted lines
represent the closed-open and closed-closed tubgudncies for comparative
purposes. Closed-open resonator tubes are ideaisteq wavelength resonatorse(

A =4L) with a resonant frequency given hy=2mc/A. From these facts, the
normalized frequency of closed-open resonator tulbesild be a constant
(wL/c=ml2). In the case of closed-closed tubes, the resortatmes are half

wavelength resonators yielding a normalized frequet L /c=17.
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Table 2.17TAPandDMTAP Design Parameters

Value

Paramete TAP DMTAP
S 7.8%-5nf 7.8%-5nf
K 4 4
m 3.46- 7kg 3.46- 7kg
m, N/A 3.46e- 7kg
b 3.8&-5kg /s 3.8&-5kg /s
S 574N /'m 574N /m
@ 9.44- 9kg( ©)” 9.44- 9kg( ©)”
C, 2.76e- 8F 2.76e- 8F
k. N/A 229.6N /m

The results shown in Figure 2.6 suggest that thditiad of the dynamic
magnifier to the thermoacoustic harvester undedysttesults in reducing the
frequency of the self-sustained oscillations. Mioterestingly, it can be noticed that
the behavior of the resonator approaches that bhla wavelength resonator at
increasing lengths for thEAP harvester. In the case of tBMTAP, the behavior of

the resonator tends to fall somewhere in betweergtiarter and the half wavelength

tubes at increasing lengths.
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Figure 2.6 Dimensionless frequency of self-susthimgcillations for different resonator lengths for
TAP, DMTAP, closed-closed and closed-open tubes

Figure 2.7 provides displays of the acoustic wanrefoalong the resonator for
a length of 1.5 cm and 4 cm respectively. Thestepwt are obtained from equations
(2.4) and (2.5). The figure shows the variatiorihaf real component of pressure and
the imaginary component of velocity along the Iéngt the resonator. These are the
dominating components of both pressure and velaoifyressions in their complex
form and are typically utilized by thermoacoustmdes such aBeltaECto give a

good approximation of their absolute values.
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Figure 2.7 Pressure and velocity waveformsifaP andDMTAP harvesters in comparison with
closed-closed and closed-open tubes for resorextgthis of (a) 1.5 cm and (b) 4 cm

It is evident here, as suggested by Figure 2.%, ttteabehavior of th& AP
with a length of 1.5 cm resembles that of a clogpen tube in which case the
pressure amplitude eventually decays to zero tocim#te outside atmospheric
pressure at the open end of the resonator. Ircéss also, the velocity of the working
gas reaches its anti-node (peak) value at the epento satisfy a standing wave

pattern as confirmed by the plots.

At the same length of the resonator (1.5 cm),DMTAP is relatively closer
to a closed-open tube behavior but is expectedllp imitate it around 3 cm of tube

length as suggested by Figure 2.6. On the othed,Haoth theTAP and theDMTAP
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resonators of 4 cm long are expected to have avimhthat falls somewhere in

between the have and quarter wavelength resoregansplied by Figure 2.7.

2.6.Piezo displacement and Energy flow

2.6.1. Energy, Power and Efficiency

The acoustic energy produced in the sti¢k is only a fraction of the heat

input Qn to the hot heat exchanger. This acoustic poweergéed in the stack due to

the thermoacoustic phenomenon incurs some losgerelgeing radiated to the end

of the tube where the piezo-element is located.s@hlesses are mathematically

mainly attributed to losses along the resonatotsail., i.e.

W, = E + E, (2.29)
where E; is the amount of acoustic power left after thamsés given by,

.1
ET=§SRe{ P(Dconj U (L)} (2.30)

and the useful electric power dissipated in thetateload is given by,
E, = ER Vv conjv) (2.31)
2 Z

The efficiencyr, of the conversion of acoustic to electric energy then be

expressed using equation (2.31) as a ratio of equé.30),i.e.,
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n, == (2.32)

Finally, the overall efficiency of the thermoacaastlevice 77, can be

estimated as a product of all the above energyarsions,

NN TANY
e 8)-% &%

Expressions governing/, and E__ are governed mainly by thermo-physical,

geometrical and variable stack parameters. Thesdaived separately in the coming

sections.

2.6.2. Magnification Ratio

To examine the effect of using the dynamic magaifan concept, it is useful
to investigate the displacemenry of the piezo-element in tHBAP case in relation to
the displacemenk,, of piezo-element in thBMTAP case. If the magnification ratio
X, | %, exceeds unity, this indicates that more straiexperienced by the piezo-
element upon dynamic magnification and hence moweep output is expected. The
massm, is taken to be the same as, as listed in Table 2.1, whilg, andky, are
neglected for simplicity. The ratio,, / X, in the DMTAP can be an acceptable

approximation of the magnification ratio under #eassumptions. Appropriate

selection ofk, that would ensure the ratio exceeds 1 makes teeot® MTAP

advantageous over tAAP.

35



Figure 2.8 through Figure 2.10 show three posssbknarios when using a
DMTAP under the above simplified conditions. The plotoows the effect of

frequency on the efficiency, of conversion from acoustic to electric energy at a
load Z, of 1000 Q. In these plots, the tube lengths of &P and theDMTAP are

set such that they resonate at the same frequency.

In Figure 2.8, a control test is carried out, whgrd_ is set equal too and
m,, equal to 0. This represents a situation wherartass and the piezo-element are

in contact (no coupling spring) and the first massegligible,i.e. the DMTAP

becomes &' AP harvester. It is shown that the, / X is equal to 1 andy, of the
DMTAP coincides with that of th&AP, thus validating the use of,,/ x as an

approximate magnification ratio.

In Figure 2.9 and Figure 2.10, the massgsand m are set to be equal. Also,

the stiffness of the coupling spring is set to betBat of the piezo-element stiffness
for the results of Figure 2.9 and 0.11 of the pielmnent stiffness for the behavior

shown in Figure 2.10. The rest of the parametersraintained as given in Table 2.1.

It is interesting to note that previous two plote®w that the efficiency of the

DMTAP starts exceeding that of tA&AP when the ratiox,, / X, starts exceeding 1.
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This is indicated by the double headed black arro#gen though there is a
bandwidth of lower frequencies in both cases whiwe DMTAP shows better
efficiency than th&' AP, it is of greater interest to havg of the DMTAP higherthan

that of theTAP at the resonant frequency as evident in Figur®.2This is more

important to look for since the energy conversiofiiciency only becomes

significantly high around resonance.

| |
T a
| |
I I
0.5 1 15 2 25

Figure 2.8 Frequency response of conversion efftgie7, and corresponding magnification ratio

X, | X foraTAPand aDMTAPatm =0, k =o0
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Figure 2.9 Frequency response of conversion effgsig7, and corresponding magnification ratio

X, | X foraTAPand aDMTAPatm_ =m, K =0.75¢
(Double headed arrows indicate frequencies at wimabnification ratio is equal to 1)
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Figure 2.10 Frequency response of conversion effayi /7, and corresponding magnification ratio

X, | X foraTAPand aDMTAPatm =m, k =0.11¢
(Double headed arrows indicate frequencies at wimabnification ratio is equal to 1)

2.6.3. TAP and DMTAP Performance Comparisons

In Figure 2.11 through Figure 2.14, comparisonshaade between BAP and
a DMTAP in terms of the harvested piezoelectric power emaversion efficiency.
Output power used here is normalized using systaranpeters, namely gas

densityp, speed of soundt, resonator cross sectioB and the wave amplitude

squaredA’. This quantity is convenient for comparing usefalounts of electricity

generated by the piezo-element for given valuesooind pressure amplitude. The
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comparison is made for electric loads of 10, 1@@0land 10002, and is based on

the parameters provided in Table 2.1.

From the obtained results, it is noticed first tha strain amplification that
takes place in the piezo-element due to the acdditbthe magnifier significantly
increases the amount of useful electric energydsted and enhances the efficiency
as well. The second observation is that the pedora of both thefAP and the
DMTAP s sensitive to the value of the impedarie of the electric load. Generally
speaking, the values of the normalized electripouand efficiency are fairly low at
low resistances. It is not before the load restamecomes 100@ that values of
the efficiencyr, start to exceed 10 % peaking at around 34 % fobti& AP system
with a resonator length of 5.5 cm. At 100@D however, the output power and
efficiency begin deteriorating again. In conclusiah can be shown that with
appropriate selection of the added mass and sptiffigess, EDMTAP can contribute

to raising the overall efficiency, of a thermoacoustic standing wave harvester by

improving the efficiency of its energy harvestemgpmnents, .
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Figure 2.11 (a) Dimensionless harvested electnegsmutput and (b) corresponding acoustic to

electric energy conversion efficiency for an eliedimad of 10Q

41



x 10"

| I I I I I
.
pm A
=5/, . 1 1 0%
+o0|. | | | o+

L o+
o
L o+
) S - Y
L o &
P W NP
-
T
o I I i+
I - EEEEEEE SRS ERE R
L o+
R T B T TR,

(42} N — o
vVs/0d'3

0.07

0.04 0.05

0.03

L (m)

(@)

DMTAP

+
(@)

0.06

0.02

0.07

0.03 0.04 0.05

0.02

L (m)

(b)
Figure 2.12 (a) Dimensionless harvested electnegsmutput and (b) corresponding acoustic to

electric energy conversion efficiency for an eliedimad of 100Q
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Figure 2.13 (a) Dimensionless harvested electnegsmutput and (b) corresponding acoustic to

electric energy conversion efficiency for an eliecimad of 1000Q
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Figure 2.14 (a) Dimensionless harvested electriggsmutput and (b) corresponding acoustic to

electric energy conversion efficiency for an eliedimad of 10000Q
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2.7. Temperature Effect and Stack Region Equations

2.7.1. Critical temperature gradients

Thermal energy flow around a stack of parallel ggais governed by the

general equation of heat transfer [18],

TG =0(KOT)
e T (2.34)

+ higher order terms in velocit

whereT, s;, v and K, are the temperature, entropy, total working gdscity and

its thermal conductivity respectively. Keeping tliest order terms only and

neglecting thermal conduction in tkelirection, equation (2.34) can be simplified to,

0s 2
,ome(ia)sg + Ua_;j = ch—; (2.35)

where T, and p,, denote the mean gas temperature and dendityas defined

earlier, is thex-component of the gas velocity. For an oscillatieyperature profile,

in a manner similar to that of the pressure andorgl,

T=T,+T(x & (2.36)

The gas entropg, can be expressed in termspfandT , as follows,
c
; :HT_(ﬁ] p 237)
Tm Iom
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wherec, is the isobaric specific heat a#l is the thermal expansion coefficient.

Combining equations (2.35) through (2.37) yields,

2

iwpo,c T - Kcz—;= il BP-p c[OTU (2.38)

which can be solved using specified boundary candt[18] to give,

T= {—Tmﬂ p-Tn Uj(l— gl ) (2.39)
pmcp w

where J, is the thermal penetration depth indicating thekiess of air above and

beneath one plate beyond which thermal conductiogligible, and is expressed as,

3, = c (2.40)

Assuming that the working gas far from the pI@§e>> Jk) makes negligible thermal

contact with the plateT can be simplified to,

T :(_Tm[” p— T u} (2.41)
Iomcp a)
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The first term of equation (2.41) represents temfoee oscillations due to
adiabatic compression and expansion in fluid, wineesecond represents oscillations
resulting from a temperature gradient in the gastduwscillations irx-direction. The
critical temperature gradient required for onseself-sustained oscillations can be

estimated by equating equation (2.41) to zero givin

(2.42)

The termsP(x) and U(x,) are the pressure and velocity at the stack center

position. The temperature gradient along the stamknalized with respect to the

critical valueOT

crit

is referred to as the normalized gradi€nf33].

2.7.2. Energy balance and onset temperature difference

Figure 2.15 shows a schematic illustrating soméhefgeometric parameters
of the resonator and stack. Note tiiatand L denote the resonator radius and length.

Also, Ax and x, define the stack length and center position raspdy, while y,

and| denote half the plate spacing and half its thiskne
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Figure 2.15 Geometric parameters of resonator tawtk s

The plate perimeter inside the tubBeis given by,

2
I'I=nR
[ +y,

(2.43)

The acoustic work produced in the stadk, given by equation (2.29) can be

equivalently given by [33],

1 (y-1)wP(x)? r
W, == 2
A e e | o) 1ma v+ 07 2v7)

1 wpo U (x.)?
-—[19,Ax m= s
ale (1-a./y,+a7/2ys)

(2.44)

with y being the ratio of isobaric to isochoric spectigats of the working gas and
&, being the plate heat capacity ratio. Finatly,is the gas Prandtiumber andj, is

the viscous penetration depth given as a functidhengas viscositys by,
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5= |2+ (2.45)
0w

The acoustic power dissipated in the resonatorswaah be roughly approximated by
[18],
2

£, =2 Tme ) 5ky—_1(1+ 5] +0, (2.46)
4p.C l+¢ L

S

where P, is the maximum pressure amplitude along the rdeon&ombining

equations (2.29), (2.30), (2.44) and (2.46) gives,

_ Klpma{ wﬂRL{O'kly:i(l+ ZD + JVD + (iRe{ P(L) con| U(Lﬂ}ﬂ

4 pcC
1 wp,U (x.)*
+TMSA n- (X
- Al (1-a/y,+07/2y7) .
= +
EE W L9 (2.47)
k 2

A Puc’ (1+€,)

(14 )(1-4/y, +87/257)

Using the definition ofl, the temperature difference can then be obtaineoh f

equations (2.42) and (2.47) as follows,

AT =0T, T Ax (2.48)

crit
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The temperature difference required to producessedfained oscillations is a
key performance characteristic of the standing widnermoacoustic harvester. As
expected from the governing equations, that diffeee strongly depends on the

position of the stack in the tube.

This relationship is plotted in Figure 2.16 foraeator lengths of 1.5 and 4
cm, for both theTAP and theDMTAP. For these calculations, it is assumed that the
stack is 1/10 of the resonator length in both cas$bke spacing between the stack
plates is chosen to be twice the thermal penetratepth (i.ey, =9, ), and the plates
are considered infinitely thin. The mean temperaiarstill maintained at 400 K and

the electric loadZ, is 1000Q. All the thermo-physical properties are obtained f

air at 400 K and atmospheric pressure.
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Figure 2.16 Temperature difference required to baseustic oscillations foFAP andDMTAP of
resonator lengths 1.5 and 4 cm
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Several conclusions can be drawn from the resultBigure 2.16. For the
shorter resonator length of 1.5 cm, tBMTAP requires a lower temperature
difference for almost any position of the stackngldhe tube length when compared
with the TAP. Such temperature difference may reach valuewsas 200 K at

X,/ L=0.425. This feature is indicative of an important peniance enhancement

resulting from the addition of the dynamic magnifigVith this small temperature
difference across the stack, lower thermal inpuisded to initiate the self-sustained

oscillations.

For longer resonators, the comparison is morecafitind is sensitive to the
placement of the stack. Note that these resonaews pressure waves with a node
close to the middle of the tube as shown in Figue Consequently, there exists a
point where the temperature difference requiredivess negative. In physical terms,
that requires a heat input to the right end of skeck instead of its left end as
considered in Figure 2.1 and Figure 2.4. In tunig ineans switching the locations of
the hot and cold heat exchangers. In that dombsTAP seems to require a less
temperature difference than tB&MTAP as shown in Figure 2.16. For example, for a
4 cm long resonator the temperature difference rnesoalmost 200 K for thEAP

and 500 K for th©MTAP when the stack is placed &t/ L = 0.95.

Accordingly, it should be emphasized here thatdpgmal stack placement in

standing wave harvesters should be in the lefttquaf the resonator, to compromise
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between better acoustic power output and betten@ity. Stacks should be typically
located whereas the magnitude of gas velocity latively small to reduce any
viscous dissipation losses that might affect thenvession efficiency, yet
simultaneously at a location where the pressureeutsl product is reasonably high to
generate more acoustic power [33]. Taking the aldactors into consideration, it
stands thatDMTAP systems would be potentially more useful to useemithe

optimal stack location.

2.8. Graphical User Interface: Development and Applicatis

To ease calculations and analysis of various cardigpns of thermoacoustic-
piezoelectric harvesters equipped with an auxilelgstic structure, a graphical user
interface GUI) is hereby presented. The developed program airgsviag the user
indications of the presence or lack of dynamic nifagation of the output piezo
power upon plugging in different mass and sprinignstss for the magnifier system.
The GUI also allows for varying the operating conditiorighee TAP and theDMTAP
under investigation, including but not limited tgew-specified mean pressure and
temperature, stack porosity and hydraulic radiespmator length and diameter as
well as piezo parameters such the clamped capaeitaeciprocal coupling factor and
electric load resistance. Moreover, the interfacevides a library of different
working gases typically available for thermoacaustperation such as: air, helium,
nitrogen, hydrogen, neon, and equally divided gadures of helium-argon, helium-

xenon, and neon-xenon.
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Figure 2.17 Screen Capture of the develo@éd utility

The proposed utility can be used to rapidly optartize magnifier parameters that
give the best operation and peak efficiency fofedént resonator configurations. The

variation of the magnifier mass), and the coupling spring, imposes a change of
the piezo deflection and the right hand side imped&, at the resonator end. The

acoustic waveforms, amount of electric power ex¢dy the piezo and energy
conversion efficiency change correspondingly. Feg@rl8 shows examples of two

different k_values having opposing effects on the normalizestgpamoutput and the
acoustic-to-electric efficiency, while keepimg,, equal to the piezo mass in both

cases. Figure 2.19 shows examples of two diffemayt values having opposing
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effects on the normalized power output and the stooto-electric efficiency,

keepingk_ equal to the piezo stiffnessin both cases.
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DMTAPs with carefully selected magnifier parameters aahieve as good as

double the normalized piezo electric outp(LEch/ SA’&) and acoustic-to-electric

energy conversion efficiendy;,) as shown in Figure 2.11 through Figure 2.14.

The GUI can be also deployed to examine the temperatieet eff theDMTAP
versus thelAP for different stack locations as discussed thonbugn the previous
section. Due to the nature of the equations gomgrtiie temperature gradients in the
stack, and the dominant thermo-physical terms @sehexpressions, the type of the
working gas used in the device makes a crucialedifice in the expected
temperatures. While the comparison shown in Fiduié is carried out for an air

filled resonator, th&UI allows for different options.

Figure 2.20 shows examples of two different workig@ses, namely air and
hydrogen, and otherwise equal resonator, stackpgmb parameters. It can be seen
that when using hydrogen, tA&P is deemed advantageous in terms of temperature
difference as the onset difference required istless theDMTARP for almost all stack
locations. It's also shown that a generally lowemperature difference (200 as

opposed to 508) is required when using hydrogen instead of atrhesp air.
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Figure 2.20GUI screenshots: Effect of varying the working gashenonset temperature difference
expected in the stack for different stack locatiga$ Atmospheric Air. (b) Hydrogen.

2.9. Summary

This chapter has presented an in-depth analysitaofling wave thermoacoustic
resonators integrated with piezoelectric elemems.comprehensive modeling
approach has been discussed starting from the asierning equations of plane
waves in an acoustic cavity. A novel approach hasnbintroduced aiming at
enhancing the performance of this class of eneggydsters, namely the addition of
dynamic magnifiers. Theory and comparative resuétge been provided that show
the potential of the proposed design and its sapsri over the conventional

thermoacoustic piezo-electric harvesters.

A thermal analysis was used to discuss the gowgrenuations in the stack

region and comparisons again were made betweendystems with reference to
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areas of design interest such as the optimal spdakement and the required

temperature gradient to onset the oscillations.

Finally, a GUI was presented that can ease the optimization alett®n

processes when designing an efficient dynamicallggmfied thermoacoustic-

piezoelectric energy harvester.
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Chapter 3

3. Design Optimization of Thermoacoustic-Piezoelectric
Harvesters with Dynamic Magnifiers

3.1. Introduction

Dynamically magnified thermoacoustic-piezoelecsitstems DPMTAP) can be
advantageous when the appropriate properties ofnthgnifier are chosen. The
DMTAP can be designed to achieve a higher efficiency tn@onventional AP of
the same size, and/or a lower temperature gradieruss the stack ends. While
shown to be promising, no methodology has yet loesrussed to aid the selection of
the optimal parameters of the dynamic magnifiesroher to improve the performance

of the thermoacoustic-piezoelectric harvester.

This chapter attempts to devise rational desigateggies to optimally select the
magnifier parameters while satisfying a particidat of design constraints. First,
single objective optimization is carried out based three different design
requirements: efficiency, power output and crititeinperature difference to onset
oscillations. Section 4 illustrates multi-objectioptimization and discusses design

tradeoffs and Pareto maps for differ&®MTAP prototypes.
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3.2.Single Objective Optimization

A couple of prototypes are considered for perforoeaanalysis and optimization.
Prototype 1 is a small scale harvester with a r@sworength of 0.015 m, and a stack
10% of the resonator length. The properties ofqiypie 1 are chosen similar to the
harvester presented in Chapter 2 for comparativpgses. The second design is a
larger scale thermoacoustic-piezoelectric systesth i10.51 m long and has a stack
that is 6% of the resonator length. The propentiegrototype 2 are similar to those
used in the experimental harvester presented iamilsleh Chapter 4 but with a
uniform resonator cross section area for simplicitgble 3.1 lists dimensions and

parameters of both designs.

We are concerned here with the optimization of specific design goals: the

acoustic to electric energy conversion efficiengyand the temperature difference

AT required to onset oscillations. The computationleybegins by matching the
acoustic and structural impedances at the end eoftibe is used to solve for the
frequency of self-sustained oscillations and th@emaumber as per equati¢2.28).

Consequently, the oscillation pressure and velogdyeforms can be obtained from
equations (2.1) and (2.2). Finally, equations (Rith8ough (2.48) provide the energy

balance needed to obtain the efficiency and th@eeature difference.
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Table 3.1 Design Parameters for 2 different pr@etthermoacoustic-piezoelectric harvesters

| Symbol | Prototype1 | Prototype2 | Units

Resonator
Length L 0.01% 0.51 m
Area S 7.8%-E 3.96- 2 m’
Stack
(fractiorl;?)Pt?JLhe length) Ax/ L 0.1 0.06
ey | %19 | 1 :
Gas
Type Air Air
Mean Temp. T, 400 400 K
Mean Pressure P, 1e5 1e5 Pa
Piezo
Area (fraction of tube area) 1/k, 1/4 1/4
Mass m 3.46e-7 4.28- ¢ kg
Damping b 3.77e-5 0.0021 kg/s
Stiffness S 574 21300 N/m

2.76e- 8 1.8e-8 F
9.44e-9 19.%¢-9 kg/ sQ

Clamped Capacitance

©

N

C
Reciprocal Coupling Factor] ¢

3.2.1. Efficiency Oriented Design

Efficiency oriented optimization targets the maggifparameters which will

give the highest feasiblg,. The resulting optimum efficiency is compared wtitiat

of a conventional thermoacoustic-piezoelectric batsr. The optimization scheme is
carried out usindATLAB minimization routines with an objective functiorrbted

by f,,; =1/7, to ensure maximization of the efficiency. Assumihgt both therAP

and DMTAP, under consideration, use the same piezo-elememi s&ze resonator

and stack and the same working gas, then the gation variables are simply the
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magnifier parameters and the electric load. FopBanty, k, andc,, are ignored in

this analysis, and the magnifier is modeled agid mass with a spring connecting it
to the piezo-element. The magnifier mass and sstifimess are forced to lie within
1/10 to 10 times the piezo mass and stiffness otispéy for practical considerations.
The electric load is allowed to vary betwee2 1o 1IMQ . Finally, the global search

MATLABtoolbox is used to minimizé,, starting at different initial points to ensure

that the optimumf_ . point is a global rather than a local minimum. Ufey 3.1

obj

summarizes the optimization process.

Find dl,d2,93 tominimize f,,

Objective function fo =111,

Optimization variables Bounds
% Lol 0.1<qgl< 10
K g 0.1<qx< 10
s 1.0<q3< B¢
L q3

Figure 3.1 Optimization of, in aDMTAP: Objective function, variables and constraints

Changing the magnifier parameters continuously gearnthe dynamics of the
acoustic wave in the resonator. Depending on thespire and velocity patterns, it is
determined how much acoustic power can be extraateétde end of the tube. The

chosen values fom,, and k. may result in a very stiff end, i.e. the behawbrthe

resonator approaches that of a rigid ended tubeeati¢L) = 0. This is undesirable
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since small velocities at the resonator end wiliein low acoustic poweE, as per
equation (2.30). Sinceg, is the E_ / E; ratio, aDMTAP having a higher efficiency
than theTAP is not sufficient, because it may be the resulh 6dwE, rather than an

amplifiedE, . For this purpose, a post optimization filter &ed to target the points

having 77, pyrae™ 77 1ar that also satisf >E

L omrap> Epapr L0 €NSUIE that electric energy

harvested is amplified.

Figure 3.2 shows the highest feasiljigthat can be obtained for BMTAP
harvester for the two designs listed in Table 3lohtained using three different
MATLAB algorithms. These algorithms are namelgtive Set, Interior Point, and
Trust Region Reflectivé&or prototype 1, it can be seen that a maxinmnof 22.3 %
is possible when a magnifier is attached to thaopype. This is achieved with a
magnifier mass which is 5.23 times the piezo massd, a spring of 8.29 the piezo
stiffness. The piezo-element in this case is cometo an electric load of 2k® .
This value is in very close agreement with thaaotdd in Chapter 2 for a device of
the same geometry when connected to a loadkéi.1For the conventional AP

harvester working with the same loag, is 12.5 % only. The only room for

efficiency improvement for &AP harvester is through varying the electric load] an

maximum feasibley, of 14.2% is found to take place af = 1K8. This value is

also in very close agreement with Chapter 2’'s teful a device of the same

geometry when connected to a load &fJL
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For prototype 2, a maximurDMTAP 7, of 15.1 % is possible. This is

achieved with a magnifier mass 2.12 times the praass, a spring of 9.7 the piezo
stiffness, and an electric load of 468G, while the maximunTAP efficiency for this
prototype is 10.9 % and takes place at a load & RQ . Note that threeMATLAB
optimization methods yield nearly the same optimefficiency 7, but at different
convergence rates with thimterior Point route exhibiting the fastest rate of

convergence.

Figure 3.3 shows a contour of thg =m,/ m g= k/ sand g;=7,

combinations and the corresponding efficiencies thex two DMTAP prototypes.

Since the three design variables undergo optinaigatit is not possible to look at
their combined effect on a single 3-dimensionak,pbwut instead 2-D co-dependent
plots are considered as shown. For the secondtppetoit is observed here that the

optimum selection occurs almost lgt/ s ratio of 9.7, which is close to the upper
bound set for that variable. While this may sugdegher possible values af, if this
ceiling is moved further, it has been confirmed thaving k_ / s higher than 10 does
not significantly improve the efficiency. In fac,of 15.1 % can be also achieved

with g, set equal to 4.7 which is shown in Figure 3.3 fshm a practical point of
view, working with a spring that is 20 times thezm stiffness or a mass that is 20

times heavier than the piezo is less feasible.
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Figure 3.3 Variation of, with different combinations af; = m,/m, q, =k, / sandqz = 7, for DMTAP
prototype 1 (a) and 2 (b)

Figure 3.4 shows a comparison between the hargestith and without a
magnifier, if the mass and stiffness ratigs &ndq) are fixed at the optimal values,

while varyinggs (electric load). This evidently shows that DBITAP is superior in
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terms of efficiency over the entire range of regestoads and not only at the optimal

point.

0 2500 5000 7500 10000
43 (2)
()
20 ‘ T
i | DMTAP
| (q1=2.12, ¢2=9.70)
15 - —— e
e\o, 10F--- - ,,‘,L_,T?,‘,s\;,: ,,,,,,,,,, : ,,,,,,,,,,
© | .
= y) | | ~‘s‘ \TAP
) | | Se———
[/ | | | b
5 -4 R SRR -
0 : : :
0 25 5 7.5 10
q3 (ZL) x 10"

Figure 3.4 Variation oT APandDMTAP efficiencyz, with the electric load, for prototype 1
(a) and prototype 2 (b)
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3.2.2. Power Oriented Design

Maximum efficiency points are not necessarily tloengs at which the piezo-

transducer outputs maximum electric power. Instims$e points are the points at

which the maximum poweE, is generated as a fraction of the available a@oust
power E, at x = L. Therefore, another approach for optimizing thequenance of a
DMTAP is to targetq:, ¢ and gz which will maximize E, irrespective of the
magnitude of the incoming acoustic energy. The tdaton of the optimization

problem for this case is shown in Figure 3.5. Nofy, is set equal tdl/E

L,norm?

whereE,_ ... andV, . are normalized forms of the electric power andags:
E.L norm = E E'L (31)
’ S
Voo = 22V (3.2)
S
Find qL, 92,93 tominimize f,
Objectivefunction o =1/ EL, norm
Optimization variables Bounds
AL 0.1=ql< 10
m
K 0.1<q2< 10
S o ® 1.0<q3< E€
ZL - q3

Figure 3.5 Optimization of electric power outfijtin aDMTAP: Objective function, variables and
constraints
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The Optimal values oE for the small and the large prototypes are shown

L, norm
in Figure 3.6. Withq; and g, fixed at the optimum values for power output
determined from the iterations, Figure 3.7 shoew lthe normalized power output
and voltage across the piezo-element vary withcttenge ings (the electric load). It

can be seen that the magnified prototypes 1 andv2 the potential of generating
respectively as much as 6 and 10 times the poweergeed by a conventional
harvester of the same size if the magnifier paramedre optimally selected. The plot

also shows that output voltage across the piezoaié can be tripled by using the

magnifier. The maximum value ﬁ'L'norm possible for the magnified prototypes 1

and 2 are 0.003 and 0.0025 compared to 0.0004® 83925 forTAP harvesters of
the same sizes.

It is helpful to note here that thé& values corresponding to the

L, norm
maximum efficiency points (Section 3.1) are 0.0G#@& 0.0019 for thOMTAP
harvesters confirming that maximum efficiency psirdre slightly different than
maximum power output ones. Also, it is importantniote that the thre®MATLAB

optimization methods yield nearly the same energymE at almost similar

L, norm

convergence rates.
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Figure 3.6 Maximum normalized electric povi&,.m for DMTAP harvester prototype 1 (a) and 2 (b)

(b
achieved using 3 different minimization based &tpars. Dotted line shows maximum power for the

TAP harvester for comparison.
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Figure 3.7 Variation oT AP andDMTAP normalized PoweE, .mand VoltageV,,m With the electric
loadZ, for prototype 1 (a, c) and prototype 2 (b, d)

A magnification ratio is defined to be the ratidween the deflectiorx,, of

the piezo-element in the magnifier case awrg of the piezo-element in the

conventional case. For two piezo-elements of tmeeseaterial, characteristics and

size, the ratiox,,, / X, that is greater than unity can be indicative of thieeor not the

piezo-element in th®MTAP harvester is generating more power than that ef th

TAP, since the voltage across the transducer anceitsation are linearly correlated.
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Equation (3.3) which is derived from equations §2.4nd (2.24) shows the voltage -
deflection relationship for the piezo-element,

X, - TAP
JV _ (3.3)

X, — DMTAP

m

(1+iaC,Z,
iasd,,

Hence, optimization of the rati®,  / x, could be also used as an alternative

metric for selecting the operating points with nmaxm output power.

Figure 3.8 shows the optimization of the magnifmat ratio for both
prototypes. It is observed that while voltage camiagnified up to 3 times by using
dynamic magnification, the magnification ratio orgges up to 1.93 for the case of
prototype 1 and 2.35 for prototype 2. This is htited to the fact that thieAP and the
DMTAP of the same size operate at slightly differengfiencies as implied by
equations (2.21) and (2.27) This is an inhereatofain equation (3.3) explaining

why the voltage amplification ratio can be slightlifferent than the magnification

ratiox,,, / X,.
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3.2.3. Temperature Oriented Design

Minimizing the temperature gradient across thekstds which is required
to operate thermoacoustic harvesters will decrdas@aput thermal energy needed to
drive the harvester, and thus will function as heotway to improve the overall
efficiency of a thermoacoustic-piezoelectric systé&uding the magnifier to th€EAP
system shifts the frequency of the self-sustaingdillations due to the associated
changes of the impedance xat L. This alters the pressure and velocity waveforms
inside the resonator. The required temperaturerdifice for a stack of a given length
is a function of the acoustic pressure and velaaitthe stack center location as well
as the frequency among other parameters as discesster in Equation (2.47).
Therefore, it is possible to choogg ¢ andgz such thatAT is minimized. A stack
center location of 1/5 the tube length is chosendomparison purposes as this
location is known to be the optimal stack placemfentstanding wave harvesters

[33]. In this casef,, is settoAT at x,/ L=0.2.

obj

Find gL, 92,93 tominimize f

obj

Objectivefunction f, =AT (@ x,/L=0.2)

Optimization variables Bounds
m,
o ® 0.1< q1< 10
0.1<gq2< 10
< q2
1.0<q3< k6
Z - o3

Figure 3.9 Optimization AT atxs/ L = 0.2 in aDMTAP: Objective function, variables and constraints
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Figure 3.10 shows that tuning the magnifier paransetcan reduce the

temperature difference required to sustain osmhat significantly, from around 247

K to 186 K for the small device, and from 92 K t8 & for the large device.

However, 7, associated with these settings is drastically foviais calls for multi-

objective optimization that balances between thedrfer a low temperature gradient

for a lower thermal power input and a high acousticelectric power conversion

efficiency in the piezo-transducer.
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Figure 3.10 Minimum temperature difference requisetbss a stack placed at 1/5 the resonator length
to onset oscillations fdDMTAP harvester prototype 1 (a) and 2 (b) achieved u3idiferent
minimization based. Horizontal line shows minimwemperature difference required for th&P
harvester for comparison.

3.3. Multi-Objective Optimization

The goal behind multi-objective optimization of tB&TAP is to maximize the
device efficiency while keeping the temperaturefedénce across the stack ends
within acceptable limits, or to minimize the temgueire difference while preventing
the efficiency from significantly deteriorating. iBhis achieved by giving weights to

both design objectives to weigh the importanceaahan the optimization process.

The three optimization variableg, g andgs are then chosen to minimize the

new multi-objective functionf,,, given by,
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_ ”e,max AT
fMO_[VVi 7 j"’(w—AT J (3.4)

min
where W and W, are relative weights given to the efficiency ahd temperature

objectives respectively to indicate whether tharjation is more lenient towards

maximizing/, or towards loweringAT . W andW, are structured such that,

0sW <1 (3.5)

and, W, =1-W (3.6)

at all times. Note thay and AT, represent the maximum feasible efficiency and

e, max
minimum feasible temperature difference for edMTAP prototype, previously

estimated in section 3. For any giveé¥ and W., the minimum possible value for
fuo is 1, and occurs ap, =7, .., and AT = AT .. For any other combination of the
optimization variablesy), is expected to be less thap .. and AT greater than

AT, giving f,, thatis greater than 1.

Figure 3.11 shows a multi-objective optimizationr fa case where the

optimization weights are set tw/ =0.25 and W, =0.75 for the two DMTAP
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prototypes. The iterations converge g, =1 which represents the point with

maximumyj, and lowestAT satisfying those optimization weights.
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A set of multi-objective optimization runs can barreed out withW varied

across the domain from 0 to 1 with considerablylsmarements while estimating
the optimal efficiency and temperature differencache time that satisfy the
corresponding weights. The outcome of such a progeedives a combination of
efficiencies and temperature differences that fsatdifferent design objectives,
starting from an efficiency oriented design to mperature oriented design. The line
connecting those points is referred to as the Bdrent and represents a key design

optimization map. Any combination of, and AT that lies above the Pareto line

represent an operation point that can be furthéimiped, while any combination

underneath the line should not be feasible.

Table 3.2 shows a sample of the weigitfsand W, used to build up the Pareto

map, while Figure 3.12 (a) and (b) shows the map bioth DMTAP harvester
prototypes. Both figures confirm the results oledirarlier using the single objective
optimizations starting at the point of minimum fiedes temperature difference across
the stack ends (186 K for prototype 1 and 63 Kdmstotype 2) to the maximum
possible acoustic to electric energy conversioitieficy for both sizes (22.3 % for

prototype 1 and 15.1 % for prototype 2).

Firstly noted, is the fact that the highest tempeeadifference required for both
DMTAP prototypes still remains lower than that incurtgdTAP harvesters of the
same size. The last row in Table 3.2 shows a temtyer difference of 213.24 and

81.31 K for prototypes 1 and 2 respectively, even when wlegght given to the
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temperature objective in the optimization procassearo. The temperature difference

required forTAP harvesters of the same size was estimated to DK 24d 92K.

The second observation that can be drawn from Eigui2 is that for the 2
designs listed in Table 3.1, it is challenging torkvout a good balance between a
good efficiency and a low temperature differencéisTis represented by the
sharpness of the Pareto line curvature. For prp&otly for example, to reduce the
temperature difference from around 213 K to 212 K Jarying the magnifier
parameters, an efficiency drop from 22.3 % to al3bit% is inevitable. Looking into
ways to enhance the Pareto pattern and hence fgube balance between different

design objectives can be an area of further ingastn.

Table 3.2 Maximum feasible efficiency and minimwmperature difference for tiEMTAP
harvesters for different objective weights usinguti-objective optimization algorithm

Weights Prototype 1 Prototype 2 Comment
W, W, | 7 (%) | AT, 00 (K) | 7, (%) | AT, 1209 (K)
0 1 | ~0 185.63 ~0 62.31 | Min-temp.
0.0139| 0.9861| 0.043 190.64 0.0186 64.14
0.0268| 0.9732| 0.069 193.32 0.028 64.78
0.0518| 0.9482| 0.118 195.71 0.056 66.31
01 | 09 | 0.234 200.10 0.08] 67.64
0.1638| 0.8362| 0.553 206.80 0.142 71.01
0.3162| 0.6838| 1.17 210.12 0.441 74.65
0.6105| 0.3895| 3.429 212.23 0.835 76.17
0.8483| 0.1517| 7.465 213.13 4.92 79.5
1 0 | 223 213.21 15.1 81.31 ';"f‘;’}ﬁ'l;”nucr;‘
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Figure 3.12 Pareto map foDMTAP harvester prototype 1 (a) and 2 (b). Line startspimum point
for objective 1: minimumiT and ends with optimum point for objective 2: maximyg.. Points above
the line are feasible and underneath it are not.
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3.4.Summary

This chapter has presented different methods ampdoaphes to optimize the
performance of thermoacoustic-piezoelectric haerssaugmented with dynamic
magnifiers. A detailed overview of the optimizatieohemes was discussed. It was
shown that the outcome of the optimization procedies heavily on the design
objective. Details were given on how to computet lediciency, highest power and
lower temperature difference settings, as well adtirobjective optimization. Two
different sizes of prototypes of the energy hamesstvere considered. An acoustic to
electric energy conversion efficiency 1.6 timesttldbtained by conventional
harvesters, as well as a temperature differenceishd/4 of that required for the

conventional harvester was theoretically deemesitbgafor both prototypes.

The obtained results demonstrate the potentidDMTAP systems as effective
energy harvesters when the design parameters aguaigly tuned. The presented
techniques can serve as invaluable tools to aiddémsggn, build up and further
analysis of such prototypes. The next chapter éxatally validates the proposed

theory and mechanisms in practical terms.
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Chapter 4

4, Experimental Investigation of Thermoacoustic-Piegoglc
Harvesters with Dynamic Magnifiers

4.1.Introduction

This chapter presents the different experimentsezhout in attempts to validate
the theoretical predictions of chapters 2 and 3stétrts off by introducing the
experimental prototype used for the standing wawernhioacoustic-piezoelectric
harvester TAP). Experimental data of the harvester's performairceterms of
frequency, pressure, velocity, temperature, powepwd and efficiency is compared
with those obtained previously from the theoretmadlysis, finite element model and

the numerical thermoacoustic modeling softwaeitaEC

Next, an attempt to examine the potential of theaslyic magnification concept is
demonstrated. The experimental prototype ofDMTAP is presented. Results show
obvious magnification in the strain experiencedHtmy piezo-element, and expectedly
the voltage output, upon proper choice of magnifienstants. Electric output is
measured as well to confirm and calibrate the tesalbtained from measuring the
piezo deflection. The experiments carried outulgiothe chapter are used to validate

the theory and modeling presented in Chapters Zand
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4.2. Standing wave thermoacoustic-piezoelectric harve$ie\P)

4.2.1. Experimental Setup

A schematic drawing of th€AP used is shown in Figure 4.1. The resonator
consists of five sections: a heat cavity, stackpmnator tube, Helmholtz resonator
cavity, and a piezoelectric diaphragm. The heaircs generates a temperature
gradient along the stack which in turn producesditay acoustic waves in the
resonator tube and cavity. The oscillation enerfyjthe acoustic waves is amplified
by the Helmholtz-like resonator and harnessed bypikzoelectric diaphragm which
converts the incident pressure pulsations direatiy electrical energy to power the

load Z, , eliminating the need for any moving parts. Figdr2 shows thd AP used

in the experiments and modeled usibgjtaEC

Heat Cavity Stack Tube Helmholtz Piezo
1 2 3 Cavity diaphragm

4 5
\AX | \4
1 N

D, i :I gz'— D,
— 7

o ApSe 4 Hot | Cold <
y°—1|:|T . _Exchangers
Solid |=|ui.‘1”_‘_‘_. ’ I
. ] 3
|

Figure 4.1 Schematic drawing of the standing waeemoacoustic-piezoelectric harvesfEAP)

Modeling thermoacoustic-piezoelectric systems usdegiaEC is carried out

by the help of finite element modeling of the piaiaphragm. Details on how to
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incorporate piezo-elements in thermoacoustic modelsingDeltaECis provided in
Appendix A. Table 4.1 lists the main dimensions gedmetrical parameters of the
TAP used in the experiments, while Table 4.2 providésmation about the thermo-
physical parameters of the working gas as wellamsesother operating parameters

such as the frequency of oscillations.

Piezo
diaphragm

Stack Resonator

Figure 4.2TAP harvester used in experiments

Table 4.1 Main geometrical parameters of TAd®

Resonator Heat Exchangers (HX) Stack
Total Length 5lcm HX" thickness
L (= A/ 2)* t,, 7.5mm Length Ax 33.75mm
Tube D, =19.5mm| HX Blockage Hydraulic Radiusy,
DiameterD | p =71mm | Ratio BR, 0.75 (ie. half-plate | ~0-34mm

spacing)

Stack Blockage

Ratio BR 0.75

* A =wavelength, *HX =Heat Exchangers
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Table 4.2 Thermo-physical properties of the workjjag and operating parameters of TAd®

Working Gas

Gas type Atmospheric Air
Isobaric to Isochoric Specific Heat Ratjo 1.4

Speed of sound in gas at mean temperafyre 469.03 m/s
Density O (at 790 K) 0.441 kg/m
Density 0 (at 305 K) 1.142  kg/m
Isobaric Specific Hea€,, 1004.7 J/kg K
Avg. Thermal Expansion Coefficienff 1.826e-3 K
Thermal ConductivityK 2.5694e-2  W/mK
Prandtl Numbero ~0.631
Viscosity U 1.8127e-5 kg m/s
Mean Pressurd®, 100 Pa
Other Parameters

Frequency of Operatiort 359.44 Hz

Avg. Viscous Penetration Depﬂi 2.6871E-04 m
Avg. Thermal Penetration Dep), 3.3812E-04 m

4.2.2. Temperature Distribution

The performance of th€AP is determined experimentally for the prototype
shown in Figure 4.2. An electrical heater in thenfamf a resistance wire is used to
simulate the hot heat exchanger and hence theimaatt The heater provides the
input thermal energy necessary to onset the sethBed acoustic waves. For the

TAP under consideration, such a condition is attawbkdn the heater thermal power

input Q,, is equal to 44.82 watts.
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Figure 4.3 Temperature contours inside a sectidghedsf AP resonator

The temperature distribution inside the resonatrmeasured using an
infrared camera (ThermaCAM® SC3000, from FLIR Syste Boston, MA). The
camera has an image resolution of 320 x 240 pixdls a sensitivity of less than 20
m°C at a temperature of 30 °C. It can operate therange of temperatures between
-20 °C up to 2000 °C. Figure 4.3 shows the tentpegadistribution as measured for
the TAP prototype indicating a maximum temperature of KQGand a temperature
slope down to around 305 K across the stack lerf@$75 mm) yielding an
approximate linear gradient of about 1.298K0m. Figure 4.4 shows the temperature
distribution obtained from ®eltaEC model for theTAP based on the procedure
described in Appendix (A). Close agreement is evidetween the experiment and

the predictions.
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Figure 4.4 Temperature distribution along TP resonator DeltaEQ

4.2.3. Pressure Propagation
Figure 4.5 shows the amplitudes of pressBrand volume velocityQ (also

denoted as volumetric flow rate) as predictedD®jtaEC along the resonator. The
plot shows that a pressure node and a corresponeéingity anti-node are expected

to occur at about 30 cm from the nose.end
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Figure 4.5 Theoretical prediction for pressure woldime velocity distribution inside thEAP

To verify the predicted pressure distribution expentally, the pressure level
along the Helmholtz-like resonator is measured gisirmicrophone mounted at the
end of a sliding arm. The measurements were takgheamicrophone is moved, on
discrete steps, along the resonator gradually hedptessure is recorded at these
discrete locations. Figure 4.6 shows a comparisetwden the experimentally
obtained values and the predictions éltaEC The experiments are in good
agreement with the predictions near the pressude fmt some discrepancies are
observed near the two ends of the resonator. Tdieseepancies can be attributed to
interference with the boundaries of the resmnand unaccounted for

the

friction/viscous losses.
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Figure 4.6 Experimental versi®ltaECdata for the pressure level across the resonator

4.2.4. Velocity Flow Field

The velocity distribution inside the resonator ieasured using the 3D
stereoscopic imaging Particle Image Velocimetry{Pdystem from LaVision, Inc.
(Ypsilanti, MI). The system uses a high speed canterimage illuminated flow
particles, injected inside the resonator. The coatimn of successive camera
projections separated by a defined time increm#éawa the reconstruction of the
real particle displacement inside the measuremeat and the velocity components.

The experimental assembly for this procedure isvsho Figure 4.7.
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Figure 4.7 Measurement of velocity distributionidtesstheTAP using 3D Stereoscopic Particle Image
Velocimetry (PIV)

The instantaneous velocity vectors of the osailfataminated particles in the
resonator are calculated upon processing of eaglstcessive camera images using
correlation schemes. Briefly explained, the pagtiahages in the first camera
exposure and the second camera exposure are macegp of each other. For each
particle image in the first exposure, all possitnlatches with particle images in the
second exposure are considered, and those padssibdre represented as peaks in a
map, referred to as thecdrrelation map [45]. Each possible match receives a
weight, indicated as the amplitude of the peaksha map. Eventually, one peak
prevails and becomes the highest revealing the prostable match and hence the
most probable displacement of each particle. Thaxgss is repeated for a large

number of successive images to capture the entivefarm.
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The shape of such correlation maps are an indicafidhow good a set of PIV
measurement data are. The more distinct a cowalatiap peak is, and the higher it
is compared to other peaks on the map, the maedyltke calculated velocity vectors
are descriptive of the actual path of the gas gasi Figure 4.8 shows the contrast

between acceptable and mediocre PIV correlatiorsmap

Distinct Correlation Peak Non-distinct Correlation Peak

2D Correlation Maps

3D Correlation Maps

Figure 4.8 Particle Image Velocimetry Correlatioapd

Figure 4.9 and Figure 4.10 show velocity distribn§ of the working gas
particles at four different locations inside theaeator tube, while Figure 4.11 shows
the correlation maps taken at random points irthibee four locations to validate the

produced results. The displayed distributions aeomded at five time instances
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during the acoustic wave oscillation cycle. Thdaldént instances are separated by

one quarter of the oscillation periodic timg,,.

No Flow No Flow

t=0
t=0.25Tpp
No Flow No Flow
t=0.515p
—>— Forward Flow
t=0.75Tpp
No Flow
t= Trap
12 10 8 6 4 2 0 28 26 24 22 20 18 16
Distance from Piezo diaphragm (cm) Distance from Piezo diaphragm (cm)
0.2 0.1 0
(a) Piezo Diaphragm [ s | (b) End of Helmholtz Resonator

Velocity - (m/s)

Figure 4.9 Flow distribution of thEAP at a section (a) adjacent to the piezo diaphragpn(l) at the
end of the Helmholtz resonator
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Figure 4.10 Flow distribution of thEAP at (a) the Helmholtz tube entrance and (b) intide
resonator
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Figure 4.11 Distinct correlation peaks for differeesonator locations
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Upon processing of the particle velocity data frane PIV, a numerical
integration can be carried out to obtain mean \&foe the volume velocityQ at
these locations. Theoretically, if the cross sectawea of the resonator at an
distance from the nose end is denot&d, then the corresponding volume velocity

Q, is obtained by integrating the velocity profile thfe working gas at that cross

sectionU, over A as follows,

Q. =[UdA (4.1)

The experimental average volume velocity at anysrsection of the

resonatorQ is obtained numerically by integrating the velpattver the cross

X, exp

sectional area of this particular location obtaifredh the PIV data points.

Section X-X

Figure 4.12 Schematic showing the numerical intémmescheme used to obtain the volume velocity
from the PIV data points
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At any given cross section, the area is discretitlyded into a finite number of
smaller concentric areas, and then the averagédgdsum the data points of the gas

particle velocity in those areas is used to obéagood approximation forQ

L exp® For

the example shown in Figure 4.12 for illustratiamgosesQ, ... would be calculated

X, EXp

as follows,

Qoo =Ui( ) +U [ AlrZ-rZ])+u { nfr 2-r 2)) (4.2)

Applying the above procedure on a finer scale, Fegul13 is obtained which shows a
comparison between the experimental and theoreirealiction results of the volume

velocity inside ther AP resonator.
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Figure 4.13 Comparison between experimental anoréfieal values for the gas volume velocity
along theTAP resonator
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4.2.5. Modal and Deflection Characteristics of the Piezeaphragm

The experimental AP prototype relies in its operation on a Lead-Ziraten
Titanate PZT-5A piezoelectric circular diaphragm. The diaphragmsupplied by
Piezo Systems Inc., Woburn, MA (part no. T107-A4B3% It has a diameter of 63.5

mm, a thickness of 1.905 mm and a capacitance 2b1iF at 38&iz

P y Y PART NUMBER DIAMETER CAPACITANCE
/ LTI \\ inches  mm nF (£10%)
/ L JIHAEDID \ TI07-A4E-073 | .125 32 65
/ \ TIO7-A4E-173 | 250 64 27
f \ TIO7-A4E-273 | 500 127 10.6
‘ | T107-A4E-373 125 318 66.4

T107-A4E-373

/Tm/ AAE-273

T107-A4E-173
1107-A4E-073

Top View (Scale: x1)

.0075" (.191)

Figure 4.14PZT-5APiezo diaphragm (63 mm, .191 mm thick) from Pi€gstems, Inc.

Upon subjection to a broadband acoustic excitatioa frequency response of
the diaphragm is obtained. Results show a firstimhtfrequency of about 30dz
The diaphragm is then tuned to force a first nativemuency in resonance with the
acoustic cavity at about 388 This is achieved by supporting the diaphragmmon a
aluminum substrate of 0.1 mm thickness and a 71dmameter. A weight of 2.81 g is
also added at the center of the diaphragm in tive & 2 nuts attached to the back of

the diaphragms at its center.
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Figure 4.15 Modal characteristics of tRET-5Apiezo diaphragm before and after tuning

Figure 4.15 shows the modal characteristics ofpilezo diaphragm before
and after tuning. Both natural frequencies matobséhobtained from the FEM
presented in Appendix (A). Figure 4.16 shows theta@ars of transverse velocity of
the diaphragm when operating at its natural frequeaf 388Hz. The amplitude of
transverse deflections is around 0.02 mm. The cwat@re obtained using the

PSV200 scanning Laser Doppler Vibrometer from Raiy®l, Hopkinson, MA.
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Figure 4.16 Contours of transverse velocity ofttireed piezo diaphragm operating at its first ndtura
mode (388H2)

4.2.6. Output Voltage, Power and Efficiency

The experimental output voltageof the harvester is displayed in Figure 4.17
for the harvester with the original and tuned pidphragms. It is evident that
tuning the piezo-diaphragm to resonate with theusiio cavity is essential to
enhancing the harvester performance. Displayen @aisthe figure are thBeltaEC
predictions when the tuned piezo-diaphragm is coiedgeto different resistive loads

Z,. Close agreement is clear between the experinagtshe predictions.

The electric output power of the harvester is @igptl in Figure 4.18 (a) when
the harvester is operating with the original andetl piezo-diaphragms. The output
power is normalized by the diaphragm’s volume iatiy the power density at
different values ofZ,. The displayed results indicate that a maximumeyosi 0.21

mW/cni (corresponding to 0.128Wof total output power) is attained when the load
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resistancez, is 3170Q. Note that the electrical power outp& of the TAP is

calculated using the root mean square voltage salyje using the relationship,

E =V® 12 (4.3)
where,
Vo =V (4.4)
rms \/E "

Figure 4.18 (b) shows the efficiency of conversioym acoustic to electric
power in the piezo-diaphragme] peaking at about 9.7 % at a load resistance of 3170
Q. Note thatze is the electric power output as a percentage ofattmustic power
radiated to the end of the tube where the diaphreglocated, i.e. the pressure and

volume velocity product at= L.

14 : : T - .I T T T
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Figure 4.17 Output voltage of tA&AP harvester for different values @f
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Values ofze presented here are in good agreement with similalyses in
literature, which are mainly theoretical in natutdas shown in a similar study thag
is typically around 0.2% at a resistance oft1,0in the range of 2-3% at a resistance
of 100Q and ranges from 6 to a maximum of 15 % at a est&t of 100d2, and
then starts deteriorating [5]. In another invedtagya of thermoacoustic power
generation using piezoelectric transducers [6],aximum overall efficiency of the
device (thermal to acoustic to electric) of 10%aahieved. In addition, the power
harvested from the piezo-diaphragm presented hereupit volume reaches about
210 uW/cnt. This is typical of energy harvesting techniquesgPZT piezoelectric

transducers ([46],[47] and [48]).
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Figure 4.18 (a) Output electric power density amdacoustic to electric energy conversion efficienc
of the TAP harvester for different values of the load resista¢,)

It should be noted that the acoustic power reacthiegpiezo-diaphragm (at
=L) is only a percentage of the power initially prodd in the stack. The power flow
along the tube involves losses due to viscosity fation with the resonator walls.
These can be approximately estimated using expresgjiven as a function of the
tube geometry, gas thermo-physical properties,ouscboundary layer thickness,
frequency of oscillation and maximum pressure aiugd in the resonator such as

equation (2.46).
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4.3. Speaker-driven Resonator with a Dynamic MagnifietM@ Stack)

4.3.1. Introduction

In this experiment, an investigation of the perfance of theDMTAP
discussed in details in Chapter 2 is attempted. &tperimental setup used here is
simpler than the design suggested by Figure 2.4. adoustic oscillations produced
by the stack are simulated by a speaker placeuedbeginning of the resonator. The
resonator is 2.75” (6.986m) in diameter. A circular buzzd?ZT-4 piezo-element
placed on a 0.008” (0.208m thick aluminum sheet of a diameter equal to tidhe
tube is attached to the other end of the resonatw.piezo-element is manufactured
by Digi-Key Corp. (Figure 4.19). This piezo-elemesntthen connected to a similar

one through a mechanical spring of known stiffness.

41.0 mm

Figure 4.19 Digi-key 41 mm Buzzer Piezo-element

The second piezo-element is supported by a sepsteatd than the rest of the

resonator. Furthermore, the section between theptean-elements is open to the air.
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This way, by detaching the connecting spring arel $bcond piezo-element, the
system at hand is simply a speaker-driven cavith whe piezo-element at one end.
The piezo-element converts the incoming acousterggnfrom the speaker into an
electrical output, thus simulatingTéAP-like system. When the second piezo-element
is reattached to the first one using the couplpiing, the system in effect acts like a
DMTAP. The first piezo-element in this case acts asdfieamic magnifier mass. A

schematic of the experimental setup is shown inreig.20.

15tPiezo
(Magnifier Mass) 2ndpjezo

Speaker .
Acoustic
[ wave
. mm
Power
source
(a)
1stPiezo
Speake ]
Acoustic X,
wave
Vz
Oscilloscope
Power
source
(b)

Figure 4.20 Schematic diagram of the experimemtaipwhen used as BMTAP-like system and
(b) TAP-like system
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4.3.2. Voltage output from Piezo-elements

For different values of the stiffneks of the spring connecting the two piezo-
elements, the system is found to have a first ahfuequency in the range starting
400 to 600Hz when operating as BAP or aDMTAP like system. Thus, using the
speaker as the source of the acoustic energy ahdnaielectrical loads used, a sine
sweep over the domain 0 to 8812 is carried out while monitoring the voltage output
from both piezo-elementd/{ andV-y) over this range of frequencies. Having values
of Vo less tharV; would mean that th€AP still operates as a better energy harvester
than theDMTAP. This would eliminate the need for having to conep&., with the
voltage V., from the first piezo when no springs are attacfiezl the TAP case).
However, having values af,, higher thanv; is an indication that the power output
in the second piezo-element is more than that obdaifrom the first one. Even
though this can be taken as a valid approximatonhfe magnification in most cases,
the voltage output from the second pieZg, should still be compared with the
voltageV, to confirm that the proposed system does seraenaagnifier of the power
harvested.

The variable parameters in such an experiment aielynthe spring constant
k. and the masses of the 2 piezo-elements. Both fgileznents are similar and have
the same weight. Both elements are supported luaninum backing of the same
thickness, thus their total masses are equal. Snaskes in the order of 1 to 5 grams
can still be attached to the piezo-elements as w afavarying the mass of the

DMTAP. Several combinations ok. and added weights are attempted while
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monitoring the voltage output over the sine sweapldiency range on a signal
analyzer. Figure 4.21 shows an example of an uraldsi case where the energy
traveling from the first to the second piezo throutdpe coupling spring is not
magnified, hencé&/; values are higher thawy, over the considered frequency range.
The spring used here has a constaikt efjuals to 17,808//m In this case, the added
spring-mass structure serves as means of disgipati@bsorbing the energy being
conveyed to the second piezo-element instead ofilgng it. The figure displays
also the nature of the dominant modes in the frequepectrum. Notable are the
two modes, at 490 and 588z, resulting from combining the harvester with the
dynamic magnifier. However, because of the weakireaof the coupling between

the harvester and magnifier, the contribution ef $econd mode to the output voltage

is also weak.
0.07 ; ; \ . ~ ; ; ;
; ; Acoustic Cawty/v | | |
006F------ : 7777777 : 777777 ‘ Resonanpe SR | I : 7777777 : 7777777
l l l l l l
005 -~~~ SRR SRR - R B EEEEE R N
| | | | | |
) | | |
%0'047”_Vl(Exp)__-VZm(Exp)”f; 777777 | o o
cCUS) | | | : : : :
=003 - i ,,,,,,, i ,,,,,,, i ,,,,,,, i ,,,,,, i ___ Piezo-Diaphragm____ |
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Figure 4.21 Sine swept frequency response of veltagputsV, andV, of the two piezo-elements
(ke = 17,800N/m)
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Upon the addition of small masses to the piezo-elgs) the voltage obtained
from the second piezo begins improving in comparigith the case with no masses
added. However, it's the combination of the mass&s the proper spring constant
that decides the performance of DM TAP. The best results are obtained using a

spring of k. equal to around 29,180/mwith no added masses. In this case, a strong

coupling exists between the piezo-element and twamic magnifier resulting in

enhanced performance.

Figure 4.22 shows the response of the voltagesV, andV,, for this case.
Note thatV, in this case rises from its peak of #0/, in Figure 4.21, to about 160
mV, while V,, dramatically jumps from a peak of 8V to almost 450mV. It is

evident here that the energy transferred through gjpring to the second piezo-
element is magnified. This is manifested clearlycbynparing the performance with

that of the case without a magnifier where the outpltageV, peak at about 290

mV and hence are much lower than the #b@achieved by the second piezo in the

DMTAP case.
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Figure 4.22 Sine swept frequency response of veltagputsV, , V, andV,  of the two piezo-
elements compared with the theoretical predictins 29,180N/m)
The equations presented in Chapter 2 are used tIntloe system at hand

and compare with the experimental result$ATLABcode is developed to simulate

the experiment and predict values\4f, V, andV,, over the frequency range 0O to

800 Hz for the cases presented in Figure 4.22. Equat(@&2) and (2.28) are
obtained for a resonator with a rigid end at thé $ide of the stack, and are thus
slightly modified to reflect the speaker impedaate =0. The rest of the procedure,
however, remains unchanged. The obtained theoretharacteristics and the
corresponding experimental frequency responsedligpdayed in Figure 4.23. The
figure shows, to a great extent, a good agreenetmtden theoretical predictions and

experimental results.
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Displayed on the figures are the clearly identif&ductural and acoustic
modes of the resonator as well as the structurales@f the piezo-diaphragm and
magnifier system. Note that in the case of a haevesithout a dynamic magnifier,
the output voltagd/, shows only on distinct peak at 4812 to indicate the acoustic
resonance of the resonator cavity and another aeék5Hz to quantify the resonant
frequency of the piezoelectric diaphragm. Howeirethe case of a harvester with a
dynamic magnifier, the frequency spectrum of thépouvoltageV,,, shows two
bending modes of the resonator shell at 230 andH&8@coustic resonance of the
resonator cavity at 500z, combined resonant frequencies of the piezoetectri

diaphragm and the magnifier at 682 and 70(Hz
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Figure 4.23 Sine swept frequency response of veltagputsV,



4.3.3. Vibrometer Scanning of Piezo Surface

To verify that the voltage measurements presentadiee reflect the
corresponding piezo deflection and for the purpage voltage-displacement
calibration as well, the surface of the piezo-eletaén theTAP and theDMTAP case
are scanned using a laser vibrometer during operafihe contours are obtained
using the PSV200 scanning Laser Doppler Vibromitan Polytec-Pl, Hopkinson,

MA. The setup for this experiment is shown in Fegydr24.

Figure 4.25 shows results from a vibrometer scanroh the first piezo-
element when the spring and the second piezo aexltsl (theTAP case) and a
scanning of the second piezo-element after plaitingck and attaching it to the first
piezo using the spring (ti@MTAP case). The contours of transverse velocity show
clearly the difference in the deflection patternween first mode and the second
mode. It is also evident that the measurementlef/bltage output are confirmed as
the DMTAP case shows to have a significantly higher trarsverlocity than the
TAP in both cases. It is also shown that operatinghat first mode is not only
favorable to avoid having the piezo-element workiast itself, but also because the

piezo-elements experience much higher strain comap@arthe secondary modes.
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Figure 4.24 Experimental Setup of the laser vibr@mesed to scan the surface of the piezo-elements
to obtain values for the transverse deflection
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Figure 4.25 Contours of transverse velocitp®TAP andTAP showing the first and second
deflection modes

4.4.Experimental Prototype of DMTAP Harvester (with Stie)

In this section, the performance of an experimgmtaiotype of an actu@MTAP
harvester with a stack is investigated and compaitddthat of a conventionalAP.

A schematic diagram of thBMTAP harvester is shown in Figure 4.26, and the

experimental harvester is shown in Figure 4.27.
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Figure 4.26 Schematic of the experime@& TAP harvester prototype
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Figure 4.27 Experimental prototype oDMTAP havrester
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Figure 4.28 Piezo-element on aluminum backing witling masses at symmetric locations

The same concept is used whereby an identical ygkoent is used as the
magnifier mass, such that by detaching the coupdimigng, theDMTAP harvester
shown in Figure 4.27 becomesTAP for comparative purposes. Different springs

with varying stiffness can be used to simulateedéht values ok, , while small nuts

with known masses can be placed at symmetric lmtaton the piezo-element to

change the value of the magnifier mags as shown in Figure 4.28.

The stack-less speaker driven resonator in theiquevsection simulated the
operation of a system similar to BMTAP harvester and showed possible and
significant amplification of the harvested powesrr the piezo-element upon proper
choice of the magnifier parameters. The speakeredrisetup also enabled us to
control the frequency of the acoustic oscillati@msl hence examine the harvested
power over a swept range of frequencies. In anahthermoacoustic-piezoelectric
harvester with a stack and external heating, tHeegeited oscillations should occur

at the resonant frequency of the cavity coupledh wie piezo-element or the dynamic
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magnifier system. As presented earlier, this wéisnased to be in the vicinity of 400

Hz

Several experiments were carried out using diffecembinations ok, andm,,
and for each the voltages across the two piezoesisw, andV,, were measured,

and eventually compared with the voltadefrom the piezo-element in tieAP case.

Table 4.3 lists a selection of seven experimentsnggered ‘a’ to ‘g’) that were

carried out with different stiffness ratidg / s varying from 0.01 to 3.90 and mass

ratios m, / mvarying from 0.20 to 1.38.

Table 4.3 Springs and mass ratios used iDfki& AP experiments

Piezo
Experiment Spring Stiffness (k) Stiffness /s | m/m
no. (s) ¢ m
Ib/in N/m N/m

(@) 33.15 5805.45 38703.0¢ 0.1% 1.0p
(b) 221.00 38703.02 38703.0( 1.00 1.00
(c) 861.00 150784.160  38703.00 3.9D 1.00
(d) 2.65 464.09 38703.00 0.01 1.38
(e 221.00 38703.02 38703.0( 1.00 1.38
) 2.65 464.09 38703.00 0.01 0.20
(9) 861.00 150784.16f  38703.00 3.9D 0.20

Figure 4.29 displays the peak to peak time oswmliatof the voltagey, , V, and
V,,, for each of the combinations listed in Table 4Be voltage magnification ratio
V,., !V, indicates how the voltage from tB8MTAP harvester compares to that of the

TAP, and is of greatest interest to us. It can be se@ndynamic magnification does
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take place in plots (a), (b) and (e) with casest@wing the maximum amplification,

i.e. highestV,_/V, ratio. Plots (c), (d), (f) and (g) however showdeasirable

attenuation of the voltage from, toV,,, .

The GUI developed in section 2.8 can be used to predecthboretical voltage
magnification ratios corresponding to the showneexpents. The piezo-element
properties have to be adjusted to reflect thodb@PZT-4buzzer elements shown in
Figure 4.19. The geometrical dimensions inputiedhie GUI are those listed in
Table 4.2. A comparison between the predicted apdremental values oV, /V, is
presented in Table 4.4. The comparison reveals gagtement between the
mathematical model and the experimental data.dtishbe noted here that the model
presented earlier in Chapter 2 assumes a one-dioma@hgropagating wave in the

direction and hence a piezo-element that is defigatith oneDOF: x, in the TAP
case ana,, in theDMTAP case, rather than a circular piezo-diaphragm fixiethe

circumferential points. The develope@Ul is also limited to a constant area
resonator, while the experimental harvester indudesmall tube and a Helmholtz
resonator. These limitations may have contributeithé minor discrepancies between

some of the predictions and the experimental figslin
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Figure 4.29 Piezo-element peak-to-peak voltage¥, andV,,, for different configurations of springs

and mass ratios given in Table 4.3
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Table 4.ADMTAPto TAPvoltage ratio: Experimental results and theoréficadictions

Parameters Experiment Theory
Experiment

no. Ke/s | Mn/m| Vo(mV) | Vom(MV) | Vom/ Va2 | Vom/ V2
€)) 0.15 1.00 3.18 12.85( 4.05 3.85
(b) 1.00 1.00 3.18 3.57 1.12 1.27
(c) 3.90 1.00 3.18 1.82 0.57 0.66
(d) 0.01 1.38 3.18 0.56 0.18 0.25
(e) 1.00 1.38 3.18 4.71 1.48 1.28
) 0.01 0.20 3.18 0.60 0.19 0.27
(9) 3.90 0.20 3.18 1.81 0.57 0.66

Figure 4.30 shows the scanned surface of the mksuents carried out using the
laser vibrometer for th& AP case, as well as tHgMTAP experiments listed in Table
4.4 having a positive voltage magnification ratie.(Von, / V> > 1). The scans show
the deflection ifTmm/s and are set to a fixed color bar scale to illusttae amount of
amplification that happens in the deflection of giezo-element when tHeMTAP is
adequately tuned. This is very clear in the vibrtanscan of theOMTAP used in
experiment (a), where a deflection (and a voltagput) of about 4 times that of the
conventional TAP is observed. Figure 4.31 shows the rest of DEITAP
experiments, namely the ones where the selectedifiegparameters did not result
in output voltage improvement. ThEAP case is again placed for comparison.
Finally, Figure 4.32 shows the output voltage frbra piezo-elements in relation to

their deflection for all the carried out experiment
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Figure 4.30 Surface deflections of the piezo-membia theTAP experiments and tHeMTAP
experiments having a positive magnification ratq/ V, > 1 (values iimnis)
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Figure 4.31 Surface deflections of the piezo-membia theTAP experiments and tHeMTAP
experiments having a negative magnification ratig/ V, < 1 (values irmnis)
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Figure 4.32 Deflection against voltage of the piezembranes for all the perform@&P andDMTAP
experiments

4.5. Summary

This chapter illustrated the experimental testingied out with thermoacoustic-
piezoelectric energy harvesters, with and withoyriagnic magnifiers. The chapter
presented a complete performance investigatioron¥entionalTAPs that included
measurements of temperature, pressure and veldisitybutions, piezo-diaphragm
modal characteristics, output power and efficien€pmparisons have been made
along the way between the theoretical predictioms #he experimentally obtained

data.
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Furthermore, an experiment to show the potentiadxgerimentaDMTAPs has
also been presented showing clearly the superiofitiie magnified devices in terms
of both voltage output and piezo movement. Equataeveloped for th€AP and the
DMTAP in Chapter 2 have been employed to verify theltesund close agreement

was observable.
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Chapter 5

5. T ransient Characteristics and Stability AnalysiStaEnding
Wave Thermoacoustic-Piezoelectric Harvesters

5.1. Introduction

In all the mathematical modeling and the experiraletéata presented in Chapters
2, 3 and 4, the focus so far has been on steatey gparation of the thermoacoustic-
piezoelectric harvester. In literature, no atterhps been reported on predicting
mathematically the transient behavior of this clasarvesters leading up to the
onset of self-excited oscillations. It is thereftine purpose of this chapter to develop

a rigorous approach to predict the limits of seitited oscillations.

Onset of acoustic oscillations in standing waAd harvesters is predicted using
equations obtained from the equivalent electriovoet developed for the system.
The developed model encompasses tools from elestdait analogy of the lumped
acoustic and mechanical components of the harvestenify the modeling domain.
This approach can become extremely attractive viftegrated with electrical circuit
simulation tools such a$PICE (Simulation Program with Integrated Circuit
Emphasis), as will be shown, in order to efficigritesign this type of thermoacoustic
harvesting systems. The developed results are aeahpath those obtained from an

alternative technique using root locus theory. Fmall the theoretical data are
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validated against the experimental prototype of TA® harvester shown in Chapter

4.

5.2. Temperature Gradient

For a stack of lengtiL, = Ax with temperatured, at its hot end and, at its

cold end, the temperature gradient across the §é@skimed to be linear) is given as,

_Th T, _AT
AX AX

OT (5.1)

Self-sustained oscillations are developed in theomator once the temperature

gradient crosses a certain threshol@, .., setting the following condition for onset of

oscillations in standing waveAPs,

T =0T,

onset (5'2)
For a constant stack length, it is evident thatain temperature differenasT
is required across the stack ends to excite theektar, consequently known as

AT,

onset*
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5.3. Electric Circuit Analog of a Standing Wave TAP Haegter

Analogies exist between acoustic and electric netsvg49], mainly because
acoustic equations regarding pressure and volume Have the same format as
electric equations regarding voltage and curreatv flrespectively. The lumped
elements representing the different componenti®TAP shown in Figure 4.1 can
be modeled in the electric domain using analogdersrec circuit components giving

the equivalent electric network shown in Figure 5.1

5.3.1. Hot Duct and Helmholtz Resonator
The hot duct at the hot end of the stack is modeledhe complianceC,

while the ambient part of the resonator at the esld of the stack is represented by

the complianc€;. These are given as functions of their respedéagths and cross

sectional areas as:

DL
G, :ﬁ (5.3)
0C
2 2
_ n(DfL,+DIL,)
C, = s (5.4)

where p andc represent the mean density of the working gaslamdpeed of sound

respectively.

5.3.2. Stack
In the stack, the thermal-relaxation resistanaeupé length,r, , is obtained

from [33]:
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_ 1 4P,
e 'm(-fk)(mﬂf(y-l)J &9

while the compliance per unit lengtg,, is given by:

Dy} _
4W%p+w DRdnﬂ (5.6)

Ck:

where f, is the spatially averaged thermo-viscous functi@sp known as Rott’s
function, given for different geometries and selestack configurations in [33].
Hence, for a stack of lengthx, the stack componen®, andC, are given by:

R, = I, AX (5.7)

C, =cAx (5.8)

The mean temperaturg, changes axially through the stack, and hence the
mean density, changes to satisfy ideal gas characteristics.rforee conservation
of mass flux through the stack, the volume veloeityhe ambient end must grow as
Tm This suggests a volumetric velocity source tooageany the temperature profile.
If the volume velocity at the hot end of the staskmodeled as the curreht the

volume velocity at the ambient end of the stack ikdlien berl,. This indicates that

a gainG=r-1 is supplied by the volume velocity source. Ingeneral formG is

defined as [33]:

G=— kv = (5.9)
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In equation (5.9)0 is Prandtl number of the working gas. As suggkebte
equation (5.9), this term is equal to zero for isexst with a zero temperature gradient
such as the hot duct and the Helmholtz resondoiis also almost zero for large-

diameter ducts even the if they involve a tempeeagradient becausé, and f,
become very small. For channels with a very smalésize (, < J,) and a nonzero

temperature gradient, such as regenerators inlimgv&ave engines,G takes the

small channel limit of equation (5.9):

AT _ T,
=—=_-1 5.10
reg T Ta ( )

a

For larger pore channels wherg/J, ~1, such as the case with stacks in

standing wave engine§ takes the boundary-layer limit of equation (5.9):

Bkl (5.11)

where J, is the thermal penetration depth ands the hydraulic radius of the stack

configuration.

Contrary to traveling wave engines whesg, is entirely real G, in standing

wave engines contains a nonzero imaginary part tefécts imperfect thermal
contact in the stack pores and the resultant tieh@ydoetween the gas’s cyclic motion

along the temperature gradient and it's expansnohcantractionr is then given by:
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p=itt 1 GAT (5.12)

2 1+Jor, T,

As a result, the time phasing between the pressutevelocity of the working
gas approaches that of a typical standing wavee Nt if pressure and velocity
were exactly out of phase, no acoustic power wbeldienerated in the resonator, as
the acoustic flux at any point along the resonator is approximated as the retbpa
the pressure and velocity product. To reflect ttevijpus in the equivalent circuit, the

volume velocity source, is represented by the civcentrolled current source

(CCCC) set tar —1)I, in Figure 5.1.

5_
I
l

| f—a—

Piezo-Diaphragm Piezo-Diaphragm
Mechanical Domain  Electrical Domain

Figure 5.1 Electric circuit equivalent of a starglimaveTAP harvester

5.3.3. Piezo Diaphragm

The capacitance of the piezo-diaphragm at the érttieoresonatorC,, is

calculated as:
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c, =B (1-10) (5.13)
wherek? is given as:
k> =— (5.14)

where £ is the permittivity, t jis the thickness of the piezo-diaphragaf, is the

elastic modulusd is the piezo strain constant, ay is the area of the diaphragm.

The equivalent capacitance of the mechanical dowifaihe piezo-diaphragm can be

expressed agy; / K where:

K =Sh (5.15)

Also the equivalent inductance due to the mass®fpiezo-diaphragmi ,
is given as:

m
M, =—2 (5.16)

2

where, m, in this expression is defined as the mass of teeopdiaphragm. Finally

the coupling between the mechanical and electdoatains of the piezo-element is

modeled as a transformer with a turning ratigiven by:

p=——2 (5.17)
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Further simplification of the circuit analog diagracan be performed, as
shown in Figure 5.2. In Figure 5.Z, is the equivalent impedance of the load resistor

R _in parallel with the piezo capacitan€s . This is, in the Laplace domain (where

S = iw is the Laplace complex number, aadis the system’s resonance frequency),

given as:
Z:L (5.18)
1+R C;s
. h tl, v I Mo
™

Piezo-Diaphragm Piezo-Diaphragm
M echanical Domain Electrical Domain

Figure 5.2 Simplified electric circuit equivalerftaaTAP harvester

5.4. Electric Circuit Analog of a Standing Wave TAP Haegter

In the lumped-parameter model of the standing wiaM@ represented by Figure

5.2, the single pressure can be given by:

Il
V. =—= 5.19
° C,s ( )
v, = LR, (5.20)
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vV, = 5 (5.21)

v, e (5.22)
RS
or,
v, =| M s+ %, + 2¢f 5.23
c D /%_ES |5 ( . )

while currentsl, throughl; are related by:

Tlo= 1+l + 4 (5.24)

Solving equations (5.19) through (5.24) yields fbieowing differential equation

with respect tov, :

([a,+7b] s +[a+7h] $+[ g+7 ] &+[ a7 b 5 g w0 (5.25)

where:
a,=MyAC,RR( G+ G
a,= M, A (R(C,+ C)+ C,R)
3, =RR(AF(C+ Q)+ G G K+ GK+ A)+ MyA  (5.26)
a, = R(CK,+ GK,+ A+ R Ay
3 = K,
and:
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b, = M, A.G,C,R, R

b= My AG,R, 527
b,=R,RG(A¢" + GK)
b =R,GK,

Equation (5.25) can be adjusted to reflect a stapeitave thermoacoustic tube
without a piezo-diaphragm at the end by settiig= C, = K, =0 and replacing the
inductance due to the mass of the piezo-elemdnt by L, representing the

inductance of the open-ended Helmholtz resonatsr,shown in Figure 5.3.
Substituting the previous adjustments in equat{®6) and (5.27), and dividing by

A, throughout, the new equation governing the systienplifies to:

I:(LRRst(Cst+ CP)+TLRChRs) §+ LRS- F§;| \Eo (528)
y I i, y I Le
.- * s ® o Y YY)
< %
C ReS |12 == I3 4
" __(1_1) | Ds Cq | Cr|
® L ° ® ®

Figure 5.3 Electric circuit equivalent of an operded standing wave thermoacoustic resonator

As mentioned earlier, the gain is a complex value with real and imaginary

parts. Replacing by s/ w in equation (5.12)7 can be expressed as:
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r:aﬂ(l——sj+l (5.29)

Wherea is equal to:

21 1 4

“21+Jo 1,

(5.30)

Substituting (5.29) in (5.25) yields a higher orflaim of the equation governing

the TAP system:

{ aAT_TR}-, +[a4+a£(q b, Q} g{ aratl( b2} } 5

a) a

a

R )

(5.31)

5.5. Transient Response of TAP Harvester

5.5.1. SPICE Modeling

The RLC electric circuits developed in the previous set@oe modeled on a
commercial code in an attempt to obtain the haevissttransient performance
characteristics in both cases, with and without glezo cap. The software used is
LTSPICE a freeware high performanc@PICE simulator software developed by
Linear Technology. To account for the current colied current source (representing
the volumetric velocity source due to the exteimedting) iInLTSPICE a virtual zero

value voltage sourc¥, is connected in series with, . A current sourcd, , is set as
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a multiplier of the current; flowing in V, in the time domainThis is inputted as

follows:

AT 1d
input :UT—ll‘Z)aU )

a

| (5.32)

Note that ais a function of , which is a frequency dependent term. In

addition, equations (5.31) and (5.32) contaim in some of its coefficients.
Consequently, the solution of equation (5.31) ttawbthe system’s criticaAT and
its frequency of oscillationsv is an iterative process, that requires an adeduoiits

guess ofw that needs to eventually mateh outputted in the final solution. Finally,
the impedanceZ¢” in Figure 5.2 is achieved inTSPICE using a parallel
combination of a resistoR ¢ and a capacitan€g, / ¢ . A schematic of th&PICE

model of theTAP s displayed in Figure 5.4.

Vi
oV

Iinput e = =
| R, ®2
— fnofl(Vy) % R, C., Cq - C,/ ®?

. -

Figure 5.4 TSPICEschematic of ZAP energy harvester
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The values of the different circuit components aratained from the
expressions presented in the previous sectiongukinvalues given in Table 3.1 for

prototype 2, which is the experimenia@P harvester discussed in Chapter 4.

5.5.2. Root Locus Technique

Pressure oscillations resulting in the travelingvevaesonator, with and
without the piezo cap, are governed by the diffeaérequation given in equation
(5.31) which can be solved using tB®ICE model developed earlier for different
values of AT / T,. When the temperature difference reaches thearitnreshold for
this resonator, pressure oscillations inside thee tshould be self-sustained and
should not die out. It can thus be deduced thastakility of the system’s response
will depend on values ofAT /T,. A root locus approach can be introduced to
determine the values of the temperature differemigieh will cause the poles of the
system to cross the imaginary axis and hence défi@estability of the oscillations

[51]. This is done by regrouping the terms in epguei5.31) and casting it in the

form,
1+Lw: (5.33)
AT D(9)
where:
N(9=(a+h)S+(a+ B (& § =(a ps (534
and:
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D(s):aK—b—a‘*)jsS{Q—%j §+( p—%) §+( p—gj &+ ( 19’} (5.35)

5.5.3. Performance of open-ended standing wave resonatar [piezo)
Figure 5.5 shows that a temperature ratioAdf/ T, =1.62 will cause the

open-ended system to produce marginally stablespresoscillations at a resonant
frequency of about 16Bz Further increasing in the temperature ratio Yaiice the

system to an unstable state, represented by theusthined acoustic oscillations.
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2 -1000" : 1
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Figure 5.5 Close up on root locus plot for openeshstanding wave resonator

The same phenomenon can be observed in an eleattigit analysis. A
circuit response may grow and blow up, rather tdacay, with time. This type of

response is called anuribounded responseand typically happens in circuits

137



containing dependent sources [52]. In those calsesThevenin equivalent resistance
with respect to the terminals of either an induatora capacitor is negative. This
negative resistance generates a negative timeasansind the resulting currents and
voltages increase in time without limit. In actuaitcuits, the response eventually
reaches a limiting value and goes into a saturattate when a component breaks

down prohibiting further increase in voltage orreumt.

The developed TSPICEcircuits undergo a transient analysis to deterrttiee
onset characteristics of the system. By sweepiteyge domain ofAT / T, values
and monitoring the pressure given by the voltageit is found that the open-ended
resonator (Figure 5.3) will become unstable widdn/ T, exceeds 1.62 giving rise to

self-sustained acoustic oscillations in the resmmathe resonant frequency of the
system is obtained by replacing the current sowittean AC source and performing
a frequency sweep. It is calculated to be aboutH64rhose values are in very close

agreement with those obtained by the root locusyaisa

Another validation of these results is obtained doyving equation (5.28)
using the Laplace inverse method andATLAB code. BotH. TSPICEandMATLAB

require initial values of the pressuve to be inputted. For comparison purposes, the

same arbitrary initial values are used for tHESPICE transient analysis and the

MATLABprogram. The time response qf for different AT / T, values is shown in

Figure 5.6 while the frequency response is disglagd-igure 5.7.
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Figure 5.6 Stable, marginally stable and unstaldsgure pulsationgin the open-ended standing
wave resonator obtained by (dATLABand (b)LTSPICEmodel
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Several performance metrics that are characterisficstanding wave
thermoacoustic engines can be also inferred fraatet circuit analogy modeling.
Typically, standingwave harvesters are called so, because the timgnghbetween
pressure and velocity of the oscillating working gaclose to that of a standing wave
(almost out of phase). To achieve that phasing itiong imperfect thermal contact
between the gas particles and the stack solid arigsdis needed, so that the gas can
be considerably thermally isolated from the adjasetid in parts of its cyclic motion
but still exchange heat in others [50]. This caoditenforces the size of the stack
pores to be in the vicinity of the thermal and wvise penetration depths of the gas,

and is also responsible for the imaginary componerthe term G, in equation

(5.11). This is contrast to what happens in theotlass of thermoacoustic engines

referred to as traveling wave engines. Figure Bdvs a comparison betweep and

|, obtained from the circuit solution that validatle previous phenomenon.

5.5.4. Performance of TAP with piezo-diaphragm

For theTAP harvester with the piezo-cap on, it is found tiegt system will

become unstable wheAT / T, exceeds 1.71 giving rise to self-sustained acousti

oscillations in the resonator, as depicted by Fgb©. The developedTSPICE
circuit in Figure 5.2 undergoes a transient analy® determine the onset

characteristics of the system. By sweeping a latgmain of AT /T, values and
monitoring the pressure given by the voltage it is found that the system becomes

unstable whenAT /T, exceeds 1.71 and the resonant frequency of themnys
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calculated to be about 4%8%. Once again, those values are in very close agnreem

with those obtained by the root locus analysis. Tiilme response of. for different
AT /T, values is shown in Figure 5.10 while the frequeresponse is displayed in
Figure 5.11. In Figure 5.12, time responsey0énd |, are again shown be close to

the behavior of a standing wave.
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Figure 5.9 Close up on (a) positive and (b) negadiections of the imaginary axis in the root loglag
for TAP harvester
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5.6. Comparison with Experimental Prototype

5.6.1. Frequency of oscillations

The experimental prototype of the standing waventio@coustic harvester

discussed in Chapter 4 and shown in Figure 4.2¢ésl inere to validate the proposed

theory. The frequency of the self-sustained odwmiles as well as the onset

temperature gradients are compared against thealreéisults obtained using circuit

analogy and root locus. In additionPaltaEC[34] model of the harvester is used to

further validate the obtained data with regard tieady state performance of the

harvester.
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As explained earlier, an electrical heater elemerihe form of a resistance
wire is used to simulate the heat input at thehaatt exchanger. The heater provides
the input thermal energy necessary to generateséfifesustained thermoacoustic
waves. For the system under consideration, suckittoms are attained when the
heater thermal input power is about 40 W. Theuesgy of oscillations is measured
to be 388Hz, with the piezo-diaphragm on and 187 with an open-ended resonator.
Table 5.1 shows a comparison between the frequehogcillations calculated from
the electric network usin§PICE and numerically usin@eltaEC and that achieved
experimentally, for both cases with and without tpezo-diaphragm. The
experimental values appear to be in reasonableciangnat with the predications in

both cases.

Table 5.1 Comparison between theoretical and exyerial oscillation frequencies

Frequency (Hz)
Open-ended With Piezo-diaphragm
SPICE 165 453
DeltaEC 191 411
Experiment 187 388

5.6.2. Temperature Gradient

A resistance wire powered by a DC power sourceséluo heat the hot side
of the stack and create the temperature differacoess its end. Several experiments
are carried out with different levels of power itgpuo the stack, with the piezo-

diaphragm placed at the end of the resonator. Boh @un, the evolution of the
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temperature difference across the stack is measwiéd time until it reaches a
constant value and then input power is tuned offoustic oscillations inside the
resonator are only sustained when the power inptihé heating element exceeds a
certain threshold. For each of the previous expemis) the temperature gradient

is plotted against time. Results are plotted iruFeégs.13. The horizontal dashed line

at UT,

onset

=14520K/m represents the minimum temperature gradient nedded

achieve self-sustained oscillations in the harvedtean be seen that a power input

of about 40 W (or higher) is required to achievat ttondition.

As calculated earlier, a ratio &T /T, =1.71 is predicted by the root locus
method and the electric circuit analog to onsetasnigble oscillations for a harvester
of the same dimensions. Assuming an ambient teriperaf around 30K and

using the stack length of 33.7#&m this is equivalent taT,

onset

=1520CK/m, which is

represented in Figure 5.13 by the horizontal dotiee. This value for the

temperature gradient is very consistent with theeexnental realizations.
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Figure 5.13 Temperature gradient in the stack ®TthP harvester at different power inputs.
Horizontal lines show the predicted and the aaguadlient required to onset oscillations.

Figure 5.14(a) shows the progression of the(Ti9pt mid-point (T,), and
ambient (T,) temperatures of the stack at heat input of arod@dw, which is

sufficient to maintain acoustic oscillations insidhe resonator. Heat input is turned
off after about 1000 seconds explaining the drothentemperatures. In Figure 5.14
(b), the temperature variation with the resonattargth x as predicted bipeltaECis
shown. Experimentally measured temperatures areerenh with DeltaECs

predictions with some minor discrepancies at theiant end of the stack. Due to the
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lack of a heat sink, the temperature drops to amitbemperature (300 K) about 4 cm
outside the stack, with the right side of the st&clobserved to be maintained at

around 400 K.

— DeltaEC
--A-- Experiment

(R R NY ] T
m
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Figure 5.14 (a) Temperature evolution inside tlhelsbf theTAP harvester at 4W of power input,
and (b) temperature distribution along the resaraitsteady state

5.7.Summary

This chapter has presented an electrical netwoddogy of standing wave
thermoacoustic-piezoelectri€ AP) energy harvesters. The developed network is used
as a tool to provide a comprehensive analysis ®tnsient behavior and the onset
of self-sustained oscillations iITAP resonators as compared to conventional
thermoacoustic resonators with open-ended resaaftbine electrical circuit analog
provides a unifying approach to the multi-field pl@m which combines the

dynamics of the acoustic resonator and stack, wlith characteristics of the
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piezoelectric harvester. With the help oc8BICEcode, the developed electric circuit
is used to analyze the system’s stability with rdge the input heat and hence
predict the necessary temperature ratio requiredestablish the sustainable
oscillations inside the harvester's resonator. Aeraative root locus technique is
presented which is build off of the developed systxjuations and can be used to
predict the required temperature gradients as well.

These approaches provide a very practical apprtatie design oTAP energy
harvesters both in the time and frequency domauthScapabilities do not exist
presently in the well-known design tobleltaEC which is limited to steady-state
analysis.

The obtained values for the onset temperature gnésliare found to be slightly
higher for the piezo-diaphragm equipped harvesgerc@mpared to conventional
open-ended resonators. The predictions of the dpedl analysis tools are validated

against an experimental prototype and are shovae o0 good agreement.
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Chapter 6

6. Piezo-driven Thermoacoustic Refrigerators: Modelamgl
Theoretical Analysis

6.1. Introduction

Contrary to standing wave thermoacoustic harvestetisermoacoustic
refrigerators use a driving acoustic wave as aatiepergy to stimulate a temperature
gradient between the two ends of the stack. Thiseferred to as theréverse

thermoacoustic effécand the thermoacoustic device serves as a reétigeor a heat

pump.

The general concepts governing acoustic wave pedagin resonator cavities
still apply. Hence, slight modifications are apglito the equations governing the
pressure and velocity waveforms in order to take oonsideration the effect of the
different boundary conditions (such as the exisesfca driving speaker at one end of
the tube). Focus is given here to thermoacougidgerators driven by piezo-
speakers, i.e. speakers that rely on piezo-diapisag their operation., as opposed to

conventional electromagnetic speakers.

The methodologies considered in Chapter 2 are imeed as well to model
thermoacoustic refrigerators. Even though the eftdcthe stack on the acoustic

waveforms is negligible, its effect on the radiatambustic power along the tube is
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not, as will be seen later. The amount of acoystiwer at the location of the stack
determines the magnitude of the induced temperagjtadient and thus it is a key
performance parameter. This calls for some moditoa in the equations governing
acoustic pressure and velocity to account for tteeks location, geometry and

porosity.

One goal of this study is to integrate the modelettgped here with dynamic
magnifiers aimed at enhancing the performancermaaner similar to that described
in Chapter 2. Details of the implementation of mégrs in refrigerator systems are

discussed at the end of this chapter.

6.2. Piezoelectric Speakers

Thermoacoustic refrigerators discussed here avemtby piezo-speakers. These
speakers are mainly constituted of a piezo-diaphrdtat exhibits mechanical strain
when a voltage is applied across its electroded rasponds by flexing in proportion
to the applied electrical input. The conversionetdctrical pulses into mechanical
vibrations drive the acoustic pulsations alongréeonator which are needed to create
the temperature difference across the ends of tdek.sWe refer to this type of

systems aPRiezo-driven ThermacousticRefrigerators PDTARS).

The use of piezo-speakers results in a systemighgénerally advantageous to
conventional electromagnetic speakers driven thaomostic refrigerators.

Piezoelectric speakers are more resistant to caslahat would normally destroy
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most drivers and can operate more efficiently ghhrequencies. A more detailed
comparison between the performances of thermoacousfrigerators driven by

different speaker types is discussed by Chinn 263D

The speaker used here is a commercially availaBl4 piezoelectric speaker
from ISL products [44] and shown in Figure 6.1 (B)e speaker consists of a piezo-
diaphragm sitting on a shunting material and saoded between a couple of flexible
screen meshes which are used as electrodes andtingowtructures. A plastic
diaphragm is then mounted on top and glued to dpentesh at the center point as
illustrated in Figure 6.1 (b). When a voltage iplagd across the top and bottom
screens, the piezo-element expands or contragierideng on the voltage direction)
while the shunting layer remains the same causingp@ent to be created between
the two and the whole diaphragm to deflect. Whetited by an AC signal, the disk
deflects back and forth and displaces the adjaagnparticles. This generates the
acoustic power output that drives the acousticllasicins along the resonator. The

dimensions of the speaker are as shown in Figdréc.
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Top View Bottom View Side View
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Figure 6.1 (a) PZ-94 Piezo-speaker from ISL Proglutt) Schematic diagram of speaker’s operation,
and (c) Dimensions of the speaker (units in mm }0.5

6.3. Constant Area PDTAR

6.3.1. Pressure and Velocity Waveforms

Based on the mathematical model suggested by [B8],variation of the

spatial component of oscillating pressuRx) and velocity U(x) for a one-

dimensional plane wave propagation alongxkrection is governed by,
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0%P(X) +K*P(R =0 (6.1)

and,

U () :i—(1— £,)0,P(%) (6.2)
yolrs;

where x and f, are functions of the working gas thermo-physicaperties, thermal
and viscous boundary thicknesses [40]. A constaa#RDTARS resonator, as shown
in Figure 6.2, consists mainly of 3 segments: al qrt of the tube fromx=0 to

X =X, a hot tube fromx = x, to x=L, and a stack in between.

X3=L |
|
X2 |
l -~
Speaker ] I K
Q Acoustic ! \ rn=r,
_________ o_._ _. wave _._.|‘_._. ._.:_._._._._._. .
) | ;
\\ ’,
Stack [
R
2r, UHH
2r

Figure 6.2 Schematic drawing of a constant &BaAR

For this simple model equation (6.1) can be moeeifigally rewritten as,

a§><|:)1,2,:-3(X) + Kf,2,3P1,2,§ ¥=0 (6.3)
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with,

Ky =k 1+ £, + (=D 1] (6.4)
Ky =K {—H (1}:}) i } (6.5)

where,
fo,, =(1-1) Ou (6.6)

_tani (1+i)r, /9, ]

= 6.7
S CEOEN o0

where f, is a function of the working gas thermal boundargkness and,
K,=wlc+ai (6.8)

As defined in Chapter 29, denotes the viscous and thermal boundary

thicknesses (also referred to as penetration dgpjhss the ratio of isobaric to
isochoric specific heats of the working gas,is the gas density; is the adiabatic
sound speed in that gas aadis the wave attenuation (loss) factor. The expoess
with the 1 and 3 indices are for the first and Begments of the resonator. Since the
resonator has a uniform area (ire=r ), thereforef,, =f,, and«x, =«;,. For the
stack, the expressions given with the index 2 areaf stack with the given cross

section in Figure 6.2. For convenience, generalresgioons for arbitrarily shaped

stacks are given by [41].
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The solution of equation (6.3) takes the followfogn,
Plvzyg(x) — Clyzyg( e—iK1,2,3>< + R’Z’Sié(1,2.3x) (69)

and thus,

ic1,2,3(1— f)
oW

Uyo4(X) = (_ikl,z,se_iKl’mx +iK123R . lKl'mX) (6.10)

where the constant§, ,, and R , , are to be obtained from the system’s boundary

conditions.

6.3.2. Boundary Conditions

The boundary conditions for this system of equatiare simply continuity

based such that the pressures are equal at thiage®f the 3 segmeniss.

RO =R, BO¥= KX (6.11)

The volume flow rate at those point. the velocity-area product, should

also satisfy the continuity equation,

SUM=3SU(y) SU J= $Y X (6.12)

where S , ; denotes the cross sectional area of the diffeegmnents.
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Finally, the velocity of the gas particles at thegimning of the tube should
match that supplied by the driving speaker, while tigid end at the other end

implies a zero velocity condition,

U1(0)=%, U,(L)=0 (6.13)

where Q, is the volume flow rate provided by the speakembs$ituting the second

half of equation (6.13) into equation (6.10) gives,

iC3 (1_ st) : —iksL | ikl
T(—Ing +ik, R,e )— 0 (6.14)
which simplifies to,

R, =gt (6.15)

while using the first half of equation (6.13) weljuation (6.10) gives,

ic,(1- 1, )

ey Q,
o (-ix, +ikR,) S (6.16)

which yields,

PwQ
= - (6.17)
S.Lkl(l_ (,1)(1— R)

1

Similarly, by using equations (6.11) through (6,1iBe rest of the constants

can be determined in terms Gf and R;, yielding
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2Cl e—i KiXq

C,= i T (6.18)
e”%(1+j+Fg€%{1—j
A A
2C e_iKZXZ
C,=— 2 . 6.19
3 e—|/(3x2 (1+A) + % é@(z (1_ A) ( )
g (1—1j +R é{(le(1+ 1)
R = g% ? ? (6.20)
éWM@ﬁJ+Fg@%(r-j
A A
R2 — e—2iK2X2 e_iK3X2 (1_ A) + % é(3x2 (1+ A) (621)
e (1+A) + R €% (1-4)
where,
1-f, |k, .S
A - ( V1,3) 1,3%1,3 (622)

(1-1,)&S,

6.3.3. Acoustic Power

The acoustic power propagating along the thermodicotessonator by the

loudspeaker can be written as,

()=

%,2,3
2*Rel R, 5 (x)con( Uy, (x) (6.23)

aCyio3

Equation (6.23) is similar to equation (2.30) usetich is used with
thermoacoustic energy harvesters. Note that equé2i@0) gives the acoustic power

at the end of the resonatax € L) in order to determine the input power to the piezo
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element, while equation (6.23) provides the acoustiergy flux at any point along
the resonator. This is necessary to be able taumaphe acoustic power at the stack
location which is a key factor in constituting tleenperature gradient across the stack

ends.

The radiation of acoustic power along a tube wittaalslocated betweer,

and x, typically takes the shape shown in Figure 6.3 [33].

Stack
Speaker,
_____ N R
——>
o
= i |
O 1 1
L2 : :
o e LR -
'.(7; D_8 1 1 jl
S 1 | !
8 1 1 :
< : : W
: T . 2
1 1
| |
0 Xq X, L
X (m)

Figure 6.3 Propagation of acoustic power insideearhoacoustic refrigerator

The amount of power absorbed or produced by thek $44, is obtained by

evaluating equation (6.23) at the ends of the stacktaking the difference between

them to yield,
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W, = P(%)- B %) (6.24)

As expected, a negative value is obtained Wir for thermoacoustic

refrigerators. In thermodynamic convention, thisates that an energy/work related
guantity has been absorbed instead of being produ€entrary to thermoacoustic

engines, whereby an acoustic energy is producethenstack and is ultimately
harvested at the end of the tube by means of adumer, values obtained fo,

from equation (2.44) are expectedly positive.

6.4.Variable Area PDTAR

The PDTAR built as a prototype for experimental validatioonsists of two
adjacent tubes with two different cross sectiorfse piezo-speaker is hooked to the
first tube, and the thus the first part of the regor has an area equal to that of the
speaker face. However, such a tube size will reqairconsiderably large stack.
Stacks of a smaller cross section have generatiwsho be more effective and have
a better resolution for a one-dimensional tempeeagradient as heat conduction
across the axis perpendicular to the wave propamgas fairly limited. For such
purpose, another tube of a smaller diameter istathto the first tube and represents
the major length of the resonator. The stack isqdaowards the end of the second

tube. A schematic of this design of tARBTARIs shown in Figure 6.4.
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Figure 6.4 Schematic of a variable aRRRTAR

To be able to provide a legitimate comparison wte experimental results to
follow in the next chapter, the mathematical matkscribed in section 6.3 has to be
adjusted to reflect the new design. The new resonaiw consists of 4 segments,
with an area change at the interface between thbex at the end af. Pressure and

velocity waveforms as well as acoustic power ang described as,

R(Y=C e+ R&E (6.25)

and,
U;(x) =I(:j(/1)—;)fvj)(—i/(j e +ik, R é“fX) (6.26)

and,
P.. (¥ :%Re[Pj (x)con( U, (x))] (6.27)

where j =1, 2,3 and « Pressure continuity is still maintained, hence:
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RO)=RB(), B(x=Rx, B H= &3 (6.28)

The volumetric flow rate, given by the velocity-aneroduct, also has to be equal

at x,, X,, andx, giving:

SUM=3SU(Y SU Y= sY ¥ SUx SU) (629

The boundary condition at=0 and x = L remain instated as,

U1(0)=%, U,(L)=0 (6.30)

Equations (6.28), (6.29) and (6.30) provide 8 linequations in 8 unknowns.
These can be solved simultaneously to obtain vataesR throughR,, and C,
throughC,. Once these are obtained, the waveforms of thespre, velocity and

acoustic power can be correspondingly obtained fegmations (6.25) , (6.26) and

(6.27).

6.5. Performance of the PDTAR

Table 6.1 lists some dimensions and geometricalrperers of the resonator and
stack of a piezo-driven thermoacoustic refrigeraldrese values resemble those of

the experimental prototype that is going to be ulised in the subsequent chapter.
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Atmospheric air at a mean temperature ¢k used as the working medium for the

refrigerator.

Table 6.1 Dimensions of a variable aRIATAR

Dimension Value
I 4.6 cm 1.8"
I, l.lcm 04"
Iy ~0.4 mm 94"
X, 5cm 19"
X, 23.2cm 9.1"
X 25.5cm 10.0"
X, =L 30 cm 11.8"

Using these values and the derivations highliglelkdve, aMATLAB script is
used to solve for the acoustic pressure, veloaity acoustic power propagation as

functions of both frequency and location alongriésonator.

6.5.1. Speaker Deflection Characteristics

As highlighted by equation (6.13) and (6.17), tieéumetric deflection of the
speakerQ, is required as a starting point for the mathenahticodel. To provide a
coherent comparison with the experimental prototygethe PDTAR a laser
vibrometer is used to scan the surface of the PAghker (at a constant voltage
input) across a frequency span from 0 to 800 and this data is used to plot the

frequency response df, and is incorporated in thBIATLAB code. Due to the
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speaker’'s complex and multi-structural design, apt® of natural frequencies are
experimentally observed. The peak speaker defleasidound to take place at around

520 and 62%z

-5

x 10
5
——— PZ-94 Speaker Volumetric Deflection
4+ |
w5 3 1
m\
E
o 2t ]
1 L |
ij s 1 I I I I T
0 100 200 300 400 500 600 700 800

Freq (Hz)

Figure 6.5 Deflection Characteristics for the PZFidzo-Speaker

Figure 6.6 shows the variation of the pressuregargl and acoustic power at
any locationx inside thePDTARresonator over the frequency range from 0 to 800
Hz. This way of compiling the frequency and locatidependence of the acoustic
waveforms provides a useful design map for a thaaoostic refrigerator. Such maps
give indications about resonance inside the resomatvity and the first harmonics as
well as an idea about the pressure and powerlisish along the resonator and the

stack effect on both.

The speaker-driven resonator which has a rigidecl@nd atx = L represents

an intermediate stage between a closed-closedanthiean open-closed tube due to
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the speaker’'s deflection. Therefore, as expecteel, first resonance mode of the

refrigerator happens at about 387 (as shown in Figure 6.6) which lies between the
first modes of a closed-closed tube (half-wavelengisonator) and an open-closed
tube (quarter wavelength resonator). These happ&@%Hz (c/2L ) and 289Hz

(c/4L) respectively.

0.2

(m/s)

(Pa)
I

[PEOI
[e]
IS10]

0.3

40 0.2
0.1

Freq(Hz) 800 O X (m)

(@) (b)

Freq (Hz) 800 0 X (m)

(©)

Figure 6.6 Variation of (a) Pressure, (b) veloeity (c) acoustic power with time and frequency for
the givenPDTAR
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6.5.2. Stack Effect

The stack is the most important component in teentloacoustic refrigerator.
The temperature difference across the stack enpiesents the output of the
refrigerator and maximizing it is the main desigralg This temperature gradient is a
function of both the acoustic power absorbed indtaek and the magnitude of the
pressure pulsations at the stack’s location. Ithmobserved in Figure 6.6 (c) that the
acoustic power flow in the resonator drops dralyica the location of the starting

point of the stack. This happens»gt=23.2 cmas listed in Table 6.1.
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= (b)
2
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g
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Figure 6.7 (a) Acoustic power in the vicinity oftktack location at resonant freq. of 387 and (b)
frequency response of acoustic power with and withioe stack
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The power absorbed in the stack, which is diregpportional to the
temperature difference induced, is given by equa{i6.24), as the difference
between the acoustic power across the stack endsreF6.7 (a) shows the
propagation of the acoustic power in the resonlaébore, during and after the stack
at 387Hz. The shaded area denotes the location of the stadkthe corresponding
drop in the acoustic power reflecting the energysconption. The dotted line shows
the results of stackle3DTARof the same dimensions, and shows the effecteof th
stack on the power consumption inside the tubeurEi®.7 (b) shows the frequency

response of the acoustic powerat x, where X, is the stack mid-point location,

while the dotted line represents the case withostaak. It can be again seen that
more power is available for consumption at the masbd frequency range in the

presence of the stack.

6.5.3. Stack Location

In thermoacoustic refrigerators, the general rdléhamb is to position the
stack in a region of maximum acoustic power.ADTARs, stacks are typically
located in either the first or the last third oéthesonator’s length [32], as shown in
Figure 6.8. This represents a region where thespresvelocity product is at its peak.
Most of the literature contains thermoacousticigefators with stacks placed in one

of these 2 locations.

It is worth noting that the direction of the expatttemperature gradient

depends on the chosen location with the hot enthefstack always closer to the
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nearest pressure node. For this study and theimg@al prototype, stack location 2
(Figure 6.8) is chosen. Finally, stack locationsb® avoided are locations of both
pressure and velocity antinodes (zero pressurevalogity points). Acoustic power

diminishes and ideally reaches zero at these pduetsce no temperature difference

will be produced across the stack ends at thesgidos.

i Optimal i i Optimal i
1 Stack ! ! Stack !
' Location 11 ' Location 2!
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__\‘_—_- ::-/__
30 N v .
% 2n \ :_;/ _
S \ /
10 AN / -
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o
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x (m)

Figure 6.8 Optimal stack locations in a typiP&)TAR
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6.5.4. Attenuation Effect

The frequency dependent wavenumber described bgtiequ(6.8) contains
an imaginary part represented by the attenuatioloss factora, similar to that
presented in Chapter 2. For simplicity, has been set to zero in the previous sections
assuming ideal lossless wave propagation alongdabenators. However, in reality
losses do occur in the form of friction with thellsaand possibly leaks and thus a
finite value for @ is considered and is essential for valid comparisoth the

experimental data.
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Figure 6.9 (a) Pressure and (b) velocity wavefoatr87Hz in thePDTARresonator for different
wave attenuation factors
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In the presence of a non-zero loss factor, the madp of pressure and
velocity waves is attenuated as shown by FigureA&s% consequence, the resonance
of the acoustic tube becomes comparable with trekgpénappening due to the
speaker’s deflection characteristics. This is sholearly in Figure 6.10 forr =0.25
and a =0.5. This is more similar to what happens experiméntdlhis will shown

clearly in results in Chapter 7.
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Figure 6.10 Frequency response of (a) Pressurénelocity in thePDTARresonator for different
wave attenuation factors
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6.5.5. DeltaEC Model

As mention earlier in Chapter DeltaEC [34] is a computational code
developed at the Los Alamos National Laboratoryt tie used to model
thermoacoustic systems. The code integrates the wad energy equations in one
spatial dimension using a low-amplitude acoustigragpimation and sinusoidal time

dependence in a user defined geometry that isetbfis consequent segments.

To model thePDTAR we use the DUCT segments to model the acoustic
resonator, a STKSLAB segment for the stack, a HARDRo simulate the rigid
enclosure at the end of the tube and a VEDUCER segto model the PZ-94 piezo-
speaker. To model the piezo-speaker usidgtaEC the matrix coupling the
speaker’s electrical and mechanical characteribtissto be supplied. Details on how
to calculate the electrical and mechanical impeéarior the piezo-speaker and how
to incorporate that in thBeltaECmodel using the VEDUCER segment are explained
thoroughly in Appendix A.5. Figure 6.11 shows hdw DeltaEC schematic for the

PDTARIlooks like.

c
3 DUCT {r 5 a; 7 DUCT BHARDEND —

®
[(0BEGIN}—[1 VEDUCER |—

2DUcCT

Figure 6.11DeltaECschematic diagram for tiRDTAR
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Figure 6.13eltaECs temperature variation along the resonator oRB& AR

DeltaEC is particularly useful in computing design paraangtsuch as the

operating resonance frequency and the expectecetatnpe gradients. ForRDTAR

with dimensions similar to those listed in Tablé,@®eltaEC computes a resonant

frequency of 3959Hz for the acoustic cavity, which is in close agreatm® that

obtained using the mathematical model (3&]. A temperature difference of about

8.5 K is expected across the stack, when an amtaergerature of 294 K is used as
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the working gas initial temperature. This is alsoréasonable agreement with the
experimental values to be shown in Chapter 7. Eigud2 shows the STKSLAB
section representing the stack region in B¥TARand the steady state temperature
distribution in the resonator is shown in Figuré3.It should be noted here that
DeltaEC incorporates temperature variation in the equatiohthe stack segments
only, and assumes constant temperature otherwisghwexplains the pattern of

Figure 6.13.

6.6. PDTAR with a dynamic magnifier

Similar to the concept presented in Chapter BDA&ARcan be equipped with a
simple magnifier system in the form of a couplingrisg and a mass, and
consequently tuned to amplify the initial deflectidriving the acoustic wave at the
beginning of the resonator. Figure 6.14 shows arselic diagram for RDTARwith

a dynamic magnifier.

The initial boundary condition at=0 will remain unchanged as,

Q
U,(0)=—= 6.31
(0) S (6.31)

but with the difference tha, is now the volume velocity of the magnifier masg

which has to be first obtained as transfer functbrihe speaker volume velocity,

now defined axQ,,. Again, for simplicity, we assume that both theaer and the

magnifier mass move back and forth with &@F equal toQ,,/ § for the speaker
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and Q,/ § for the mass. The following equation can then bpiated in a manner

similar to that discussed in Chapter 2,

(iam +'k_cj%_-ﬁQsp =S RO) (6.32)
S w S
where k; is the stiffness of the spring connecting the kpeand the masmy, , and

B (0) is the pressure at the beginning of the resortatw (i.e.x=0). B(0) can be

expressed, using equation (6.25), as,

R(0)=C,(1+ R) (6.33)
X, =L |
X3 R |
% |
X, ’ |
%, Q, :
<> 1

Speaker

Dynamic
Magnifier ~Magnifier Magnifier
Spring Mass

Figure 6.14 Schematic ofRDTARwith a dynamic magnifielMPDTAR
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Substituting equations (6.17) and (6.33) in (6)38Mds,

WKk Qp  pwQ,(14R)
(la,m mJSl iw Kl(l— fvl)(l—Rl) (.39

which can be rearranged to give,

-1
Kn K, Slpw(1+ R)
Q, “To iom +—= - Q (6.35)
lw Kk ( )( R1) P
Equation (6.35) is a frequency dependent trangfection that can be used to
indicate whether the volume flow rate of the magnimass (input) will be higher or
lower than that the of the speaker (input). Magatiion of the speaker deflection will

be expected to result in higher acoustic power womsion across the stack ends and

should yield a higher temperature difference.

Substituting (6.35) in (6.31) gives,

O (6.36)

Equation (6.36) constitutes the new boundary candiat the beginning of the tube,
while,

U,(L)=0 (6.37)
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constitutes the boundary condition at the other. éndally, equations (6.36) and
(6.37) along with (6.28) and (6.29) form 8 lineauations which can be solved

simultaneously forR throughR, and C, throughC,. Afterwards, equations (6.25),

(6.26) and (6.27) can be used to obtain the pressulocity and acoustic power

variations along the resonator and reveal the fregkiencies.

Finally, as with the energy harvesters discussedhapter 2, proper selection of
the magnifier parameters is critical to ens@gis amplified overQ,,. Results of a
PDTAR with a dynamic magnifier with several combinatiosfs m, and k., are

presented in details in Chapter 7, along with campa with experimental findings.

6.7. Summary

This chapter has provided a comprehensive matheahatiodel that can be used
to assess the pressure, velocity and acoustic pfhewerin the resonators of piezo-
driven thermoacoustic refrigeratorBETARs). The model was also appended to

includePDTARs augmented with dynamic magnifiers.

More results for DTAR prototype, with and without a dynamic magnifiere a

presented thoroughly in Chapter 7, along with expental validation.
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Chapter 7

7. Experimental Investigation of Piezo-driven Thermasstie
Refrigerators

7.1. Introduction

This chapter presents a detailed presentation afxgerimental prototype of a
PDTARthat has similar dimensions to the one discusse@hapter 6. Details are
given of the experimental setup and instrumentatisad to measure the different
performance metrics of the refrigerator such asque and temperature difference
across the stack ends. Comparisons are made tlmoudpetween data from the
carried out tests and theoretical predictions cdeppwising the equations discussed

earlier.

Finally, PDTARs augmented with dynamic magnifiers are presentad a
eventually shown to enhance the performance ofdfregerator. Higher pressure is
observed to build up inside the resonator, andrgetatemperature difference is

noticed across the stack ends when the magnifranpeters are suitably chosen.

7.2. PDTAR Experimental Prototype

A prototype of a piezo-driven thermoacoustic redfregor PDTAR similar to the
design displayed in Figure 6.4, and with the dinmers listed in Table 6.1 is

developed.
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Piezo-buzze
(Pressure Sensor)

Stack

Holes for stack
location adjustment

Piezo-Speake

Base

Figure 7.1 Experimental prototype oP®TAR

The PDTAR experimental prototype, shown in Figure 7.1, cstssiof an
acrylic base on which thieZ-94 piezo-speaker is mounted. The resonator condists o
two adjacent tubes, the first has an area thatHasspeaker face, and the second is
small enough to fit the stack. The stack is fasbibout of a spiral 35nm camera
film. A nylon fishing line is glued across the filas shown in Figure 7.2, and the film
is rolled up and glued at the ends to form theksfaarous body. The resonator is
closed at the top with a rigid plug and a PC-bd&¥DC piezo-buzzer, to be used as

a pressure transducer, is mounted on the plugddbminside of the acoustic tube.
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(@)

Nylon Fishing Line

35mm Camera Film

35mm Camera Film

(b)

Nylon Fishing Line

Figure 7.2 (a) View of the stack before it is rdligp, and (b) top cross sectional view of the asdean
stack

7.3.Experimental Setup

ThePZ-94speaker is driven by an amplifier that receivesitiput voltage signal
from a function generator. During operation, thezpibuzzer at the top enclosure is
used to evaluate the pressure at what is expectebdeta pressure node. The

magnitude of the pressurg(L) is proportional to the pressure at the stack cente
point locatiorP(x,), as can be seen in Figure 6.9, and can be useah asitial

indication of the expected temperature gradiendsscthe stack ends.
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Piezo-buzzer
': (Pressure sensor)

Oscilloscope

Thermal IR Camera

Function Generator Computer Unit

Figure 7.3 Experimental setup used to analyzéD&ARperformance

Input ====-=- Output

An infrared thermal camera (model ThermaCAM® SC30im FLIR Systems,
Boston, MA) is used to measure the evolution oftémeperature difference across the
stack ends with time. Because of the thin and parent walls, the camera was able
to gain relatively accurate visual information betactual temperatures inside the
refrigerator. A couple of thermocouples were hoot@dhe top and bottom ends of
the stack in a control experiment to test the temtpees against the camera data, and
the difference between the two never exceed#dK, which can be attributed to
conduction in the resonator walls. A schematic kiag showing the entire

experimental setup is shown in Figure 7.3.
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7.4.Performance of the PDTAR

7.4.1. Pressure P(L)

The pressure sensor placed at the top of the regaaiax = L is first used to
measure the frequency response of the preBgle. The speaker is driven by a
low-voltage signal (about\bpeak) and the function generator is used to sweep t
frequencies in the range from 0 to 788 where the first fundamental modes of the
cavity and the speaker are expected to be seesholild be noted here that this
experiment is similar to the one used to mea&)y®f the speaker, and hent0),

the results of which are shown in Figure 6.5. Takerl experiment was explained

earlier as the results of Figure 6.5 were incluiettie mathematical model explained

in Chapter 6.
16+ PDTAR (Model) Speaker Modes
141} ===~ PDTAR (Experiment) £
12+ Acoustic Cavity i
Resonance
éi 10
S 8
o 61
4+
2 L
O \I, | | |
0 100 200 300 400 500 600 700
Freq (Hz)

Figure 7.4 Comparison between theoretical and éxgetal data of the pressure at the end of the
resonatoiP(L) for the givenPDTARprototype
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Figure 7.4 shows a comparison between the datanebtdrom the pressure

sensor and the theoretical predictionsR§L) obtained using the model described in

Chapter 6 using an attenuation factor 0.5. The sine sweep shows a peak at about
387 Hz representing the first mode of the acoustic cavityis, as explained before,
lies between the first modes of a closed-closeé {hialf-wavelength resonator) and
an open-closed tube (quarter wavelength resonatuich are theoretically predicted
to be at 57Hz and 289Hz respectively. Two other peaks are observed attai®u
and 625Hz which are a result of the speaker’s charactesigiown earlier in Figure

6.5. The resonance from the acoustic cavity resulgsnode pressurB(L) of about

11 Pa, while the 2 other peaks result in 14 and 1Bzbrespectively. A very close
agreement is noticed here between the experiméatalfrom the pressure transducer

and the mathematical model described in Chapter 6.
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7.4.2. Temperature DifferenceAT)

Next, the temperature difference across the stadk s measured at the peak
pressure frequency using the thermal camera. Tiigamtor is now driven using a
peak voltage input of about 30 from the signal amplifier, and a power input of
about 6Watts The development of the temperature differencé whe is shown in
Figure 7.5 for 7 minutes of thBDTAR operation, after which the temperature
difference almost reaches a steady value. A thiekepof adhesive tape with the
same length as the stack is attached to resonatioe atack location, as shown in the
first image of Figure 7.5 at the beginning of thep@&iment to help locate the
locations of the cold end and the hot end on tleental camera software interface.
For the giverPDTARprototype, the starting ambient temperature iuaB4a°C, the
cold end eventually cools down to slightly lessti&’C, and the hot end heats up to

about 28C, giving a difference of about 7 degrees.

7.5.PDTAR with a dynamic magnifier

7.5.1. Experimental Prototype

The PZ-94 speaker used in thEDTAR experiment has a curved plastic-
diaphragm that makes connecting the magnifier gpignits surface futile. So in an
attempt to experimentally investigate a piezo-dritleermoacoustic refrigerator with
a dynamic magnifier, the plastic-diaphragm is talah the speaker so that a
mechanical spring can be attached to the flat scmeesh as displayed in Figure 7.6.

However when tested, with the same input voltagenabBigure 7.4, the speaker
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without the plastic-diaphragm results in a muchdopwressureP(L) across almost

the entire frequency domain. A dynamic magnifienreected to this configuration of

the speaker would not be in a fair comparison WigPDTAR

Plastic Diaphragm

Top Flexible Screen Mesh

_—
N \

Shunting material

7]

Ji

\

Bottom Flexible Screen Mesh

Piezoelectric Material

Figure 7.6 PZ-94 Piezo-speaker with and withoutpilastic-diaphragm

In order to provide a flat surface to attach thegniféer spring to, a circular
aluminum plate (0.008” thick) is placed on top & tPZ-94 speaker’'s plastic
diaphragm. A different assortment of springs camnthe glued to the aluminum plate
and to the magnifier mass from the other end taftire magnifier system. Figure 7.7
through Figure 7.9 show the responsePgt) to the different speaker configurations
discussed. It can be noticed from Figure 7.8 thldirey the aluminum plate reduces
the speaker peak frequency slightly due to the dhdass but does not significantly

change the pressure response. Adding the glue dentipe peak from 1Rato about
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11 Pa, as shown in Figure 7.9, but is, nonethelessirtbst convenient mechanism to
connect the dynamic magnifier. Finally, the propstyof thePDTAR equipped with

the magnifier can be seen in Figure 7.10.

15 |
— P7-94 Speaker ”
----- Speaker without plastic diaphragm
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Figure 7.7 End pressurL) for aPDTARwith a PZ-94 speaker andP®TARwith the speaker
without the plastic diaphragm
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Figure 7.8 End pressuRL) for aPDTARwith a PZ-94 speaker andP®TARwith a PZ-94 speaker
with an aluminum plate on top
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m— PZ7-94 Speaker
----- PZ-94 Speaker + Al diaphragm + Glue
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Figure 7.9 End pressuRL) for aPDTARwith a PZ-94 speaker andP®TARwith a PZ-94 speaker
with an aluminum plate on top with glue in the egrb attach the magnifier spring to it
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Figure 7.10 Experimental prototype oP®TARwith a dynamic magnifier

7.5.2. Performance of the PDTAR with a dynamic magnifier

As with the thermoacoustic-piezoelectric harvesseneral combinations of
k. and m, are attempted. The pressure at the end of thedobehe temperature
difference across the stack ends are measuredimepeally for each combination.
The magnifier mass is in the form of another alumincircular plate (0.008” thick)
placed on a plastic ring that has the same dianoétdre speaker face. In this form
m,, is about 8 grams. Additional mass can be attathete back of the aluminum
plate in the form of small steel nuts placed in satrical location as shown
previously in Figure 4.28. Figure 7.1 summarizensof the experiments carried out

with aPDTARwith a dynamic magnifier.
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Table 7.1 Experiments done witiP®TARwith a dynamic magnifier

Magnifier # ke (Ib/in) My (gramsg P(L)magnifier / P(L)rDTAR
1 474 8 1.58
2 25 8 0.68
3 25 12 0.85
4 474 12 1.21
5 474 16 1.15
6 901 12 0.75
7 200 8 0.67
8 901 8 0.063

The dynamic magnifiers highlighted in gray in Talld are the ones with
pressure magnification and an improved temperatifference across the stack over
the conventionaPDTAR Magnifier #1 uses a spring of a 4ibin stiffness and no
added mass on the aluminum plate representing #umifier mass. It is observed to
have the highest pressure magnification ratio. Asexample for an effective
magnifier and a non-effective one, Figure 7.11 Rigilire 7.12 show the variation of

P(L) for magnifiers #1 and #2 respectively, and howytlmmpare to the

conventionaPDTAR
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Figure 7.11 End pressuR{L) for the conventiond?DTARand aPDTARwith Magnifier #1
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Figure 7.12 End pressuR{L) for the conventiond?DTARand aPDTARwith Magnifier #1

190



Figure 7.13 shows the steady state temperaturerelifte across the stack for
the PDTAR prototype with magnifier #1, while Figure 7.14 slsothe temperature
evolution with time in comparison with the convemal PDTAR The final difference
between the hot and cold ends reached iK Which is about 1.4 times that reached
by the conventionalPDTAR prototype. This amounts to almost the same
magnification ratio indicated by the end presswatad~ 1.58), which was mentioned
earlier to be an indication of expected temperatiifierence. Finally, Figure 7.15
shows the improvements in the temperature diffe¥estarting from aPDTAR
without a stack (negligible thermoacoustic effett),a conventionaPDTAR to a

PDTARwith an effective dynamic magnifier.

72 Analysis ]'-Eﬂ Pnsition] L Obj. Par] [} Image]
Label Walue [°C] Iin Max Max - Min
Image 18.1 Z8.6 0.5
Hok 28.4

Cald 187

19.0°C

Figure 7.13 Steady-state temperature differend@DIfARwith Magnifier#1 AT is about 10 K)
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Figure 7.14 Temperature development of hot and stalck ends for theDTARand aPDTARwith
Magnifier #1
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Figure 7.15 Steady state temperature differeneeRIDTRAR with (a) no stack (0 K), (b) Magnifier#2
(4 K), (c) no magnifier (7 K) and (d) Magnifier #10 K)
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7.5.3. Comparison with the mathematical model
A mathematical model is developed for tIRDTAR with the dynamic
magnifier using the procedure highlighted in setto6, and is used to compare with

the experimental data obtained from the first ¢d&agnifier #1) in Table 7.1. Shown

in Figure 7.16 is a comparison between the voluglecities at the beginning of the
resonator k=0) for the conventiondPDTAR(i.e. volume flow rate of speaker) and
for aPDTARwith Magnifier #1 (i.e. volume flow rate of magieif mass) as predicted
by the model. The plot shows about 3 times amgliion of the volume velocity as a

result of using the dynamic magnifier. Also notabtethe added frequency peak in

the plot due to the added magnifier system.
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Figure 7.16 Volume velocity at the beginning of teeonatorX = 0) for thePDTARand aPDTAR
with Magnifier #1 as computed by the mathematicatie
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Figure 7.17 End pressuRgL) for the conventiond?DTARand aPDTARwith Magnifier #1 as
computed by the mathematical model
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Figure 7.18 Comparison between experimental anor¢tieal data for the end pressig.) for the
conventionaPDTARand aPDTARwith Magnifier #1
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Figure 7.17 shows the model prediction for the pnessureP(L) for the
prototype with and without the magnifier. This figus in coherent agreement with
Figure 7.11 which represents the experimental oeraif the same data. Finally,
Figure 7.18 shows a comparison between theory apérienental results for the
PDTAR with the magnifier. As expected, the plot showsgfrency peaks at the
resonator’s first and second modes, at the speakeodes and at the magnifier's

added mode.

7.6. Possible improvements to the PDTAR experimentalipet

This section discusses some modifications thatbeaapplied to the experimental
prototype that should potentially improve its pemi@ance with and without the

dynamic magnifier in the future.

7.6.1. Resonator matching

One modification to improve the refrigerator's merhance would be to
ensure perfect matching between the resonancekeohdoustic resonator in the
PDTAR with and without a magnifier, and one of the $@ea natural modes. This
can be done by slightly varying the resonator'gtenThis tuning has been shown to

enhance the outcome of thermoacoustic deviceliuagated earlier in Chapter 4.

7.6.2. Air tight Resonators

In order to make thBEDTARexperimental prototype as flexible as possible for
several experiments that can examine and investidjferent operating parameters,

one of the design objectives was to not make tbéoppe sealed in one permanent
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setting. For example, in the conjunction between gheaker and the resonator, the
speaker is mounted on the acrylic base, as showiygime 7.1 using four bolts. This

way, the speaker could be taken off and replacdregaently as possible. This was a
key design factor to enable the use of differemtagprs and magnifier settings to be
able to carry out the different experiments presgém this chapter. On another note,
several holes were drilled in the resonator tulte@ngged with screws to enable the
movement of the stack from one location to the wothd-inally, the plug that

represents the rigid enclosure at the top of teerrator was not sealed permanently

to facilitate opening and closing the tube in orgedisplace or replace the stack.

All these considerations mentioned above, althoaghble easy and time
effective experimentation, but represent multipteirses of pressure leak in the
resonator. This contributes in the pressure lo#ssslead the pressure waveform to
lose a portion of its magnitude before radiatinghte end of the tube as shown in
Figure 6.10. Pressure build up that happens inaieair tight resonator is very
important to induce a higher temperature differerités worth noting here that a
PDTAR prototype of similar dimensions was made for thee spurpose of
temperature tests with one stack location and @ealser. The resonator was hole
free, was sealed properly and a rigid aluminumwap fitted at the end of the tube
and silicon paste was applied around it. Usingstiime speaker with the same input
power, a temperature difference of aboutKl8vas obtained across the stack ends.
The prototype however was not available for reugé different configurations or

enhancements such as a dynamic magnifier. Therefovas the aim of this study to

197



compare the performance ofPDTARwith a magnifier relative a conventional one
using the same prototype. The results shown shioellgrojected and applicable to

anyPDTAR

7.7.Summary

This chapter illustrated the experiments carriedt owith piezo-driven
thermoacoustic-piezoelectric refrigerators, withd awithout dynamic magnifiers.
Experimental results included measurements ofélenator end pressure as well as
temperature difference across the stack. Compaibane been made between the

theoretical predictions and the experimental data.

Furthermore, an experiment to show the potentiaxgerimentaPDTARs with
dynamic magnifiers has also been presented shoagagn the superiority of the
magnified devices in terms of the developed tentpezadifference, and hence the
device’s cooling effect. Equations developed in @ba6 have been employed to

verify these results and close agreement was oiskerv
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Chapter 8

8. Conclusions and Future Work

This chapter summarizes the conclusions arriveduging the course of the
study. Presented also here are some ideas thbegaursued as a natural extension of
the current dissertation. Finally, some concludiggnarks outlining the major
contributions of this work to the general body bé tstate-of-the-art of the field of

thermoacoustics.

8.1.Conclusions

This dissertation has presented comprehensive dtiealr and experimental
investigations of thermoacoustic engines integratgl piezoelectric membranes to
create a new class of energy harvesters. This a&skarvesters converts the
thermoacoustic energy directly into electrical powsutput. The feasibility of
coupling the thermoacoustic-piezoelectricAP) harvester with dynamic magnifier
system as a means for improving the electric poagiput and the conversion
efficiency is demonstrated theoretically and expentally. Novel approaches based
on the analysis of the electrical analogies of thaamically magnifiedTAP
(DMTAP) and application of the root locus analysis areettgped and presented in
order to gain better understanding of the dynamigstransient behavior of this class
of multi-field harvesters. With these approachebdas been possible to compute and
accurately predict critical temperature gradiehts tonset the acoustic waves in the
harvesters. Such approaches open new dimensiorieet@analysis, design, and

optimization ofDMTAP which are currently unavailable in the literature.
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The dissertation has presented also a novel claggero-driven thermoacoustic
refrigerators PDTARs) which rely in their operation on the inversertheacoustic
effect. With high amplitude pressure oscillatiométoduced by controlled vibrations
of a piezoelectric diaphragm in a working mediuntemperature gradient is created
across the ends of a porous body located in ansticoesonator. The concept of
PDTARs with dynamic magnifiers is introduced and itssfbdity is demonstrated
theoretically and experimentally. It is shown thghamically magnifie®®DTARs are
capable of generating higher cooling effect thaairpPDTARs. This enhanced
performance will definitely contribute to a highewefficient of performanceCOP)

of the thermoacoustic refrigerator.

8.2. Future Work

8.2.1. Miniature Thermoacoustic-Piezoelectric Harvesters

Small size thermoacoustic-piezoelectric harvestewrs be very effective in
scavenging energy for small, wireless autonomouscds and sensor networks,
wherever a source of heating is feasible and easitgessible. The low amount of
power provided bylrAP harvesters is ideal to drive these low-energyesystand
electronics. Harvested energy can be stored incttaps or batteries and to be used
when needed by the application. Some efforts haes lin place to build miniature
thermoacoustic engines as shown in Figure 8.1,nbue have been reported of a

small-scalel AP harvester device.
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Figure 8.1 Open-ended small-scale experimentaitbacoustic engine without an energy harvesting
element [54]

8.2.2. Solar and Waste-heat Driven Thermoacoustic-Piezotie Energy

Harvesting

TAP energy harvesters can appealingly be driven bysanyce of heat. One
of the possible extensions of this work would béntmrporate the current design of
TAP and DMTAP harvesters in combustion-based systems and cywleseas the
waste heat from the combustion processes wouldséé 10 generate the temperature
gradient required across the stack to onset thesticooscillations and drive theAP
harvester. Another extension possibility is to @ss¢ar concentrators in areas of
adequate solar power intensity to onset acoustitlattons in the resonators. Some
efforts have been reported in operating thermodtoresonators with these different
heating sources as shown, for example, in FiguBe Bpplying these ideas to
thermoacoustic-piezoelectric harvesters with anthauit dynamic magnifiers can be

very effective.
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concentrated
sunlight in

(@ (b)

Figure 8.2 (a) A solar-driven standing wave theromastic engine courtesy of Penn State University
[55] and (b) a schematic of a solar-powered tragelvave thermoacoustic engine courtesy of the
Chinese Academy of Science [56]

8.2.3. Effect of Varying Area Resonators

For theTAP prototype illustrated in this study (Figure 4.@)Helmholtz-like
resonator of a greater cross sectional area tharutie carrying the stack and the
heating element was used. This is a common practd standing wave
thermoacoustic harvesters aimed at amplifying tbevgs flow from the system.
Literature suggests that resonator geometry opéitimz is a key factor in deciding
the shape and magnitude of the pressure wavefoxamples of that include a
detailed study to model standing waves in acousdigties with arbitrary complex
geometries, where higher pressure ratios have bemorted, for example, by El-
Sabbagh [57] at certain variations of the resormtarea as shown in Figure (8.3).

Another example is a study wheranharmoni€ thermoacoustic-resonators with
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varying area are used to improve the resonanceaditgfactor and magnify the

fundamental mode [58].

Modifying the system of equations developed to tak® effect a cross
sectional area that varies in the wave propagatiction should be attempted. After
initiating the new equations as a function of amgneral area variation pattern,

attempts to optimize the resonator geometry shbeltkasible.

Closed Fixed Oscillating  Spring  Piezoelectric
end resonator diaphragm\ \ bimorph

@)

(b)

Figure 8.3 (a) A Schematic of a diaphragm drivesonator excited by a piezoelectric bimorph and (b)
a photo of the experimental prototype of the resmma a study of gas-filled axisymmetric acoustic
area-varying resonators by El-Sabbagh [57]

8.3. Original Contributions

This dissertation is aimed at providing a comprshen theoretical and
experimental analysis of thermoacoustic devicesgiatted with piezoelectricity and

dynamic magnification for the purpose of energyvkeating and refrigeration. The
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theoretical analysis and modeling as well as theesamental demonstrations
presented here are considered as original conwitsito the state-of-the-art of the
thermoacoustic field. No thermoacoustic engine efrigerator with dynamic

magnification capabilities has been reported inliteeature.

In this regard, this study introduces a new apgrotowards optimizing the
performance of thermoacoustic-piezoelectric deviddsge novelty of the proposed
idea relies on the fact that it is independenthef éfforts being spent in attempts to
optimize the stack parameters (such as spacingsipwrand location) or the heat
transfer efficiency (such boundary thickness, ggpet and thermo-physical
properties). This approach takes a step outsidebtixeof current thermoacoustic
research focus and makes use of techniques adels®ahere in the field of energy
harvesting of coupled structures, in this case mantiee concept of dynamic

magnification.

Dynamically-magnified thermoacoustic-piezoelectrazvesters have been shown
to significantly improve the electrical energy puation of the harvester when tuned
optimally. On the other hand, dynamic magnificatarpiezo-driven thermoacoustic
refrigerators was shown to enhance the cooling lultyaof the refrigerator by

generating a larger temperature difference actesstack ends.

Furthermore, the analyses of electrical analoghefmoacoustic systems using

SPICE and root locus techniques are also among the naptributions of this
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dissertation. With these tools, it is possible tedict the transient behavior and the
onset of self-sustained oscillations of thermoatious/stems. Such capabilities are
currently unavailable in the most widely used cddeltaEC of LANL which is

limited only to steady state analysis and desigiimefmoacoustic systems.

Last but not least, ways to optimize the develoggstems are numerous and are

only limited by our imagination.
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Appendices

Appendix A: Numerical Modeling of Thermoacoustic-
Piezoelectric Systems usiigltaEC

A.1. Introduction

This appendix presents an overview of numerical etind of different
thermoacoustic devices. One of the familiar uéiitused in thermoacoustic modeling
is the DeltaEC software. DeltaEC stands for “Design Environment for Low-
amplitude Thermoacoustic Energy Conversion”. THensoe is used to simulate and
optimize the design of thermoacoustic engines afdgerators by solving the one-
dimensional wave equation in gas or liquid, basadth®e low amplitude acoustic
approximation in user defined geometries [34]. AngerKutta based numerical
integration of the momentum, continuity and eneegyations of the fluid flow is
carried out in one dimension across sections deto as segments. The model is
made up of several segments placed adjacent to aaeln and the integration is
carried out across the built network of segmentsesé segments include the
resonator geometry, the appropriate stack matenal geometry, the cold (or
ambient) and hot heat exchangers, the boundaryitcmmsl and many other specific

design parameters.
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A.2. DeltaEC

The DeltaEC solver assumes a sinusoidal time dependence thealbscillating
variables. Based on this assumption, the tempa@wlqd the governing equations is
transformed from differential equations in timedalgebraic equations of time. The
remaining part of the governing differential eqoas now becomes function of space

only making the solution processing faster and naictipler.

2[E 0O BEGIHN

3 1.0000E4+05 & Mean P FPa

4 | Gues 385.05 b Freq H=

B §00.00 o TBeg K

=3 500.00 4 |pl| Pa

7 0.0000 e Phip) deg
g 0.o0oo0 £ |1 w3/ s
9 0.0000 g Phil) deg
10 | Optional Parameters

M air Gas type

Figure A.1.0.1 Screenshot BeltaECinterface of the beginning segment of &P model

The model starts with the BEGIN segment which pssse information on the
type of working gas or gas mixture used, the fregyeof operation, the mean
pressure and temperature and the driving pressureelocity amplitude if any
(depending on whether the modeled system is ameragi a refrigerator) as outlined
in Figure A.1.0.1. The segments following the BEG#s€ction usually include
segments for the resonator tube (DUCT), the st&dKJ and both heat exchangers
(HX) as indicated in Figure A.1.0.2. For thermoastaripiezoelectric models, a
piezo-element is placed at the end of the modaltasnsducer segment (DUCER). In

the case of refrigerators, a speaker (SPEAKER)aisepl at the beginning which can
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be piezo or electromagnetic. The other end is ddfiny the boundary condition as
either a rigid end (HARDEND) with infinite acoustimpedance or an open end with
zero acoustic impedance (SOFTEND). TheltaEC model for a typical AP system

is displayed in Figure A.1.0.3.

26 [ 3 HZ Change Me

27 Same la 2.9565E-04 a Area m* 2 4893.55 4 |p| FPa
28 0.7500 b Gasiflh 15.516 B Phip) deg
29 7.5000E-03 © Length m 1.5133E-04 C |1 M3/
30 6.8250E-05 d v0O m -52.793 D Phi(lm) deg
3 | Gues 0.51343 e HeatIn W 0.5134% E Htot i)

32 | Master-Slave Links -1.207YE-D02Z F Edot m

33 | Possible targets S00.00 G GasT E

34 ideal Solid type S00.32 H 30lidT K

35 B 4 STECIRC Change HMe

36 SJame la Z2.9865E-04 a Area mw" 2 435.52 4 |p| Pa
37 0.7500 b Gasifi 22.225 B Phip) deg
38 3.3750E-02 © Length m 1.5678E-04 C |1 w3 s
39 3.8225E-04 d radius m -66.513 I Phi{lm) deg
40 2.2750E-05 & Lplate m 0.51343 E Htot i)

41 | Master-3lave Links 5.9559E-04 F Edot i)

42 S00.00 G TEBeg E
O 295.20 H TEnd E

Figure A.1.0.2 Screenshot BeltaECinterface of the stack and hot heat exchangerf@&Rmodel

The system runs by choosing some parameters unddy @S guesses
(GUESS) to solve for and setting values for othasstargets to try to reach
(TARGET). The number of guesses and targets musthpand the program solves
for the complex pressure, velocity, temperaturepatic heat flux and acoustic power
at the end of each segment. In the transducer sggntbe program also solves for

the potential difference or the current acrosspibeo load.

State plots of any variable at the end of any segroan be obtained, which
are referred to as state plots. Finally, it's gissgsible to study the effect of changing

one variable in any segment on another one usmgtitemental plots feature.
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Figure A.1.0.3 Schematic of the develofgeltaECmodel for aTAP

A.3. Piezo-elements in DeltaEC

In thermoacoustic-piezoelectric harvesters, itsseatial that the piezo-element at
the end of the resonator tube is incorporated ctyren the DeltaEC model. This is
done using the transducer segment available iDt#@&EC library. In this segment,
the pressure difference across the elenZ&éft and the voltagé/ are related to the
volume velocityQ of the interfacing working gas and the electricrent | by this

relation,
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(220 12 a1
V(ic) I (iw)

where T, (iw) is a 2x2 matrix that couples the acoustic andtetet domains of the

piezo-element and is required BeltaEC as an input when using the transducer

segment. This matrix is built up from 4 constitugahsfer functions as follow,

Tope(ic) T,pe(iw)

TDE (Ia)) ) TZl,DE (Ia)) T22,DE(ia))

(A.1.2)
These transfer functions represent the mechanitdl a@oustic impedances as
well as the coupling electro-acoustical functions tbe piezo-element. These
impedances depend on the type and geometry ofi¢ze-element used. ForTaAP
that has a piezoelectric diaphragm anchored aetite the oscillation of the piezo-
element in its first mode should resemble the patshown in Figure 2.2 (a). The
experimental setup for tHRAP (discussed in details in Chapter 4) includd¥Zd-5A
piezoelectric diaphragm at the end of the resondtoithe subsequent section, a
guided procedure will be presented to help obtan4 transfer functions required as

inputs forDeltaECfor this piezo diaphragm.

A.4. Transfer Functions for the Piezo-diaphragmoGpling Matrix

(a) Finite Element Model
The piezo-element under study is a Lead-Zircondi@midte PZT-5A
diaphragm that has a 63.5 mm diameter and is 1@ltinck as shown in Figure
A.1.0.4. Measured experimentally, the piezo diaghraesonates at a first natural

frequency of about 308z The diaphragm is tuned, by supporting it on amahum
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substrate (0.1 mm thick and 71 mm diameter) andngda weight of 2.81 g at its
center, to have a modified first natural frequeatwaround 38&iz to be in resonance
with the acoustic cavity. Figure A.1.0.5 shows hespatic drawing of th&®ZT-5A

Piezo diaphragm supported on the aluminum backing.

/ \ PART NUMBER DIAMETER CAPACITANCE
/ ___________ \ inches  mm nF (£10%)
1 i g 1
/ LRI 1 TIOZ-A4E073 | 125 32 65
/ \ T107-A4E-173 250 6.4 2.7
".‘ T107-A4E-273 .500 127 10.6
' | TI07-A4E373 | 125 318 | ___ g6.4
\ | i TI07-A4E-573 | 250 635 | _____ 265 |
\ T107-A4E-373 /
/
//TIU.’ AAE 273
// T107-A4E-173
1107-A4E-073
Top View {Scale: x1)
0075" (.191)

Figure A.1.0.4PZT-5APiezo diaphragm (63 mm, .191 mm thick) from Pi8ystems, Inc.

Aluminum Backing % i E
Added weight [l

Figure A.1.0.5 Schematic of tlRRZT-5APiezo diaphragm supported on aluminum backing

A finite element model (FEM) of this disk pre anftlea tuning is performed
on ANSYSJFigure A.1.0.6) and the natural frequencies olgtdicoherently match the

experimental values as shown in Figure A.1.0.7Rigdre A.1.0.8 respectively.
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Aluminum Substrate PZT-5A Diaphragm

Added Weight

Figure A.1.0.6ANSYS-inite element model of the piezo diaphragm turiogfiguration

NODAL SOLUTION

STEP=1
SUB =1 .

FREQ=313.79
/EXPANDED MN
I

0 .2%0E-08 .578E-08 -8G9E-08 .11eE-07
-145E-08 -434E-08 . 7Z4E-08 -101E-07

Figure A.1.0.7ANSYS-EM model: First mode of Piezo diaphragm beforerng — 313.8Hz

The model for the diaphragm before adding the atwmi backing and the
center weights contains 167 elements while thdudieg them has 1208 elements.
Both analyses were done using the PLANE223 axi-sgtrimpiezoelectric element
available in theANSYSlibrary. The piezoelectric strain coefficients,ngaiance
coefficients and the relative permittivity at caarst stress used in the model are
obtained from IEEE standard on piezoelectricity &sigd in theANSY Sverification

manuals.
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AN

NODAL SOLUTION

SEP 22 2011
STEP=1 18:15:13
SUB =1
FRE(Q=390.421
/EXPANDED ot
——

0 -517E-08 -103E-07 -155E-07 .207E-07
.258E-08 L775E-08 .128E-07 .181E-07

Figure A.1.0.8ANSYS-EM model: First mode of Piezo diaphragm afteingr{supported on
aluminum backing with added center weight) — 3%9z4

(b) Eigensystem Realization Algorithm (ERA)

The Eigensystem Realization Algorithm (ERA) is algoathm used to
identify the parameters of structures subjectea tanit pulse or any general type
input excitation. A brief emphasis here is placed tbe identification of system

characteristics from the system’s time domain raspdo an impulse excitation [42].

For a feed through free oscillating structure/aituaystem, the state matrix

A , the input matrixB, and the output matrixC, can be used to describe the system

in the continuous-time domain. While the eigenvalaed Markov parameters are

unique to a system, these 3 matrices are not. &nait of matricesy,, B, and C,

can describe the same system possessing the sanaetehistics in the discrete-time

domain [43]. The Hankel matriki _, (0) of a system is defined as,

H.,(0)=0C (A.1.3)
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whereO andC are the observability and controllability matriag#sthe system. This
Hankel matrixH_,(0) can be factored out using singular value decontipassuch
that,

H,,(0)=RAS (A.1.4)

where R and S are orthonormal unitary matriceS! represents the transpose of the

matrix S while A takes the form,

(v [

AN=| - RS (A.1.5)
[0 : [q
with A, being a diagonal matrix containing thesingular values oH_, (0).
The B, and C,; matrices of the identified system can be obtaineah,
B, =AY’S E, (A.1.6)
and,
C, = ERAY (A.1.7)
where E,, is given by,
E.=[l,,0 O 0 .. 0f (A.1.8)
and,
E.=[I,c,O0 O 0 .. 0] (A.1.9)
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with m and s being the number of actuators and sensors respk;ctiSnT and R,
being the firstn rows andn columns ofS™ and R respectively. As for theA,
matrix, it can be extracted from the Hankel matdy (1) which is given by,

H..(1)=0AC (A.1.10)

and A, is equal to,

A= APRIHL(D) RAL? (A.1.11)

n

Finally, the matrices of the identified system daa used to obtain the system’s

corresponding transfer function.

The Hankel matricedd,_, (0) and H,, (1) can be formed from the system’s impulse

response to start off this procedure. Figure Adlshows a flow chart summarizing

the above procedure.
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Impulse Input

4

Obtain system time
response

4

Form Hankel matrices
H_,(0) andH , (L

4

Factorize Hankel matrices using
singular value decomposition

4

Extract identified system matrices
A, Byand C;

Figure A.1.0.9 Flow chart of the ERA procedure

(c) Identification of the Piezo-diaphragm transfer furions
The procedure adopted here is aimed at obtaingapd approximation of the

transfer function matrix,. (iw) required byDeltaECto be able to model the piezo-

element in thelTAP and hence fully model the system. This procedsrbaised on
solving the inverse problem which relies on using tesponse of a system to a user
specified input to extract the system charactesstifhe developed mathematical
model used here is referred to as the Element Rd¢min Algorithm (ERA). Using
ANSYSthe time response of the piezo diaphragm to allaied impulse input is
obtained. The ERA is then used to identify the esystharacteristics and thus the

required transfer functions.
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Obtained Response
(ANSYS)

I | System Characteristics
mpulse +
o ERA |=

Transfer Functions

Figure A.1.0.10 Using ERA to solve the Inverse Feob

Consider the following relationship used to deserdwupling between the

acoustic and electrical domains of the element tysed to model the piezo

diaphragm,
q(ic) Ty(ic) Ty(id) | |V (iw)
where u_,..(iw) and g(iw) are the diaphragm center point deflection and gehar

respectively.

Using the FEM to simulate an impulse voltage inptiile keeping a zero
pressure input, as indicated in Figure A.1.0.11t(e response obtained should be of

a system that is described by,

Ugenier(i6) = T, (I)V (i) (A.1.13)
and,

q(ic) = T, (i) (i) (A.1.14)
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Using the obtained time responses, . (t) and q(t) to the impulse voltage
input from the FEM, the systems governed by thesfier functionsT,(iw) and
T,,(iw) can be identified. If identified correctly, theateed system should have the

same time response as that obtained from the FEM.

V = Unit Impulse

___________ ______h/_i{zlpp:o

Aluminum Backing % i E
Added Weight -

V =0

i
!
| / { AP, = Unit Impulse
|
___________ K
i
|

Aluminum Backing % i E
Added Weight -

(b)

Figure A.1.0.11 Unit impulse inputs applied to giezo diaphragm in the FEM to obtain the transfer
functions (aJf,(iw) , T,(iw) and (b)T,(iw) , T, (iw)
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Similarly, simulating an impulse pressure input hmaintaining zero
voltage, as indicated in Figure A.1.0.11 (b), tlkeponse obtained should be of a

system that is described by,

Ueenter(i0W) = T, (IW)AP (i) (A.1.15)
and,

A(ie) =T, (W) AP, (i) (A.1.16)

Using the obtained time responses,.(t) and g(t) to the impulse pressure
input, the systems governed by the transfer funsti§,(iw) and T,,(iw) can be

identified. If identified correctly, the realized/siem should have the same time
response as that obtained from the FEM as can de fsem Figure A.1.0.12 and

Figure A.1.0.13.
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Figure A.1.0.12 Time response of the diaphragmesgmtint deflectionu__ (t) and chargey(t) to a
unit voltage impulse while maintaining a zero diffietial pressure

center
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q(C)

Figure A.1.0.13 Time response of the diaphragmesgmtint deflectionu__ (t) and chargey(t) to a

center

unit pressure impulse while maintaining a zeroagst

The time response of both modeled and identifiestesys are shown in
Figure A.1.0.12 and Figure A.1.0.13 for both theatee point deflection and the
electric charge. It can be noticed that the idesdisystem has an identical response
as the original system, thus making the obtainadster functions from the ERA

procedure fully descriptive of the diaphragm chteastics.

Table A.1.0.1 lists numerical values for the obgdintransfer function

coefficients for T, (iw), T,(iw), T,(iw) and T,,(iw). Figure A.1.0.14 shows the

frequency response of the magnitudes of these fénrarfignctions in the domain
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starting from 10(Hz up till 10° Hz. The plot shows the structural resonafggic)
of the diaphragm at about 38{x, while the electric characteristids,(iw) appear to
be relatively flat in the plotted domain. The pléts T,(iw) and T,,(icw) show the

response of the coupled electrical and structuealgpcharacteristics.

Table A.1.0.1 Values of the transfer functions &oits governing th€®ZT-5Adiaphragm

- 310 5 N9 . \2 .
T (i) = a,(iw)” +ay(iw) +.....occiii. +a,(iw)” +a(iw) +a,
i - . 310 N Y .
b, (i)™ +by(iw)” +................. +b,(iw)” +b,(iw) + b,
T(iw) Ty, (i) Ty (i) Ty(iw)
n
a, b, a, b, a, b a, b,
10 150 - 12 1 2e-10 1 6.5 — 13 1 l6e-7 1
9 6.2e -7 8.324 -4.6e-5 9.43%4 25 -7 1.1e5 5.804 3.7e7
8 -0.043 5.95%9 5.622 5.44e9 0.02357 8e9 —6.6e5 7.5¢12
7 3006 2.16e14 -4.76e5 1.9%14 -1811 3el4 5.2e10 6.3217
6 -1.628 60818 2.8%210 4.6%18 1.1%8 8.7e18 -3.5e15 2.8e22
5 5.8%kl1l  10%23 -1.04e15 7.5e22 -3.5412  1.6e23 1.2e20 6.8226
4 1.14e17 1.2e27 1.85%19 7.9226 7.0816  1.9e27 -1.5e24  9.530
3 —6.3220 92130 1.9e22 5.9e30 -2.0821 1.5e31 7.2¢27 8.5e34
2 6.1225 4.3e34 -4.4e27  2.5e34 3.7e25 8534 —2.4e32 5.338
1 -1.7e30 5.0e37 1.6e31 3.7e37 -1.3228 1.1¢38 -5.2e34 6.15 41
0 —3.7e34 18441 24835 1.06e41 1.6e33  3.8e41 -1.4e39  2.5e45
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Bode Diagram
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10
Q(iw)
1 w)

Toope(ic)

Frequency (Hz)
T11|DE (iw)
Tope(i@)  Type(iw)
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with the 2x2 matrixT,. (iw) being the user-specified input BeltaEC On the other

T, (i), T, (iw), T, (iw) andT , {w)

AP, (iw)

(i)

V

Figure A.1.0.14 Frequency response of the magnibdidlee transfer functions

As discussed earlier in equations (A.1.1) and @,theDeltaECmodel uses the

(d) Integration with DeltaEC
following relationship to model a transducer segmem thermoacoustic harvester,

hand, the piezo diaphragm transfer functions obthin the previous section are for

the following system of equations,



{uce.nter(iw)} — |:T11(Ia)) T12(Iw):|{APP(Iw)} (A118)
q(ic) Tu(i)  T(ic) | |V (iw)

Equation (A.1.18) can be written as,

{AYol(iw)} _ {Tn'(ia)) T, (iw)} {Ap_p(i“’)} (A.1.19)
q(ic) Tu(i) T,(iw) |V (iw)

whereby the center point displacemant,. is transformed into an approximate

change in volumeAVol using the diaphragm deflection pattern obtainesnfithe

finite element modelT,, (iw) and T, (iw) represent the adjusted transfer functions of

the first row to match the new equation. Differatitig both rows of equation
(A.1.19) once with respect to time, the changedlume and electric charge become

a volume velocity and an electric current respetyiyielding,

{Q_(i@}: T, (i) ey, () {AF}(W)} (A.1.20)
() | |iaT,(iw) ialyiw) V(e
Rearranging (A.1.20) we obtain,
{Aﬁp(iw)}: il (i) 16T, (iw) _1{Q_(iw)} (A1.21)
V(i) T, (i) idT,,(w) | (i)

Equating (A.1.17) and (A.1.21) we conclude that,

|:T11,DE(iw) T12,DE(iw):| - l:ia)Tll' (iw) iC‘Jle" (i w):l_l (A.1.22)

Tupe (i) Tope(i) | | i, (i) (1T, )
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and thus the input parameters to theltaEC transducer segment can be obtained

from the already calculated transfer functions.

v, ®)

i
3o

Figure A.1.0.15 Schematic of the DUCER segment tsedodel the piezo-elementeltaEC

The final step needed would be to obtain the vatdig¢lsese transfer functions

by evaluating them at the operating frequency dadrafon of theTAP (~ 390H2).

Figure A.1.0.16 summarizes the complete proceduesl is model arAP using

DeltaEC A detailed look at thé®eltaEC results is available in comparison to the

obtained experimental results in Chapter 5.

Define the geometrical
configuration of the
harvester

Input operating conditions
as working gas and mean
pressure

Specify the location of the |
stack and the heat
exchangers |

Specify porosity and
geometry to estimate the
penetration depths

Check pressure and
velocity plots for
convergence

Start iterations to reach
desired operating
conditions

Specify the iteration
parameters in order to
reach desired targets

Indicate the boundary
conditions (closed or
opened ends)

Add the transducer
segment to model the
piezo-diaphragm

Set theimpedance values
of the piezo-diaphragm

Plot the acoustic and
electrical response of
system

Solve for the harnessed
voltage from the piezo

Figure A.1.0.16 Modeling a thermoacoustic-piezagietharvester TAP) usingDeltaEC
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A.5. Numerical Modeling of Piezo-driven Thermoasstic Refrigerators

Unlike the modeling of thermoacoustic-piezoeleddevesters, usinDeltaECto
model piezo-driven thermoacoustic refrigeratorsargually simpler. The piezo
speaker is again modeled using a transducer segriit CER which describes the

piezo speaker by the following governing relatiopshi

V (iw) _ Ze(la)) -1(iw) | G w)
{APp(ia))} - { r'(iw) —Zm(iw)} {Qo(ia))} (A.1.23)

Equation (A.1.23) is similar to equation (A.1.17) dise modeling thermoacoustic-

piezoelectric harvesterQ), is the flow rate provided by the speaker. As statatler,

Z, Z , t and r' are frequency dependent functions that correlbate dffort

e’ m?

variables to the flow ones, and are characteritibeospeaker itself.

The experimental setup for the piezo-driven theroaatic refrigerator
(discussed in Chapter 7) includes a PZ-94 Harshr&amwvient Speaker from ISL
products [44] as shown in Figure A.1.0.17. The piggeaker has a diameter of 91.5

mm and operates optimally in the frequency rangsf400Hz to 20kHz

By removing the piezoelectric disk from the speak®a clamping it between
two electrically non-conductive surfaces, the real anaginary parts of the electric

impedanceZ, could be obtained. This is done by connectingweelectrodes to an

impedance analyzer which reads out the impedancesal
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Figure A.1.0.17 Piezo-speaker (ISL Products PZ-a#sH Environment Speaker) [44]

The coupling variableg and ' were found by measuring the volumetric
flow rate that corresponds to driving the piezo &peat a given voltage keeping the
other parameters at zero to obtain In the DeltaEC VEDUCER segment, it is
assumed that the coupling variables follow theti@tahip 7' =—7, and hence the

value of ' could be obtained as well.

Finally, the mechanical impedanag, was obtained by applying a dynamic

force on the speaker’'s back while measuring the metuc flow rate (volume
velocity) on the front end using a PSV200 scanniagel Doppler Vibrometer (LDV)
as shown in Figure A.1.0.18. Upon obtaining the edentapressure of the applied
force and by knowing the corresponding volumetrifled¢ion rate, the mechanical
impedance could be found using equation(A.1.23hdtuld be noted here that since

the four variablesZ,, Z_, r and 7' are frequency dependent, the values obtained

m?

here are only applicable at the operating frequasidyne refrigerator and should be

re-obtained if the operating frequency is to change
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Load Cell

{

Shaker - LDV

Speaker

Figure A.1.0.18 Setup used to measdreand T of the piezo speaker

Table A.1.0.2 lists the values df,, Z,, 7 and r' for the piezo-driven

thermoacoustic refrigerator under study while Fighre.0.19 displays a schematic of

the develope®eltaECmodel.

Table A.1.0.2 Impedance values inputtedtdtaECfor the thermoacoustic refrigerator speaker

Z. (Q) r (Vs/m) r' (PalA) Z, (Pas/n’
Re Im Re Im Re Im Re Im
1464 -372.7 8023.0 5.54%4 -8023 -5.54%4 1.357%€ -2.66e6
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Figure A.1.0.19 Schematic of the develofitaECmodel for a piezo-driven thermoacoustic
refrigerator
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