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1 Introduction

This thesis was inspired by the work of Lucas (1994) and Bi§h@00) who hold
patents for acoustical compressors based on generatimjreg waves in a cavity.
Lucas used a specially shaped resonator chamber drivenebgctnomechanical
actuator, while Bishop used a piezoelectric actuator driviadluid within a straight
tube. Baz (2000) combined these two ideas to create aypewftacoustical
compressor. It consists of a specially shaped chawitiethe fluid driven directly by a
piezoelectric actuator. The purpose of this thedis éerive an analytical model
describing the pressure in the chamber based on its shapleeasize of the actuator.
This model is then used to create an optimum shapgbdaravity and actuator to

maximize the pressure and minimize the power input.

In the case of Bishop’s compressor sketched in Figumeplezoelectric actuator is used
to generate standing pressure waves in a straight charhbisrhas the advantage of
using no moving parts for the actuator. The standing \gamerated by the actuator
creates negative and positive pressure during each acoudéic @ he valves allow the
working fluid to be drawn into the chamber during the negagtressure portion of the
cycle and delivered to the system during the positive prepsutien. The pressure
developed in a straight tube is considerably less tleapréssure that can be created in a

shaped chamber.
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Figure 1 - Standing Wave Compressor of Bishop

OneWay Valve

A simple representation of Lucas’ compressor is sketah€igure 2. A conventional
reciprocating electro-mechanical actuator is used tolatsca specially shaped chamber.
This drive method makes virtually all of the interior sgd area of the resonator
available for driving the working fluid. Lucas collaborateith other researchers in
publishing two papers (Lawrenson, et al., 1998; llinskii, etl@08), which describe the
experimental results and theory. llinskii et al. (1998pted a one-dimensional, time
domain model using the gas dynamics equations to calcaaténear standing waves

in an oscillating chamber with an imposed acceleratibme solution of the nonlinear
equations is beyond the scope of this thesis and seekingpibtion would have

increased computation time significantly during optimizatiétowever, the



experimental results of Lawrenson, et al. (1998) may éé as a point of reference to

evaluate the utility of the results obtained fromlihear equations.

Optimally Shaped Chamber

<—>

N ~ J Valve Arrangement

Reciprocating Actuator

Figure 2 - Standing Wave Compressor of Lucas

In Lucas' approach, high pressures can be generated butemtional reciprocating
actuator with moving parts is used. Bishop's compressoaysegoelectric actuator
but it does not generate useful pressure. The designptasie®vn in Figure 3
combines the simplicity of a stationary chamber and zopiectric actuator with the
high pressures attainable with a shaped chamber. A synmfnidoe three designs of

standing wave compressors is given in Table 1.
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Figure 3 — Piezoelectric Acoustical Compressor (PEGncept

Table 1 — Comparison of Types of Acoustical Stagpdvave Compressors

Compressor Typs

Advantages

Disadvantages

Piezoelectric actuator

Low pressures

Bishop
Stationary chamber Small surface area for power
transfer to the working fluid
High Pressures Conventional actuator
Lucas
Large surface area for power| Moving chamber
transfer to the working fluid
High Pressures Small surface area for power
transfer to the working fluid
PAC Piezoelectric actuator

Stationary chamber




The equations of motion of the system must inckmi®e interesting features such as
fluid-structure interaction, coupled electrical andchanical fields, and acoustic fluid
elements. Itis the purpose of this thesis toteradinear mathematical model of a finite
amplitude standing wave compressor with a pieztrdemctuator. This model will then
be used to create an optimally shaped chamberhvphaxduces the maximum pressure
at the end opposite to the actuator and requieee#tst amount of electrical input

power.



2 Theory

The Finite Element Method (FEM) is used to modeldboustical compressor. The
problem consists of a fluid domain, an actuatod, thwe interaction between the two.
First, the development of the FEM matrices forftael and a generic actuator is
considered. The actuator model is then expanded d& simple mass/damper/spring
system as shown in Figure 4 into a piezoelectiticgaor. The inclusion of the actuator
dynamics in the model allows for simultaneous ojatation of the cavity and the drive

system.

F(t)

Cs

u

Figure 4 — Simplified Diagram of Typical PAC

2.1 Fluid-Structure interaction problem

The acoustic fluid in the cavity is modeled usihg &pproach developed by Everstine

(1981), Olson and Bathe (1985), and Bathe (1998)s procedure assumes an inviscid,



isotropic fluid undergoing small displacements aagling no body forces. The
momentum equation under these conditions simplities
pv+0Op=0 (1)

wherep = mass density, = particle velocity, an@ = pressure. A velocity potential
function ¢ is defined such that

v="Ug¢ 2)
Solving the momentum equation for pressure gives

p=-pp &)
The equations of motion will be generated usingHbenilton Principle (Meirovich,
2001). This approach requires the calculationiogKc (T) and Potentiall) energies,

and virtual work due to non-conservative foroékj.
t, _
Jrlor-au +aw, ) =0 @

whered indicates variation in the generalized coordinates

The energies of the fluidf() and structure ¢) are (Baz, 1997)

T =% [mv2av = % [ pAX) (0 ) dx, (5)

\

T.= %MV
\%

P2 L 1 .
Ui =%[—5dV = %[ pA)gidx, (6)
VpC OC
and U, =%[Kuav
\%



where subscript refers to the fluid, subscrigtrefers to the structure, V = volunes

speed of sound in the fluid, armi= —p@ has been substituted for the pressure.

The final equations needed are the work done dtleetaon-conservative forces acting
on the system. These forces are the actuatior fam¢he structures), the force due to
the damperd), and the fluid-structure interaction forcés)(

F=F¢) ,
F,=-C4 ,
and Fo =—PA= qufg A

(7)

wherefs indicates the locations in the fluid that interaghwhe structure. The are8)(
is the projection of the interaction area in thechion of interest. For the one-
dimensional model considered here, this direction isgalbe resonator axis. From

these equations, the variation in the virtual work is
M, = F, AU~ CUdl+ p@s Ay + PAGU Py (8)
where the variation is taken with respect to the géwgemdinates. Hamilton’s

principle for the system under consideration can nowtigen as

j:J(TS+Tf ~U,-U, )dt

+ Jttz (Fsa'u - C.udu + pA qbfsi OU, + PA U 5¢fsi )dt =0 (9)

1

Equation 9 along with equations 5 and 6 describe the governingeegutr the

system. We are now in a position to form the fiekement equations for the system.



The discretized fluid cavity is shown below in Figure/typical three noded, one-

dimensional, fluid finite element in the cavity is shoin Figure 6.

F(t)

Gl G G BN Pone1
[ o o

@i N
H_) \ )

Elementi ElementN

Figure 5 — Finite Element Model of Acoustic Fluid Cavity
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X

Figure 6 — Typical Acoustic Fluid Element

The value of the potential function at a point alomg élement is assumed to vary

quadratically (Bathe 1996). The fluid potential can thus bienras
#X) = a +a, X+a, [X*; or in matrix form
o)=L x x*)a, a, a,) (10)

subject to the boundary conditions

00 =005 |=vi00) = 0 ay



Combining equations 10 and 11 into a matrix equation yield#uideelement nodal

deflection vector

@ 1 E lf)z a
{o}=181=1 = [Ej a, (12)

Solving equation 12 for the unknown interpolation constants,, az and substituting

into equation 10 yields:

10 o0
ox)=p x x|1 % {%} {0}, (13)
1L L

2 2 2
, X X X X X X
i.e. X)=:1-3—+2 — 4—-4 — -—+2 —| n® 14
w(){ g x| a4 ] - [Lj}{} (1)
Equation 14 can be written symbolically @éx) = {h}{CD} where f} is the 1x3

interpolating vector. With this definition of thelocity potential, the particle velocity is

now given by
v =g, ={h o} (15)

The cross sectional area for the tapered fluid efershown in Figure 6 is given by

A(X) = 771 (X)? (16)

where r(x)=r, +(rj —ri)%

Recalling equation 5, the fluid and structure kinenergies in terms of the nodal

potentials and the structure displacement vactore

10



To =% [ pAGO){@} {h}" {n HeoJx
R (17)
= 5{@}| [ oAb} {nJox {o}
and T, = % Mpav = %{u} M u}
The fluid kinetic energy may be further simplified as
T, = w0} [k, fo}, (18)
where [K . ] :ij(x){hx}T{hx}dx
Similarly, the potential energies may be written as
U, =225 [ encofe} {n {(n{oex
o (19)
= o] [ ncofh) {hjex {0} .
and U, =% [Ku?av = %{u} [K, Ju}
Simplifying the fluid potential energy yields
U, =x{of v fo}, (20)
where M, ]= jciz pA){h} {hldx

Substituting the kinetic energy, potential enemyy the virtual work in equation 9 and

expanding the coordinates to nodal coordinateslyiel

11



[ o(15 00y [ Jub+ 25{0) [k, Koot
-7 o (b tuy [k Hub+ 2500 I, ol -
+ J: (Fsd{u} - Cc.uo{u} + pA{dJ “ }5{u “ } + pA{u . }5{d3 fs })dt =0

Taking the variations indicated yields

f (M Hudo{u}+ [k, Ko}o{o})t
B Lt (I Ju)otu}+ [m , b Jo{d Pt (22)
+ f (F.o{u} - cous{u} + pA{d  Jo{u o} + oA{u Jofd Ddt = 0

Rearranging terms gives

J (m  Kupo{a} - [M fo }o{e Bt

;____

+ Lz (%, ]{‘D}5{‘D} - [k Ku}o{u} ot (23)

+ J: Fsd{u}— Csu5{u}+ PA {dJ s }5{uf§}+ PA {ufsi }5{q'3 fsi} dt =0

—_—

Integrating the portion of this equation labelday parts yields

| = [M S]{U}é-{U}‘:f - [M f]{q)}d{cb}‘:
-1 (v Kadoup+ [m o oo

(24)

12



As the virtual displacements are arbitrary, we chobemtsuch that they are zeraat

andt,. Thus,l is
== (v Jao{uh+ [m o )o{odhe (25)
Integratingll by parts and invoking the arbitrariness of the virtuglldisements yields

Il = pAL{u, Jo{o f}: - j: (oA i Jolo ot

= [ (oA fu s Jolo et

A further simplification can be obtained by definindwad-structure interaction matrix

(26)

Q such that

Q; = pA; forstructurenodei connectedofluid nodej

(27)
Q=0 Otherwist

This definition forQ automatically accounts for the particular nodes #ne involved in

the fluid-structure interaction. The equation liocan now be written as

I = j: (- [] {u}o{®})at (28)

Substituting for, 11, andQ yields

f: (‘ (v Ku}+ [k Ku})o{u} + ([M . ]{d5}+ [K f ]{cb})a{cp})dt

+[*(F. - cfu} - ofePsfu} - o7 {wlofel)at =0 o)

Rearranging terms, we have

7 (v Kad+ [ Hop + [<. Ko} - £ + ofo}s{ub)or
+ ftt ((['V' f]{dj} + [K f ]{CD} - QT{U})J{cD})dt =0 (30)

13



Since the equation must hold for any arbitrary valudefirtual displacements

o{u} and 5{®} , each integrand must equal zero.
M Ju}+ [c.Hu} + [k {u}+ @lof= F, . (31)
and ~|m [} - [k, fo}+a{u} =0 (32)

Arranging the equations in a matrix form and sungromer all of the elements to form

the global matrices gives

oo S S

where the element fluid matrices are given in equatit8 and 20, and the fluid-
structure coupling matri® is given by equation 27. The matrices in equation 33 are

global matrices formed by summing over the entiredieiement domain.

If the actuator dynamics are not of interest, equatiocaBBbe simplified to
[M f]{cb}+ [Kf]{cb}: QT{U} (34)

where the structure has an imposed velogityThis form of the equation is particularly
useful in evaluating the response for the entire @somrive scheme of Lucas. In this
case, equation 34 is used along with the entire inteantelce area of the resonator in

the axial direction as the interface area in the ¢ogphatrix.

14



2.2 Piezoelectric Actuator models

The simple spring/mass/damper system will now be expandednbre realistic

actuator for the acoustic cavity. Two types of piezcteic actuators were considered in
this study, a stacked actuator, and a bimorph actuatdhe Istacked type of actuator,
piezoelectric layers are arranged in such a waythieat deflections add together when
voltage is applied across the stack. Each layer ittt in its 3-3 mode, which means
they are intended to expand axially. A bimorph actuatpamas in the radial direction
(1-3 mode), but the two layers are arranged such thateasxpands, the other contracts.
This causes the disc to bend. Figure 7 shows the starmtatebn defining directions in

a piezoelectric material. A cross section of the types of actuators considered is
shown in Figure 8. The letter P and an arrow inditaeooling direction of the

material.

Top Electrode
/ Surface

) ~ 5
&7 Mz
1 j
Bottom Electrod

Surface

Figure 7 — Standard Directions in Piezoelectric Material

15



Cross Section of Stacked Type Actuator Cross Section of Bimorph Type Actuator

\ N\

Figure 8 - Typical Piezoelectric Actuator Types

2.2.1 General Piezoelectric Modeling

The Piezoelectric materials will be modeled basethe linear theory of piezoelectricity

as defined in IEEE Standard 176. One form of thastitutive equations is
— ~E
Ty =CS; ~ €, E, ' (35)
D, =€, +¢;,E,

ol s Tie =

whereT = mechanical stress® = compliance matrix at constant electric fiefds

and

or in matrix form:

mechanical straire = piezoelectric constant matri, = electric displacement,=
permittivity matrix at constant stress, dad electric field. This form for the equations
is the same as that used by ANSYS. This will altbevuse of the same material

properties when comparing the model created hat¢rencommercial code.

16



We will use the Lagrange equations to create thiefelement formulation

d(0Te |_OTe L OU _ (37)
dt\ ag g odq °

whereTke is the kinetic energyy) is the potential energy, is the generalized
coordinate, an@,. is the non-conservative force. The subsdfiptis added to the
Kinetic energy to avoid confusion with the mechahstress. The energy expressions

given by Baz (2001) are

1¢ 1 T
U==|S'Tdv+=|D EdVv 38
ZJ ZJ (38)

_1 .2
The _EJIO u‘dv (39)

The finite element model will be based on the mewa and electrical displacements at
the nodes of the elements. This formulation wili®ify the application of an electrical
potential across the piezoelectric as a boundamgliiton. Therefore, the stresses and
electric field will need to be eliminated from etjaa 38. Solving the second of

equations 36 foE and substituting in the first equation yields
{E}=-[e][e]{s}+[e] "[D]. (40)
and {} = (] + [efle][e] s} - [efle] *{p}

2.2.1.1 Potential Energy

Substituting equations 40 into the potential energyation yields

17



U = [ (o el T kst - [y Telel (o

| 1l (41)

-2 [{OF [e] el (v + {0} [e] "{lav

1 v

In the finite element formulation, the mechanical atectric displacements will be
approximated by shape functions as follows

=[N}, (42)
and {o}=[N,Ka,}
where {A} is the appropriate nodal deflection vector. The mecladsitain can be
related to the mechanical displacement by applying theopgate operation on the
shape function. This gives the strain as

=[B.fa.} (43)
The [B, ] matrix is a function of thelN, ] matrix and depends on the specific geometry
being modeled. With these substitutions, and notinglth&t the transpose of, the

pieces of equation 41 become
=2 ey e (e [elel le JeuKaJav
[ ACHIC R RS (42
and IV =2 BN [T {NHaJov

\

The potential energy may now be written as

U =2{a koS kaba)
(45)

Lok fat ey k)

18



where

Ky = J (B "]+ [elle] (el kB, Jav

Kud = J{BU}T [e][g]_l{Nd}dV
v (46)
Kdu = KudT
K = J{ Nyt' [g]_l{Nd}dV
\%
A final simplification can be made by defining
Kuu - Kud}
K = : (47)
[_ KJd K
AU
and {a}= {Ad}
then the potential energy is
U =2 {aF [kfal 8)

2.2.1.2 Kinetic Energy

The kinetic energy is easily written by substitgtthe definition for the mechanical

displacement from equation 42 into equation 39.
1 : :
T =5 [ A [N IN,HA Jov (49)
\%

which is written more compactly as

T =5 {6F mfa) (50)

19



|\/luu O — T
where M -[ o o} . M, —Jp[Nu] [N, Jov (51)

q A
and {A} :{ . ”}
2.2.1.3 Non-conservative force

The non-conservative forces can be determined from theaiwork
I =Q.o{a} (52)
For the piezoelectric device used as an actuator, thiengxfarce is the applied
electrical potential. The virtual work will be
I =RV, (53)
whereQ is the surface charge aNgis the applied voltage. The charge on the
piezoelectric material layers is given by
Q= § Dds (54)
wheres is the surface area. Substituting the finite elerf@mbulation forD we have
Q=[N [a,}ds (55)
The virtual work is thus
oW = §V [N, Jds{on} (56)
By inspection, we see that the non-conservative figrce

an = ivo [Nd ]dS (57)

20



2.2.1.4 Equations of motion

It is now a simple substitution of the preceding in®lthgrange equation to obtain the

equations of motion
(v Ha}+[xHa} = Q) (58)

In an expanded form, the above equation is written as

Ivluu 0 Au + Kuu _Kud Au _ 0
0 0 Ad _KJd Ka [[Bq ) Qn 59)

Combining the piezoelectric actuator with the fluid rcats gives

M, 0 0 |[A,] [c, O QlA, K, -Kg 0 (A, 0
0 0 0 [{A,+] 0 0 ORA, b+ -KL Ky 0 [A,+=4Q.; (60)
0 0 -M,||®| |Q" 0 0|® 0 0 -K,||@ 0

2.2.1.5 Drive Power

The actuator will require an electrical drive unit to supitage and current. The
sizing of this power supply depends on knowing the required poutput. The
electrical power is given by

P=1V, (61)
whereP = electrical powerl = current, and/y = voltage. For harmonic drive at a

frequencyw,

d_Q:'
- iwQ (62)
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P=Vjiw§[N,[a}ds (63)
Comparing this expression with the non-conservative foreguation 57 we see that

P= innc{Ad} (64)

For sinusoidal voltage input, the RMS power is simply

J2
Pavs = > P (65)

Once the nodal displacements are calculated, tiwvempis found by applying equation 64

or 65.

2.2.2 Derivation of FE model of stacked actuator

A single layer finite element model of a stacketlatr is shown in Figure 9 below. A
local coordinatex is defined which varies from O at the leftmost @dtb L at the
rightmost nodé&. Comparing this figure with Figure 7, we see thatx coordinate

corresponds to the standard piezoelectric dire@&ion
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Figure 9 - Three Noded Stacked Actuator Finite Eleim

The mechanical displacement is assumed to varyrgtically along the element. The
interpolation equation is the same as that usethévelocity potential. Substituting

for gin equation 14 gives

2 2 2 ui
u(x)=<1-32+ 2{% 4% - 4{% X, 2{% u, (66)
L L L L L L
Writing this equation in the same form as the gehderivation given in section 2.2.1

gives

u(x) =[Nfa,} (67)
: du .
Noting thatS = o =u,, theB, matrix is
X

B, =[N, ] (68)
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where the subscript in the interpolation matrixates differentiation with respect xo

As 0D =0, we must haveD, =D; = D,. This means the interpolation function @is

the identity function. Denoting the cross secti@raa byA and substituting these

definitions into the equations for the stiffnessnicas yields

Koo = AL TN (=] [elle] [e] JivJax, (69)
Ku = AL (N elle] i, (70)
and Ko = Al [e] "ax = ALl (72)

The mass matrix is given by
L
M= [ oA{N} dx (72)
0

The non-conservative electrical force is
Q. =V, A (73)
The element deflection vectaris
A" ={u, u, u, D} (74)

Substituting the preceding expressions into the&ops of motion

|\/luu O n Kuu _Kud _ O3x1
ool e ™

Equation 75 along with equations 69, 70, 71, antbii® the finite element description
for a single layer of the actuator. These layeeglaen stacked up to get the desired
deflection. This leads to the drawback of usirg type of actuator. The first order

performance of this type of actuator from Near @99
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AL =nd,V,, (76)
and Power =277 f CV,* (L+ tand)
whereAL is the change in length,is the number of layer§js the actuation frequency,
tandis the loss tangent, aitlis the capacitance

C=ne'Alt (77)

For a typical material such as PZT-5H, the mat@raperties are

dy =595x10™ M(, \ £7s = 3400,

t=0.125mm £, = 8.8542¢10™ Farad/
V.., =120Volt

Given these parameters, each layer contributesCobf©um to the deflection. For a
target deflection of 4Qm, 560 layers are required. The power requiredtiiee a 560
layer, two-inch diameter actuator at 100 Hz wowddabproximately 2500 watts. A
more efficient design could possibly be obtainedibiyng the bimorph, as it only has
two layers contributing to the total capacitand@ée derivation of the finite element

model for the bimorph actuator follows.

2.2.3 Derivation of FE model for axisymmetric birpbrdisc

Before jumping into the FE formulas, we will finsiake some simplifying assumptions

regarding what components of stress and straibbeaxpected.

Dobrucki and Pruchnicki (1997) present a finitened@t theory for vibrations of a
piezoelectric bimorph. Unfortunately, they assuhs since the stress in the z-axis is
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negligible (Kirchoff hypothesis), the strain mag@be ignored. We will see that this is

not the case for piezoelectric materials.

Referring back to the constitutive equations,

— ~E
Tp—c S —ejpEj |

Pa—q

and Dp = epqsq +£ip Ei

(78)
For axisymmetric vibrationg andqg = 1-3 refer to the radial (1), angular (2), and
vertical (3) directions, as in Figure 10. The argsandicate the poling direction of the

material. Actuation voltage is applied in the Bdtion; thereforg, is set to 3.

Az

et |

¢ P
Z=0

$ 6(2)

.
Z=-1 _._._._\.»
R (1)

Figure 10 — Cross Section of Bimorph

Noting that the material properties in directioadqual those in direction 2, we have for
the stress equations

T,=CnS +G,S, +03S, —e,F,,

T,= ClEzS_ + szsz + ClEsss —eykE;, (79)
and T;= C5151 + C3E1$z + C§353 — ez,
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For flexural vibrations of a thin disc, it is reasdle to make the Kirchoff assumption

thatT;= 0. TheT; equation can therefore be solved $gr
‘351(% +S,)+ 053% —e;E;, =0, (80)
_Gsp Gy
or S=FE-—F(§+S)
Ci  Cn
Substituting this expression 8 into the equations foF; andT,, and noting that matrix

ct is symmetric, we have

E E
T=ciS+ S +ci(BE -5 -Ss) e E,

C3s C3s C3
E\2 E\2 E
or T =5 (95 4 (- (@5, - (e, - D26 E, (81)
C3s C3s C3s
giving T,=ciS+c;S —€,F,

where we have defined effective compliance andagilertric constants as in Ling-Hui

(1998)
E\2
ﬁfﬁ-%gn
E\2
ﬁfé-%?n (82)
3
. C
and €156~ gs%s
3
Similarly,
T, = ClEZS.L + ClElSz - %1E3 (83)

Thus, the stress equations are reduced to twoiegsatith the equivalent compliance

and piezoelectric constants as defined above.
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The actuation voltage and electrodes are in thee8ttn, giving rise to an electric

displacement also in the 3 direction

DS = eIBlS.I. + %182 + %383 + 533E3 (84)

Substituting the expression 8¢ from above

CE
D3 = e31S.I. + %182 + ess{% E3 _%(S.L + Sz) + 533E3 (85)
C33 C33
and simplifying
D3 = e;ls.l. + e;lsz + 5;3 E3 (86)
where the effective permittivity is defined as
2
e (87)

33

In summary, there are two components to the samdstrain matrix, and one
component to the electric displacement and elefiit matrices. The constitutive

matrices for this type of actuator are reduced to

{T}={Tl},{s}={si} {o}={p} . &} = (e (@9

T S,

B g .

[CE] = [C“* Cli] [e] =[%f] €] = le24] (89)
i o € N

The relationship between the displacements and tha ateneeded in order to write

the finite element matrices. Let the bimorph be ddigo finite elements of length

as shown in Figure 11. There is no deformation of Bm@ent along the central axis,

and planes normal to the axis are assumed to remaimahafter deformation. The
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dashed lines indicate the undeformed shape of the elembatinner radius node of the
element is designated nodand the outer radius nodejasA coordinatex is introduced
which varies from 0 at noddo L at nodg. The radius of a location along the element
IS

r(x)=r, +x (90)
wherer; refers to the radius of node The coordinate is taken along the thickness of

the element and varies frointo +t.

Figure 11 — Typical Axisymmetric Bimorph Finite Element

From Figure 11, the radial displacemardf any point through the thickness of the

actuator is

u=z— (91)

The radial strain is therefore
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ou _d’w

=2 = 92
3 x Lk (2)
The circumferential or hoop strain is
s, = (r+u)d6-rd6 _ zdw (©3)
rdé rdx
Let w(x) be described by a cubic equation as follows
W(x) =a, +a,x+a,x*+a,x° (94)
or, in matrix form
W=l x * Xfa a a a,) (95)
The boundary conditions are
wO) =w, w(L) =w;, w, (0) =6, w, (L) =, (96)
where 8 =w,. The boundary conditions in terms of the nodéled&ons are
wO) =2 =w,
w(L) :ai+aQL+a3L2 +a4|_3 =W,
60)=a,=4, (97)
and O(L) =a, +2a,L +3a,l” =6,

Following a similar procedure to that given in thed modeling section, the out of
plane deflection in terms of the nodal deflectiatues is

w(x) =[N,](2,)

wrere wl=pet A o) () A AR e
and 0)=w & w 8)

Substitutingw into equations 92 and 93 yields tBematrix
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B, = zZ N |77 1 N (99)

For the electric displacement, a simple linearrpa&&ation function is used

_|4_X X D
D(x)—[l T ﬂ[D] (100)

j
or D(x) =[N, ](2,)
The preceding can now be substituted into the mmadstiffness matrix equations. For

an axisymmetric element, the differential volumenetnt isdvV=2z r dz dx

NXX
1 dv

N,

K = J{N; L N} (c=]+ [ellel (el") {

fi ¥ X (101)

= ZITJOL{NXXT fi i - NXT} { j:zz ([CE] + [e][s]'l[e]T)dz } { 1NXXNX](ri + x)dx

I+ X
The integral in curly braces above can be simpliéis
[0, = [ 2 (] + [elle] [ e
2 3(|~E AT
= 20+ lellel o)

(102)

The electro-mechanical coupling matrix is

O RO

\

_ ZHJOL[N; L N;} { [ el iz}, + )

(103)

For a bimorph, the top and bottom layer piezoelectstrioes have equal magnitude but

opposite signs. Considering the integral in curly bracebave
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JH Ze]e]*dz = ﬁ Z[-e]le] dz+ J; Zle]e] ™ dz

—t

(104)
= t’[efle]”
then, K, = 2mmt?[e]e]™ jOL[NXXT n ix NQ} N }(r + x)x (105)
The electric displacement stiffness matrix reduoes
K = 2722t[e] ™ [ {N,I{N}(r + x)elx (106)
The mechanical mass matrix is written as
My, = 2722t0[ [N, ][N, ](5 + x)ax (107)
The final piece required to fully describe the pietectric bimorph is the non-
conservative force
Qu = V[N, Jas (108)

There are three surfaces to consider in this iatetire top electrode, bottom electrode,
and the cylindrical side of the piezoelectric biptar SinceD; is parallel to the sides,
this contribution to the charge will be zero. WM also consider either the top or the
bottom electrode to be grounded as a boundary BondiThis leaves only the integral
over one of the electrodes, choose the upper eesurface for convenience. At this

position,z=t, ds=r d@dr=277(ri+x) dx
Qe = 2719, [ [N, ]7(r, + x)lx (109)

where the transpose has been taken to make tleedonsistent with the vector scheme

used. The voltag¥, refers to the peak amplitude across both layetiseobimorph.
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Each bimorph element is assembled into the glolaélixn This global matrix is then
inserted into the fluid-structure interaction equag. The bimorph actuator is
discretized along the radial direction, while thed is discretized along the axial
direction. The fluid-structure interaction matalkows the multiple structural nodes to
connect with a single fluid node. This simplifib® model by not requiring the use of
parallel fluid elements. The matrix is populateithwhe area of the bimorph at the

structural node row and the fluid node column.

2.3 Damping

2.3.1 Fluid Damping

Equation 33 contains a complete description ofithiee element model for a fluid filled
cavity driven by a simple piston type actuator.e Dimly damping included in this model
is the actuator damping mati®; however, we know that the fluid must exert some
damping effect on the vibrations of the systeme ethod adopted here is to substitute
a complex speed of sound in the fluid mass magapiétion 20) as described in Kinsler,
et al. (1982). The speed of sound is written as

1

1a
¢ ¢ w

(110)

wherec* is the complex speed of soumds the thermodynamic speed of souads the

frequency of the vibrations, awdis the absorption coefficient.
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The absorption coefficient is the sum of multipsarption mechanisms. The
predominant mechanisms are the absorption duetoutlk fluid, and absorption at the
wall due to viscous resistance and thermal condlnctiThe bulk absorption is very
much less than these two sources for frequencsgi@n approximately one MHz in air
(Kinsler, 1982). Driving frequencies will be mulgss than one MHz in order to reduce
the power requirements of the device, as the poaesumed by a piezoelectric actuator
is proportional to the driving frequency. The wgs and thermal effects on fluid motion

in a pipe of radius result in an absorption coefficient of (KinsleB8R)

a:i UEL (111)
rc‘\/ 20,
2
where n.=n1+(y-1) s
e Cp/7

wheres ands. are the true and effective coefficients of shescosity, yis the ratio of
specific heatsk is the thermal conductivity of the fluid, a@ is the specific heat at
constant pressure. The absorption coefficienbkas studied extensively resulting in
models that consider the effects of humidity, terapee, pressure, and other
complicating assumptions; see for example Rodattal. (2000), Zuckerwar and
Meredith (1985), Page and Mee (1984), and Tijde(@8i5). The additional

complications were not deemed necessary, as thpidarn the cavity will be adjusted

at a later date once experimental data is availables factor % , inthe finite element

equations can be expanded now as

- (1 - 'ﬂjz (112)
w

> 7w =
C ic'ﬂi C
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or 12{1)2(1_1-2 L[}j{i}(%j} (113)
H c 20, w\ 1 20w\ r

Substituting this result in equation 20 yields fibkowing mass matrix for a fluid

element

M, |= ( jj(l— 2 sz (lj_(zzf j{ Hp ACO{RY{h} dx  (114)

By examining the matrix described in equation 114, we sgdNh] can be broken into
three distinct matrices. Each matrix has geometucfi@guency dependence. The
geometric dependence can be evaluated during the creatios fofite element
equations, but the frequency dependence must be calculategl theridetermination of

the frequency response of the system. The following @msashow this notation

[Mf]:ci{lvlfl—jz ZwaMfz—(Zijij] (115)

where M, = j pA){h} {h}dx, (116)
M, j[ j,oA(x){h}T{h}dx (117)

and M, = I[rizj pA){h}" {h}dx (118)

With this formulation, théVl;, M, andM¢; matrices can be calculated for each element
and formed into global matrices for the full systelburing calculation of the frequency

response, the fulMi; ] matrix is calculated depending on the frequency ofaste
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Alternatively, an acoustic boundary absorption coedfitican be assigned to the cavity
surfaces. This is the approach used in the ANSYS progkémnse and Ingard (1968)
give the following expression for the real part of bloeindary absorption coefficient at

the walls in a duct

_lfw _

p=3( Lo +lr-1a,], (119

where d = |2 (120)
yo 23

and d, = 2K (121)
pPaC

The termdd, andd, are the thicknesses of the viscous and thermaldaoy layers
respectively, other symbols are as defined abdves equation is valid for ducts with
radii greater than about three times the boundargrithicknesses. By expanding these
equations and comparing to the previous definifarrabsorption coefficient, we see
that

g = % B (122)

In implementing this damping in ANSYS, an averagkig over the frequency range of
interest is calculated and inserted in the ANSYSl@ho As each harmonic frequency is
identified, the appropriate value for that frequerscused in equation 119. The

resulting damping value is inserted back into ANSYRis procedure is repeated until

the natural frequency for all modes of interestatermined.
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2.3.2 Damping in the piezoelectric actuator

Data sheets for the PZT material specify dampingrms of the mechanic@. This
mechanical) can be considered either hysteretic or viscougpdagras follows (Nashif,

1985).

Qu (viscous) (123)

-1
2¢

Qu = (hysteretic) (124)

1
n
For viscous damping, the tergtis the damping ratio. The hysteretic damping term
the ratio of real to imaginary parts of the stifeeand is known as the loss factor.

K'=K(@+in,) (125)
whereK’ is the complex stiffness amdis the real part. The hysteretic damping is a
more physical approach for the piezoelectric matamd is easily incorporated in the
Matlab routine by multiplying thec®™ matrix portion of the stiffness matrix. ANSYS
does not allow hysteretic damping; therefore, tmping ratio must be used in ANSYS.
The addition of viscous damping to an undampedesystecreases both the amplitude
and resonant frequency of the system. Hysteratigpihg will only affect the amplitude
of the vibration at resonance. This will resulthe frequency calculated by ANSYS to
be somewhat less than that determined by the Matilatbion. The error should be

minimal as the damping is so small that the difiees will generally be negligible.
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2.4 Implementation and Optimization in Matlab

The preceding equations were incorporated in a MAB Iprogram. Matlab was chosen
as it is easy to program, high level language,iahds toolboxes available that allow the
use of symbolic notation and optimization. Thistgs describes the procedure used to

solve the equations of the preceding sections.

The acoustic cavity with bimorph actuator is sh@ehematically in Figure 12. The
fluid-structure interaction is between the odd nareld piezoelectric nodes and the first
fluid node. The odd numbered nodes are the trémsland the even numbered nodes

are the rotation degrees of freedom for the element

i1 Giv( Pna Pon+1
o——e

] BN
Element ElementN

A2Np-11A2N|c

AZNp+11A2Np+2

Figure 12 — Finite Element Model of Acoustic Cawitigh Bimorph Actuator
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The interaction area at each node is calculatagsing half an element length on either
side of the node to determine inner and outer.rahie exceptions are the end nodes
which only use the side where an element existietermine the interaction area. For
the stacked actuator, the piezoelectric and fliadhents only interact at one node and

the area is the full diameter of the stack.

With the element scheme from Figure 12 and thetensof the preceding sections, the
finite element matrices can be computed. The ceramquations of motion describing
the piezoelectric actuator interacting with thewst fluid are shown below in

expanded form.

M, 0 o0 |[A] [c, O QlA, K., -Kg 0 (A, 0
0 0 0 RA,H+ 0 0 ORA++|-Kly Kgu 0 [A;1=1Q. (126)
0 0 -M,||[®| |Q" 0 0||® 0 0 -K,||@ 0

The fluid damping embedded in thg matrix is a function of the driving frequency;
therefore, an iterative solution scheme must bd.ugebrute force method of solution
could be employed where the solution over a frequeange is obtained and then a
peak search done to find the resonant frequen@esing optimization, this search
method would result in very long run times for edehation of the cavity. A better
approach is to estimate the natural frequenciéiseo$ystem, then perform a search
about the estimate to locate the true natural #8agy. The Matlab control toolbox
provides the "damp" command to determine the nbingguencies of a damped first
order linear differential equation system. Theosglcorder equation can be recast into a

first order system by the substitution of a newrdotate.
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0| ) i 0 az)
where {x}= {A}

A

and the matrices have been collapsed for clarity. diffieulty with employing this
method is that the electrical degrees of freedom hawntrg in the mass matrix,
resulting in an indeterminate inverse. The first stegplving this problem is to reduce
the order of the piezoelectric matrices to condenséhewlectrical degrees of freedom.
Expand the matrix equations for the piezoelectric actuato
M, A, +C, A, +K A, — KA, =0, (128)
and -KLA, + KA, =Q,.
and solve the second set of equations for the elelaigi@acement
Dy = KgQue + KeaKihh, (129)
Substitute this equation back into the first set of maguations
Mud, + Culd, + Ko, = Ky (KaQu + KeiKiuh, )= 0,
or M, A, + (Kuu ~ Ko KaaKeg )Au = KK agQre (130)
The reduced order model for the piezoelectric actuator is
MRA, +CRA, + KRA, = FR (131)
where MR=M,,,
CR=C,,
KR=K, - K KzKJ,
and FR=K_K;iQ.

The resulting reduced order system model is now
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MR 0 [[A CR QA KR 0 [[4, FR
Ll U = (132)
0 -M; |® Q O0||o 0 -K/l|lo 0
Since the actuator damping is embedded ikKiRenatrix, CR is the appropriate size

zero matrix. The above matrices can be used iatequl27 without any difficulties.

The fluid mass matrix is calculated at a trial tregcy of 1000 Hz then the estimates of
the natural frequency are calculated from the redurder system. These estimates are
used as the start point for a simple search tardete the peak pressure response at the
end of the fluid cavity. This position was chosetause it is the preferred location for

the valves that allow the acoustical compressdetiver the high-pressure fluid.

The entire resonator drive scheme was also impleaden the Matlab code to allow
comparison with published experimental data. Lawsoa, et al. (1998) report results for
standing waves in closed cavities generated bylatseg the entire resonator using an
electrodynamic shaker. The resonators were fillid refrigerant R-134A (1,1,1,2-
tetrafluoroethane). The results reported in thgepao not include the velocity used to
drive the resonators, only the power deliverechéart. The average power delivered to

the fluid per cycle is (llinskii, et al., 2001)
Power :J pavdV (133)
\%
wherea is the imposed acceleration on the resonatovasthe velocity of the fluid.
When entire resonator drive is chosen, the Mathaibime prints the power delivered to

the fluid by the imposed acceleration. Using thisrmation, the input acceleration may

be varied until the proper input power is reached.
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A large number of fluid elements will be requiredaidequately capture the geometry
and response of the fluid cavity. This large nundieshape variables will present a
difficult problem for the optimizer and result ieny long run times if convergence can
be obtained at all. For this reason, the shapleeotavity is generated by a cubic
polynomial fit between a few control points. Thaymomial is used to discretize the
cavity into an arbitrary number of fluid elementkil@ using only a few controlling

variables. This method reduces the number of bkesain the optimization.

The code does not include modeling of fluid flovieefs; therefore, these were
accounted for by constraining the shape of thetgaWxpansion sections in the cavity
will result in an adverse pressure gradient thatazaise separation of the flow and result
in turbulence in that area. The maximum divergearggde was restricted to 10 degrees
to ensure the fluid flow would remain in the lamimange (Mehta and Bradshaw, 1979).
The objective of the optimization was to generasimum pressure at the end of the
cavity for minimum power input. The figure of ntemsed to judge a cavity was the end
pressure minus 10% of the electrical power requbedtive the cavity. Furthermore, if
the velocity of the fluid exceeded 0.98 of the sbeksound, the figure of merit was set
to zero. Although the true fluid behavior is sgbnnonlinear at high pressures and
velocities, the use of these penalty functiondhédptimization prevents the routine

from finding solutions that would result in shoclwe formation.
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2.5 Nonlinear Effects

The finite element equations developed in thisitheie linear in nature. As noted in
section 2.1, the fluid must be inviscid, isotro@iod undergoing small displacements.
The inviscid requirement is minimized due to thelusion of damping in the form of a
complex velocity with absorption coefficient. Mdlstids of interest for this application
behave isotropicaly, so this is a good assumptidre difficulty with the linear
equations is that we are using them to design iydénat obviously causes large
displacements and velocities to create the highspre. The development and solution
of the non-linear finite element equations desoglthe fluid motion is beyond the

scope of this thesis. However, a discussion@dfitis in order.

One formulation of the nonlinear fluid finite elenmesquation is shown in equation 134

(Hoffelner, et al.2001)

v fo}+lc, fo}+ ]k, fo}= N (@)[d}+ [N, (@)} (@34
whereM, C, andK are the linear mass, damping, and stiffness netrid he two

nonlinear matrices on the right hand side are

[Nl(qj )] =JL.PA(X)%CL4{h}{¢}{h}T {h}ax (135)
[N (2)]= | PAGO 24 Ko Hn} {n, Jo az0)

whereB/A is known in the literature on nonlinear acousticshasnbnlinearity

parameter. For an ideal gas,
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B
—=y-1 137
N (137)

The N; matrix will be small if either the nonlinearity parameis small or the pressure is
low (p= —p{h}{d)}). TheN, matrix will only be small for low velocities
(v= {hx}{cb}). Using a nonlinear solution approach and these equatould Wwave

resulted in excessively long run times during the optimimatibhe linear solution gives
a good approximation to the solution and can be used to ev#hearelative
performance of different shapes for the cavity. Asbe seen in the results section, the

linear code provides useful results.
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3 Results

The simple fluid - structure interaction described ictisa 2.1 was first coded and
verified. Verification was done by comparing the presswalculated against an
ANSYS model. Then the stacked actuator of section &vd<2added and verified.
Finally, the bimorph model was verified on its own amehtadded to the fluid-structure
interaction. Once the routine was verified, the MAB optimization functions were

used to generate an optimum actuator/cavity configuration.

The material properties used are shown in Table 2 (MdEggntro Ceramics, and Kays
and Crawford 1993).

Table 2 — Material Properties

Piezoelectric Material (PZT-5A) Fluid Material (Air)
Property Value Units Property] Value Unitg
& -5.4 N |7 1.225 | kg
volt [m m’
e, 15.8 N C 340.3 | m
volt [m S
o 121.0 | GPa y 1.4
E 75.4 | GPa |G, 1004 | _J
kg [(K
Gy 752 | GPa |« 2536 | mW.
m[K
o 111.0 | GPa l 17.89 | pPals
7750 | kg
m3
Qm 75
£5, 830
80

45



3.1 Verification of Acoustic Fluid FEM and Damping

As a first step prior to optimization, the MATLAB mam was verified against a

simple tapered cavity shown in Figure 13. The purpose o¥éhication exercise was
to determine that the equations for the acoustic fluetraating with a moving structure
and incorporating fluid damping would produce accurate restits compared against

the commercial FEM code ANSYS.

—

D 200 ” o s s s o s o s e s Em s Em s Em o Em o Em o omm - D 025 If D 075 ”
v

— 750in —¥

< 15.00 in q

Figure 13 — Verification Model Cavity

The ANSYS model is a two-dimensional axisymmetric mod¢heffluid cavity. The
stacked piezoelectric actuator was not incorporated iIAN®&YS model; an imposed
deflection matching that of the MATLAB model was placedthe boundary
representing the actuator interface. The MATLAB madseld 48 fluid elements, while

the ANSYS model was 1870 fluid elements. A comparisohefésults from the two
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approaches is shown below in Figure 14 and Table 3. TreePEssure” in Table 3

refers to one half the peak-to-peak pressure over arstcaycle.

/

/ —8— ANSYS 542.2 Hz
/}55 —=—Matlab 542.6 Hz
ANSYS 953.5 Hz

Matlab 954.0 Hz

—o— ANSYS 1398.1 Hz

x)\" —e—Matlab 1398.4 Hz
\‘ —— ANSYS 1831.7 Hz
—+—Matlab 1831.2 Hz

\

2.5

Pressure (psi)
N

ANSYS 2283.3 Hz
—%—Matlab 2281.6 Hz

0.000 2.000 4.000 6.000 8.000 10.000 12.000 14.000 16.000
Distance (in)

Figure 14 — Comparison of Matlab and ANSYS Solutions offiéation Model Cavity

Table 3 — Frequency and End Pressure Comparison of Veaafiddbdel Cavity

Mode Frequency (Hz) End Pressure (psi)
Number] Matlab] ANSY$ Differende Matlap ANSYS Differefce

1 5425f 5428 01 13 1ju1  2b%
2 954.04 953.98 01 1p1 188 2h%
3 1398.3F 139843 op 2k A6l 1Jo%
4 1831.24 183146 0.6 3p3  J17  1J9%
5 2281.59 2283.940 0.6 33 366 2j0%
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The mode shapes along the centerline agree quite vadetharirequency agreement is
also excellent. There is a small difference icekted end pressure, likely due to the
one-dimensional model versus a two-dimensional molkekeasing the number of

elements in the Matlab model up to 200 elements madppre@able difference to the

results.

3.2 Verification of Bimorph FEM

A 480 element 2-D axisymmetric ANSYS model was create@tifywhe frequencies
and displacements calculated by a 48 element 1-D Maitaleln The actuator modeled
consisted of a PZT-5H bimorph of radius 1.25 inch, lagekness 0.19 mm, actuation
voltage 90 volts across each layer. Figure 15 below shaesnparison of the mode
shapes and displacements. Table 4 and Table 5 compareghericy, displacement,

and drive power required assuming that the ANSYS resulbiig worrect.
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Figure 15 — Bimorph Results Comparison, Matlab (M) vsSXIS (A)

Table 4 — Bimorph Model Frequency and Displacement Comparison

Mode Frequency (Hz) Peak displacement (mm)
Number] MATLAB] ANSYS] Differencd MATLAH ANSY{ Difference
Static 028 0.295 1.4%
1 2774 275p 0.7%p 25.866 25.177 2|7%
2 1627.0 1618p 050  2.9p0 2450 2|0%
3 4049.5 4026B 06pp 0.7 0.162 1]9%
4 75471 7502B 06pp 033 0.346 1|8%

Table 5 — Bimorph Model Drive Power Comparison

Mode Drive Power (watts)

Number] MATLAB] ANSYS] Difference]
1 109.9 106.p 3.2Vo
2 91.1 89.4 2.3%
3 107.§ 105p 1.6p6
4 149.4 148} 1.0p6
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The agreement is excellent, considering that the MABImdodel has 1/10 of the
number of elements and fewer degrees of freedom thakNB&'S model. Notice that
for a relatively low power input, the bimorph deliversimpressive amount of
deflection compared to a stacked type actuator. At thege deflections, the model
assumptions are violated and the solution accuracy isasstte The bimorph would

likely break without some type of reinforcing layer.

3.3 Verification of Bimorph FEM with fluid and dampingansample cavity

Finally, the bimorph model was added to the fluid model andied using the cavity in
Figure 13. The results of the ANSYS model of the tapeagdy versus the Matlab

solution are shown in Table 6 and Table 7.

Table 6 —Tapered PAC Model Frequency and End Pressure Compariso

Mode [ Frequency | End Pressure (psi)
Numbef MATLAB] ANSYS | Differenc] MATLAB] ANSY{ Differencs
1 426.71 424.1p 0.6%6 3.38 3.p4 4.3%
2 548.70 548.4) 0.1¢%6 3.49 32 1.9%
3 944.14 948.7L 0.5%0 0.9l8 0.9p4 0.p%
4 1388.5] 1388.7D 0.0po 0.3p9 0.358 2%
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Table 7 —Tapered PAC Model Displacement and Drive Powemp@dson

Mode | Center point displacement (unf) Drive Power (sjatt
Numbef MATLAB] ANSYS | Difference] MATLAB] ANSY{ Differencg
1 15198.99 14876.4o0 2.2p0 99k3 9690 2]6%
2 1220.84 1175.8 3.8 10p6  10p2 3%
3 78.61 78.3) 0.4% 10.44 102 0.8%
4 44.34 44.79 0.8% 15.47 150 0.2%

The frequency agreement of the combined model is stilllext. The results agree to
within 4% on amplitude and less than 1% on frequency thargh different damping
methods are used and the MATLAB model has many fewereglesn The end pressure

and drive power calculated are also in good agreement.

3.4 Comparison with Published Measurement Data

Lawrenson, et al. (1998) report the pressure measurbd ahtl of several different
geometry resonators filled with refrigerant R-134A and ewiph Entire Resonator
Drive (ERD). They analyzed the pressure signal and ga@tessure recorded for the
first 10 harmonics of the fundamental frequency used to thieveesonator. They
considered several geometries, a cylinder, a cone, aochacone shape. They only
report both pressure and power for the horn-cone; therdfis geometry was used to
verify the Matlab model against a real world probleme &bceleration in the model

was varied until the output power matched that regddrt¢he paper.
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The thermodynamic properties of the refrigerant usederMATLAB calculations are
shown in Table 8. The paper lists the density of the R-18#&48 in the experiment as
13.8 kg/ni and gives the ambient pressure within the cavity fotithe during which
measurements were taken. Since the cavities weezlsélad ambient density does not
change from one experiment to the next. Given theitgeansd pressure, the other
thermodynamic properties were calculated. These piepente obtained from the

software program EES that implements the Martin-Hou temuaf state.

Table 8 — Material Properties for R-134A used in Experiment

Property] P=306kPqd P=327kRa Unitp
P 13.8 13.8 kg
m3
C 154 159.2 m
S
1.16 1.16
C, 908.4 922.2 J
kg [K
K 13.77 15.05 mw
m[K
Ui 11.75 12.41 MPals
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Table 9 — Comparison of Matlab Linear Code to Experiment

Power Frequency (Hz) Peak to Peak Pressure (p$i)

(Watts] Experimer]t MATLAR Differencg Experimgnt MATLAB Berence
41.7 463.p  463p 0.1p5 10$.8 J.1  147%
144 481.8  479F 0.5p6 1835 1740 6/8%

Table 10 — Comparison of Matlab Linear Code to Experinfeérgt(Harmonic)

Peak to Peak Pressure (psi)
Power First Harmonic Only
(\NattsiI Experimery MATLAH Differencg
41.7 90.1 o1l 1.1p6
144 130.% 171D 31.4%

Table 9 and Table 10 summarize the results compared éxpleeiment. Figure 16 and
Figure 17 show the shape of the standing wave and fluidityefdong the resonator
axis for different drive levels. Time history plotstbé pressure signal at the end of the
horn cone geometry in Figure 18 and Figure 19 compare thel\Vsatllation to the total
measured response and the first harmonic measured resfdesklatlab results have
been adjusted in level to coincide with the lowest presswasured in the experiment.
The Matlab solutions assume all of the input energlgisered to the first harmonic;
however, the nonlinearities present in the system pwme ©f the energy into higher
harmonics. This is particularly evident in Figure 19, whbeelinear solution is

considerably higher in level than the actual first larim measured.
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The Matlab code was also compared to an ANSYS moded.twWi solutions are
compared using the same accelerations and material pespestivere used in the
experiment comparisons above. Table 11 compares thHesresul4.74g acceleration
and Table 12 for 28.02g. The percent difference at each foothe frequency and end
pressure is exactly the same between the two dmwedsle This seems to point to a
systematic modeling difference rather than some érrhie code. As the Matlab
frequency agreement is excellent with the experimieappears that the Matlab model

accurately models the frequency response of the fluid.

Table 11 — Comparison of Matlab Linear Code to ANSYS for4dl Acceleration of
Horn-Cone Resonator

Mode Frequency (Hz) End Pressure (psi)
[Numbe MATLAB | ANSYS [Difference|] MATLAB | ANSYS |Difference
1 463.9 452 P 2.4Y0 495 4.7 41%
2 725.4 713 B 1.7 149 1%$.2 4.p%
3 990.4 973) 1.7%0 15.4 14.6) 5.29
4 1306.§ 1274 2.4p6 114 97 14.69

Table 12 — Comparison of Matlab Linear Code to ANSYS fod28 Acceleration of
Horn-Cone Resonator

Mode Frequency (Hz) End Pressure (psi)
[Numbe MATLAB | ANSYS [Difference|] MATLAB | ANSYS |Difference
1 479.4 468 P 2.4Y0 845 82.0 41%
2 750.4 7370 1.7 299 28.6 4.p%
3 1024.4 10066 1.7006 28.9 27.4 5.19
4 1350.] 1317B 2.4p6 21.4] 182 14.69
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The frequency and pressure calculated by the linear code rasonable agreement
with the experiment. The mathematical model captenesigh of the physics to

approximate the system response and allow generationagtamally shaped cavity.

3.5 Optimization of cavity/actuator system

Multiple optimizations were run with different initiaavity shapes such as straight,
tapered, and spear point. For each optimization, the dditage remained constant at
90 volts across each layer. The results of the dgation using air as the working fluid
are shown in Figure 20 and Figure 21. The cross-sectiptagésl in Figure 20 is
distorted, the axes are not plotted equally to allownfodification of the cavity. Each
blue control point can be moved by clicking on it with theuse and dragging to a new
location. This lets the user have a qualitative ferelfe sensitivity of the solution to

small cavity dimensional changes.
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Figure 20 - Matlab output of optimized shape (Air)
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Frequency Response for Cavity Filled with Air
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Figure 21 - Matlab frequency response of optimized shape (Air)

[fabkecation only requires12

Figure 21 shows a spectrum plot of the response.

psi, a simple control system could be used as the frequangg is large for this level.
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For the best pressure delivery, a fairly tight congrollith feedback is required to

maintain operation at the optimum point at the peak@pressure.

A three-dimensional cross-section of the optimizeapshis shown in Figure 22. The

shape bears a striking resemblance to a wine bottle.

Figure 22 - Cross section of optimized shape (Air)

Using the air solution as a starting point, another op#étion was done for R-134A as
the working fluid. Mode shapes and frequency responsefplta® in Figure 23 and
Figure 24. The resulting cavity delivers relatively higlsptees, possibly enough to

drive a small refrigeration system.
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Frequency Response for Cavity Filled with R-134a,20C,306kPa
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Figure 24 - Matlab frequency response of optimized shape (R-134A)
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The preceding shapes were transferred to ANSYS fdfioztion. The shape was
generated in ANSYS using the native cubic spline and thizalgoints as defined by

the optimization results.

3.6 Verification of Optimized Shape

In the ANSYS model, the walls of the acoustic cavity assumed rigid and designated
as impedance surfaces to include the damping as discussatdion 2.3.1. The
piezoelectric bimorph is created and the surface ofdaotien identified. Plots of the
pressure contours are shown below in Figure 25 and Figure @e. ti¥t the pressure
wave is nearly planar at 1719.2 Hz (Mode 2) but showsiderable two-dimensional
effects at 1636.2 Hz (Mode 1). This likely accounts @ome of the differences between
the ANSYS and Matlab models. The ANSYS model is adimoensional axisymmetric
model of the acoustic fluid while the Matlab model ig-@imensional. Table 13 and

Table 14 compare and summarize the results of the thwbosoapproaches.
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Table 13 — Comparison of Optimized PAC Frequency and PreRegtdts (Air)

Mode | Frequency (Hz) | End Pressure (psi)
Numbef] MATLAB] ANSY S| Difference] MATLAB] ANSY{ Difference
1 1632.74 1616.9 1.0p0 17p4  17Jo0 55%
2 1695.2§ 1678.40 1.0po 19.p9 19|37 0j1%
3 1964.54 1954.7p 0.5k 6.9p3  6.474 2%
4 3634.54 3603.0p 0.9p 0.4p4 0465 4%

Table 14 — Comparison of Optimized PAC Displacement ancePRasults (Air)

Mode | Center point displacement (ur) Drive Power (sjatt
Numbef] MATLABJANSYS] Difference | MATLAB| ANSY{ Difference
1 1654.2] 1393.4D 18.7p6 4200 35|64 18|1%
2 1701.44 1930.46 11.9p6 44P1 49168 11}4%
3 235.0] 236.2B 0.5%6 6.34 610 1.9%
4 19.09 19.2B 1.19 9.46 9.8 0.4%

Notice the large difference in actuator center displasgnm the first two modes. At

these large displacements, the assumptions used in tlebMadel become invalid.

The ANSYS model does not make the same assumptionasawth may be considered

more correct. Frequency agreement is excellent betthestwo approaches indicating

that the response differences are due to two-dimensitieelseand the differences in

damping models.

Verification of the optimization using R-134A as the ting fluid follows. The shape

is very similar, comparisons between ANSYS and the MAB solution shown below
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Table 15 — Comparison of Optimized PAC Frequency and PreResrtets (R-134A)

Mode Frequency (Hz) End Pressure (_psi)
Number] MATLAB] ANSYS| Ditferencd MATLAH ANSYS] Differencs
1 953.7¢4 940.0F 1.5p6 72p6  70]o9 3h%
2 1074.4 1063B 1.0p6 66.p3  61)39 7b%
3 1346.4 1337h 0.7 747 73|61 1B%
4 1966.§ 1924B 2.2V 23.p6  24J80 3B%

Table 16 — Comparison of Optimized PAC Displacement ancePBR@sults (R-134A)

Mode | Center point displacement (ufn) Drive Power (syatt
Number] MATLAB] ANSYS] Differencd MATLAH ANSYS] Differencq
1 3002.0 2840F 5.7W 446 41.7 7p%
2 5339.0 53168 0.4 8d4.2 8].0 1%
3 2962.1 2809% 5.4} 54.7 5¢.2 6.p%
4 168.4 184f 8.8%6 90 q42 1.4%

Figure 27 and Figure 28 show that the R-134A results have prmmeunced two-
dimensional effects than the air results. Theeiased density of R-134A over air allows
the chamber to develop higher pressures. Note that dtheressure of 70 psi (mode 1)
requires 41.7 watts of electrical power. Referring to @ 40l of the experimental data,
41.7 watts of power delivered to a chamber using ERD produced.9Ulsipaper by
Lawrenson, et al. does not specify the electrical poweessary to drive the chamber,
only the amount of power delivered to the fluid via trecbmechanical actuator. The
optimal cavity found here delivers nearly the same amoiyoressure for approximately

the same power but without the complication of a mogengty.
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4  Summary, Conclusions, and Future Work

The concept of a Piezoelectric Acoustical Compressar imtroduced and a finite
element model of the system was developed. This modebmased for optimizing the
chamber shape and actuator size concurrently. The freqaadgyessure predicted by
the model is in good agreement with the commercial EBe ANSYS. The fluid
damping model included is in reasonable agreement with vé¢ egperimental
measurements found in published literature. An optimal chavwde found that could
generate: 19 psi at 1700 Hz for 50 watts of power using air as a wgtkind. Another
optimal chamber was found using R-134A as working fluid thapesmerate: 70 psi at

950 Hz for 42 watts of power.

Future work will be to build and verify the design. Ase thaterial properties of
piezoelectric materials can vary substantially andl fwoperties will change during
operation, a control system will be needed to mairtterdrive frequency at the
optimum point for high-pressure delivery. One-way valvéisalso need to be added
for the compressor to be useful. The results oéiperiments can be used to verify the

damping model and the piezoelectric drive power model ustkithesis.
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