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Abstract

This paper presents a lumped element model of a
piezoelectric-driven  synthetic jet actuator. A
synthetic jet, also known as a zero net mass-flux
device, uses a vibrating diaphragm to generate an
oscillatory flow through a small orifice or slot. In
lumped element modeling (LEM), the individua
components of a synthetic jet are modeled as
elements of an equivalent electrical circuit using
conjugate power variables. The frequency response
function of the circuit is derived to obtain an
expression for Q_, NV, , the volume flow rate per

applied voltage. The circuit is analyzed to provide
physical insight into the dependence of the device
behavior on geometry and material properties.
Methods to estimate the model parameters are
discussed, and experimental verification is presented.
In addition, the model is used to estimate the
performance of two prototypical synthetic jets, and
the results are compared with experiment.

1 Introduction

Synthetic jet actuators have been the focus of
significant research activity for the past decade
(Smith and Glezer 1998). The interest in synthetic
jets is primarily due to their utility in flow control
applications, such as separation control, mixing
enhancement, etc. (Amitay et a. 1998; Smith et al.
1998; Chen et a. 1999; Honohan et al. 2000;
Chatlynne et al. 2001).

A schematic of a synthetic jet actuator is shown
in Figure 1. A typical synthetic jet, also known as a
zero net mass-flux device, uses a vibrating diaphragm
to drive oscillatory flow through a small orifice or
slot. Although there is no source, a mean jet flow is
established afew diameters from the orifice due to
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the entrained fluid (in the absence of any grazing
external flow).
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Figure 1: Schematic of a Synthetic Jet.

In addition to studies that emphasize
applications, there are numerous others that have
concentrated on the design, visuaization, and/or
measurements of synthetic jets (Crook et al. 1999;
Chen et a. 2000; Crook and Wood, 2001; Gilarranz
and Rediniotis, 2001). Furthermore, several
computational studies aso have focused on
fundamental aspects of these devices (Kral et al.
1997; Rizzeta et a. 1998; Mallinson et al. 2000;
Utturkar et a. 2002). Crook and Wood (2001)
emphasize the importance of understanding the
scaling and operational characteristics of a synthetic
jet. Clearly, this information is required for a user to
design an appropriate device for a particular
application. In addition, feedback control
applications require the actuator transfer function that
relates the input voltage to the output property of
interest (e.g., volumetric flow rate) in the control
System.

The design itself represents an electro-
mechanical-acoustic coupled system with frequency
dependent properties determined by device
dimensions and material properties. The analysis and
design of coupled-domain transducer systems are
commonly performed using lumped element models
(Fisher 1955; Hunt 1982; Rossi 1988).

The main assumption employed in LEM is that
the characteristic length scales of the governing
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physical phenomena are much larger than the largest
geometric dimension. For example, in an acoustic
system, the acoustic wavelength must be significantly
larger than the deviceitself. If thisassumption holds,
then the governing partial differential equations for
the distributed system can be “lumped” into a set of
coupled ordinary differential equations. This
approach provides a simple method to estimate the
dynamic response of a synthetic jet for design and
control-system implementation.

The purpose of this paper is to rigorously study
the application of lumped-element modeling to
piezoelectric-driven synthetic jet actuators. To the
authors knowledge, this represents the first
application of LEM to piezoelectric-driven synthetic
jets.  McCormick (2000) employed LEM to a
speaker-driven synthetic jet, while Rathnasingham
and Breuer (1997) were the first to develop a low-
order model of a synthetic jet. In this paper, the
various lumped elements for each component of a
synthetic jet are theoretically developed. The
resulting equivalent circuit is then analyzed to
understand the effects of geometry and materia
properties on important design parameters, such as
resonance frequency and volume displacement per
applied voltage. The model assumptions and
limitations are discussed, along with the results of an
ongoing experimental study designed to quantify the
validity of this modeling approach.

2 Lumped Element Modd

In LEM, the coupling between the various
energy domains is realized via simplified device
representations connected to form equivalent circuits.
The equivalent circuit model is constructed by
lumping the distributed energy storage and
dissipation into ideal generalized circuit elements. In
this el ectroacoustic anal ogy, pressure and voltage are
effort variables, while current and volumetric flow
rate are flow variables. For this paper, we employ an
impedance analogy, in which elements that share a
common effort are connected in parallel, while those
sharing a common flow are connected in series. For
a synthetic jet, three different energy domains are
involved: electrical, mechanical, and fluidic/acoustic.

The electromechanical actuator consists of a
clamped axisymmetric PZT patch bonded to a metal
diaphragm. The composite diaphragm is driven into
motion via an applied AC voltage. The primary
purpose of the piezoelectric diaphragm isto produce
large volume displacements in order to draw fluid
into and out of the cavity. This represents a
conversion from the mechanical to acousto-fluidic
domain.  Consequently, we focus on the first
axisymmetric vibration mode of the composite
diaphragm (see Prasad et al. 2002 for details of this

analysis). Specificaly, linear composite plate theory
is used to obtain the short-circuit pressure-deflection
characteristics. Then, the diaphragm is lumped into
an equivalent acoustic mass and acoustic compliance.
The former represents stored kinetic energy, and the
latter stored potential energy.

In general, the cavity contains a compressible
gas that stores potential energy and is therefore
modeled as an acoustic compliance. Finaly, viscous
effects in the orifice dissipate a portion of the kinetic
energy stored in the motion of the oscillating fluid
mass. Therefore, there will be an effective acoustic
mass and acoustic resistance associated with the
orifice neck. Flow through the orifice also produces
losses associated with the discharge of flow from the
jet exit. In addition, for low operational frequencies
where ka, =wa, [c, <1 (where a, is the orifice
radius and ¢ is the speed of sound), an acoustic
radiation mass also be added if the orifice is gjecting
into a semi -infinite medium (Rossi 1988).

i l:fa CaD MaD Ra\N MaN Qout
|_
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Figure2: Equivalent circuit representation of a
piezoelectric-driven synthetic jet.

The equivalent circuit representation for the
synthetic jet is shown in Figure 2. In the notation
below, the first subscript denotes the domain (e.g.,
“a" for acoustic and “e” for electric), and the second
subscript describes the element (e.g., “D” for
diaphragm). In the electrical domain, C, is the
blocked electrical capacitance of the piezoelectric
diaphragm driven by an AC voltage V,.. Theterm
blocked is used since it is the impedance seen by the
source when the diaphragm motion is prevented.

In the acoustic domain, C,, and M_, arethe
acoustic compliance and mass of the piezoceramic
composite diaphragm, respectively. M, may
include a radiation mass, if appropriate. Although
not shown, an acoustic resistance could also be
included in series with C_, and M_, to model

structural damping effects. C_. is the acoustic

acC
compliance of the cavity, while R, and M, are

the acoustic resistance and mass of the fluid in the
neck, respectively. Finally, R is the resistance

associated with the orifice discharge, and M
the acoustic radiation mass of the orifice.

aRad IS



In this paper, we assume that the synthetic jet
exhausts into a semi-infinite ambient air medium, and
that the diaphragm is not subject to a mean
differential pressure. If necessary, avent channel can
be used to equilibrate the mean static pressure across
the diaphragm, in a manner similar to a microphone
(Sheplak et al. 1998). For simplicity, we will assume
that there is no grazing flow and neglect nonlinear
amplitude and compressibility effectsin the orifice.

The structure of the equivalent circuit is
explained as follows. An AC voltage V,. is applied
across the piezoceramic to create an effective
acoustic pressure that drives the diaphragm into
motion.  This represents a conversion from the
electrical to the acoustic domain and is accounted for

via a transformer with a turns ratio f , with units of
[Pa/V]. Anideal transformer (i.e., power conserving)

converts energy from one domain to another and
obeystherelations

i:faQandVAC:fE. (1

a

In addition, a transformer converts an electrical
impedance Z, to an acoustic impedance Z, via

=——==£ 2=/ *=_°¢ {2}

The motion of the diaphragm can either
compress the fluid in the cavity or can gect/ingest
fluid through the orifice. Physicaly, this is
represented as a volume velocity divider,

Q=Q +Q,. Thegoa of the design is to maximize
the magnitude of the volume flow rate through the
orifice per applied voltage |Qu Nac| -

3 Equivalent Circuit Modd Analysis
Before estimating the lumped parameters
defined above, it is instructive to analyze the
equivalent circuit to obtain the frequency response
function Qy (S)/Vac (S), where s= jw. Using Eq.
{2}, the transformer can be eliminated by converting

each of the acoustic impedances to their electrical
equivalent. Theresult isdepicted inFigure 3, where
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Figure 3: Alternative equivalent circuit model.
Substituting in the expressions for
Z,,Z.,andZ_ and grouping powers of sin the
numerator and denominator resultsin
Qu(s) f.CoS

- a_—ab . {4}
Vie (s) a,s'+as’ +as’ +as+l

where
a1 = (RaO +RaN) (CaD +CaC)’
a2 :(MaRad + MaN)(CaD +CaC)+MaDCaD1
aazcacMaDCaD(Bo"'RdN)aand
a, =C, M_.C.p (Myp * Moy )

aD ~ab

{5}

aRad

Although this expression is complex, it reveals
some important features without having to estimate
any of the parametersin Eq. {5}. For the purposes of
this discussion, these parameters can be thought of as
constants, although in reality some are likely to
exhibit some frequency and amplitude dependence
(i.e., due to nonlinear effects). For a DC voltage
(s=0), the volume velocity is zero. At low
frequencies (s® 0), the volume velocity is

proportional to d_V,.w since the transduction factor
is defined as f_ =d,/C_ , where d_ isan effective

acoustic piezoelectric constant defined in Eq. {19}.
This result emphasizes the need to optimize the
design of the piezoceramic composite diaphragm
(Prasad et a. 2002).

At high frequencies (s® ¥ ), wefind that

Qo = d, ) {6}
VAC CaC CaD M aD (M aN + MaRad ) 53

The output therefore decreases at a rate of 60
dB/decade and isinversely proportional to the masses
and compliancesin the system.

The denominator in Eq. {4} is a 4"-order
polynomial in s, indicating two resonance
frequencies. It is difficult to obtain a compact
analytical expression for the two resonance
frequencies (Fischer 1955). However, the resonance

frequencies, f ,, are controlled by the piezoelectric



diaphragm natural frequency f, and the Helmholtz
frequency of the cavity f.

_1[1
0=
2p MaDCaD {7}
. =i\/ 1
20 \/(May + Mygag ) Cic
with the constraint that
ff,="ff. {8}

To gain physical insight into the behavior of the
device, three important cases are examined below.

. ... C
31 Casel: IncompressbleLimit =<® 0
abD

Assuming that the fluid is an ideal gas, then the
acoustic cavity compliance, which is analogous to the
inverse of the gas spring constant, is obtained from

the cavity volume V,, gas density r , and the speed
of sound ¢, via
V,
Cp=—"%. 9
aC rocoz { }
In practice, C,./C,, ® 0 is achieved by minimizing
the cavity volume or operating in aliquid medium.
Since the coefficients a, and a, in Eq. {5} are

both proportional to C,., the synthetic jet transfer
function reduces to the 2"%-order system

da
—¢s
S
VDUt ( ) = az: , {10}
S
AC( ) ~ +is+i
at af
where the prime denotes the limit with
CaC/CaD ® 0 )

Eqg. {10} is written in the form of a canonical
2"-order system ” +2zw,s+w?>. By inspection, we

find that the natural frequency and damping ratio for
the incompressible case are given by

Wincomp = ’ 1 . {11}
\I%ngan
é Mo o
and
1 C
Z. == + ab {12
incomp Z(Rao RaN)JMaN+MaRad+MaD { }

If M, > M_ +M_. ., thenthe natural frequency of
the synthetic jet actuator equals that of the
diaphragm. At resonance, the response is limited by
the flow resistances in the orifice and the acoustic
compliance of the diaphragm

Qu_1 _d

= 8 {13}
VAC CaD RaO + RaN

3.2 Casell: Rigid Diaphragm Limit %@ 0
aC

As described in Prasad et al. (2002), the size of
the piezoceramic patch is not negligible compared to
the metal diaphragm for high actuation performance.
In this case, the piezoceramic composite diaphragm
cannot be accurately modeled as a homogeneous
circular plate.  Nonetheless, assuming that the
diaphragm is clamped, the acoustic compliance of a
homogeneous clamped circular plate provides insight
into the scaling behavior of the diaphragm

_pa(1-n’)

0 16ER® 14

where a istheradius, E istheelastic modulus, n is
Poisson’s ratio, and h is the thickness. From Eq.
{14}, C,_, decreases with decreasing thickness ratio
a/h and increasing elastic modulus.

As in the previous case, the coefficients a, and
a, in Eq. {5} are zero, and the synthetic jet transfer
function reduces to a 2%order system. The limit
C,5/C.c ® 0 leads to the following expressions for

the natural frequency, damping ratio, and response at
resonance:

1
W, = , 1

stiff \/(MaN'FMaRad)CaC { 5}

1 C,
Z gt :E(Rao-'-&N) M -(i:-—M ) {16}

aRad aD
and

h: 1 da {17}

VAC CaC RaO + RaN .

In this case, the natural frequency of the jet
corresponds to the Helmholtz frequency. At
resonance, the response is limited by the flow
resistances in the orifice and the acoustic compliance
of the cavity. By comparing with Eq. {13}, the
resonant response differs for these cases by the ratio
of the acoustic compliances.



3.3 Caselll: Equal Resonant Frequenciesf;=f,

One other case of interest occurs when the two
natural frequencies are equal to each other, f =f,.
However, this does not imply that f, = f_, as seen
in Eq. {8. It can be shown that in this case, the
followingistrue:

Cac +CLD+2:L
M, +M

{18}

aD aC aRad

The cavity volume can thus be adjusted accordingly
to provide a single dominant peak with large resonant

response |Q0u[ Nac | :

4 Mode Parameter Estimation

In this section, we outline the methods and
assumptions used to estimate each of the quantitiesin
Eqg. {5}. The interested reader is referred to Rossi
(1988) and Beranek (1993) for details of the
methodol ogy.

The piezoelectric diaphragm vibrates in response
to both an applied AC voltage and oscillatory
differential pressure according to therelation

Q= jW(daVAC +Cyp P) . {19

Here d, =|(Q/jwV..)|.., is the effective acoustic

piezoel ectric constant that relates the volume velocity
of the diaphragm to the applied voltage V,.

Cup =(Q/ WP)|,__, =(DVolume/P)|,
applied differential pressure to the volume change of
the diaphragm.

The vertical deflection w(r) due to an applied
differential pressure is also lumped into an equivalent
acoustic mass M_, by equating the lumped Kinetic

energy of the vibrating diaphragm to the total kinetic
energy using

relates an

1 2_a\r ¢(I’) : 2
EMaDQ —OTW(I’) 2rdr, {20}

0

where r €r) isthe distributed mass per unit area, Q
is the net volume velocity of the diaphragm, and
w(r) = jww(r) is the distributed vertical velocity.
All of these parameters are calculated via linear
composite plate theory (see Prasad et al. 2002 for
details).

The acoustic resistance of the neck is obtained

assuming fully-developed laminar pipe flow in the
neck of length L and radius ag

DP. 8mL
=—ot = , 21
R Qu P& 2t

where m is the viscosity of the fluid and Q_, isthe
volume flow rate produced by the pressure DP, , .

Using the same assumption of fully-developed
pipe flow, the acoustic mass in the neck is obtained
from

\2

zer 6 U
%MaN . = ;r L(‘)u§ él— QL_ 4 2prdr {22
o & ehoy
or

4r L
My = {23}

3pay
As mentioned above, the acoustic radiation mass
M -.¢ Can be modeled, to first order, as apistonin an

infinite baffle if the circular orifice is mounted in a
plate that is much larger in extent than the orifice
radius

8r,

3p’a,
The acoustic resistance associated with the

discharge from the orifice can be approximated by

modeling the orifice as a generalized Bernoulli flow
meter (White 1979; McCormick 2000):

1 1

M aRad = { 24}

EKDrOU EKDrOQouI
Ro = 0 = e {25}

where T is the mean velocity, and K, »O(1) isa

nondimensional loss coefficient that is a function of
orifice geometry, Reynolds number, and frequency.
Note that R, is afunction of the volume flow rate
Q,,. through the orifice and thereby represents a

nonlinear resistance.

As mentioned above, a transduction factor is
required to move from the electrical to the acoustic
domain. Thisfactor isgiven by

fo=—. {26}

The blocked electrical capacitance C, in Figure

2 is related to the free electrical capacitance of the
piezoceramic C, =eA /h, by



& 6
CCu &

C, =G, (1- k?)=C, ol- (21
e

where k 2 is the electroacoustic coupling factor, e is
the dielectric constant, A, is the piezoceramic area,

and h isthethickness of the piezoceramic.

The next section describes experiments designed
to isolate and measure these parameters. This allows
us to evaluate the effectiveness and limitations of the
lumped element model.

5 Modd Validation

A modular piezoelectric-driven synthetic jet was
constructed, as shown in Figure 4, to perform a series
of experiments to test the validity d the lumped
element model parameters. The modular design
permits a parametric study of the cavity volume,
orifice diameter and length, and piezoelectric
diaphragm diameter. In addition, an access hole is
provided for a microphone to monitor the fluctuating
pressureinside the cavity.
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Figure 4: Assembly diagram of modular synthetic
jet.

51 Piezoelectric Transduction

The first experiment tested the linear composite
plate theory that provides estimates for C_,, M,
and d_. This was accomplished by measuring the
velocity of the clamped vibrating diaphragm (excited
by V, ) using a scanning laser vibrometer and
integrating the velocity to displacement in the
frequency domain. The clamped circular diaphragm
was removed from the synthetic jet apparatus and
mounted on an optical table. The test was also
performed in a vacuum chamber to eliminate fluid
loading effects.

Table 1 provides the dimensions and materia
properties of the diaphragms. Figure 5(a) shows a
comparison between the predicted and measured
response of the piezoceramic diaphragm to a

sinusoidal excitation voltage at f = 100 Hz. The
measured natural frequency of the diaphragm was
~2100 Hz while the computed resonance frequency
was ~2800 Hz. The non-zero displacement at
r/a»1 in Figure 5(a) reveals a compliant boundary

that does not achieve the “clamped” boundary
condition assumed in the theory. When another
diaphragm was tested using a separate mounting
system and properly clamped, the agreement between
theory and experiment was excellent, as shown in
Figure 5(b). The measured and predicted natural
frequencies agreed to within 2%.

Table1: Piezoceramic Diaphragm Details.

Shim (Br ass) [ | I
Elastic Modulus (Pa) 8.963 10%°

Poisson’s ratio 0.324

Density (kg/m®) 8700

Thickness (mm) 0.20 0.10
Diameter (mm) 235 37
Piezoceramic (PZT-5A)

Elastic Modulus (Pa) 6.1 10
Poisson’sratio 0.33

Density (kg/m®) 7500

Thickness (mm) 0.11 0.10
Diameter (mm) 20.5 25.0
Dielectric Permittivity (F/m) 8.85 1012

ds1 (MV) 2.7 101

Cao (S.mkg) 653 10 | 223 10!
M .o (kg/m?) 8.15 10° [ 243 10°
i 2 (PAIV) 88.6 15.1

Future testing will assess the severity of
nonlinear effects when the excitation amplitude is
increased. We will also seek to directly measure the
acoustic compliance of the diaphragm C_ in a

normal incidence plane-wave tube.

0.3
m,&“

0.25
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(a) Compliant boundary case.
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(b) Clamped boundary case.

Figure 5: Comparison between predicted and
measured response of piezoceramic diaphragmsto a
sinusoidal excitation voltage at low frequency.

Theory ( ) and scanning laser vibrometer in

ambient air (O,[) and in a vacuum chamber (<).

52  Cavity Acoustic Compliance
The value for the cavity acoustic compliance
C,. isobtained from Eq. {9}. The cavity volume

can be calculated from the geometry. To test the
theory, the orifice was replaced with a solid cap to
provide a closed cavity and all leaks were carefully
minimized. The piezoceramic was then driven with a
sinusoid, and the displacement of the vibrating
diaphragm was measured with a laser displacement
sensor. A B&K 1/8 in. microphone then measured
the fluctuating pressure in the closed cavity.

4E-11
N;'\’ 3E-11
i; 2E-11 T o=m—o o o g ]
S 1E1
0 ; . .
0 200 400 600

Frequency (Hz)
Figure 6: Measured acoustic compliance C_. vs.
frequency in closed cavity of synthetic jet.
The amplitude of the sinusoid was adjusted to
avoid harmonics in either signal. The frequency

response function between the pressure and
displacement signal at the diaphragm center w; was

used to measure P/w, at several frequencies and
calculate C_., as shown in Figure 6. Using the

average measured value of 9.89 MPa/im and the
measured mode shape, the cavity volume was

determined to be 2.6° 10° m®. This is within 4% of
the cavity volume calculated from the geometric
drawings.

5.3 Acoustic Massand Resistancein Orifice

The flow in the neck of the orifice is modeled as
a steady, fully-developed laminar flow in a circular
duct of radius a, and length L. The resulting
Poiseuille flow leads to the expressions for acoustic
resistance and acoustic mass defined in Egs. {21} and
{23}, respectively. At higher frequencies, the
velocity for the case of flow in a circular channel
driven by an oscillating pressure gradient is discussed
in White (1974)

I e[ wr2ou
o i 8 g
ur)= I i — gy (B
0 .|. 3 _jWG\) __I.
| 0 =1
f % " b

where J, is aBessel function of zero order, and n is

the kinematic viscosity. The velocity u is
proportional to the pressure gradient and inversely
proportional to r w. Furthermore, the velocity

profile is characterized by the Stokes number
g =\wai/n. Inthelimitof I® 0, the velocity

profile asymptotes to a parabolic shape (i.e,
Poiseuille flow). As S increases, the thickness of
the Stokes layers decreases below a,, leading to an

inviscid core surrounded by a viscous annular region.

5t=30 |

% 52 04 08 08 1

Figure 7: Variation in velocity profile vs. Stokes
number &= 1, 10, and 30 for oscillatory channel
flowinacircular duct.

These velocity profiles can be integrated
numerically to obtain Q,, and obtain the real



(resistive) and imaginary (reactive) parts of the
acoustic impedance as a function of the Stokes
number

DP . .
—* =7, =Ry Xy =Ry +jWM . {29}
Qu

The results shown in Figure 8 reveal that, at low
frequencies, the acoustic resistance asymptotesto the
steady value given in Eqg. {21} and increases
gradually with frequency. However, the acoustic
mass is approximately constant with frequency. The
data in Figure 8 can be used to provide frequency
dependent estimates for the acoustic resistance and
mass in the lumped element model.
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Figure 8: Nondimensional resistance and reactance
vs. 3? for oscillatory channel flow in a circular
duct.

It should also be noted that, depending on the
aspect ratio L/a, of the orifice, the fully developed

assumption may not be valid. Only for large values
of L/a, is the fully-developed assumption expected
to be reasonable. For small values of L/a,, the
orifice loss given in Eg. {25} is expected to
dominate.

The models discussed in this section are simple
and neglect potentially significant issues, such as
nonlinear effects due to large amplitude pressure
oscillations in the cavity (Ingard 1967) and transition
to turbulent flow and compressibility effects in the
orifice. The grazing flow effects, which are relevant
when the synthetic jet interacts with a boundary
layer, have also beenignored (Mittal et al. 2001).

54  Comparison between Moded & Experiment

In this section, the lumped element model is used
to predict the performance of two synthetic jets vs.

frequency. The dimensions of the device are
summarized in Tables1 and 2.

A Dantec two-component Laser Doppler
Velocimeter (LDV) system was used to measure the
magnitude of the peak velocity produced by the
synthetic jet vs. frequency. The synthetic jet was
placed inside a large glass fish tank, which was filled
with oil seed particles and closed. The probe volume
was located over the center of the orifice as close as
possible to the exit plane. The system was operated
in backscatter mode and resulted in a probe-volume
length that was larger than the diameter of the orifice.
Because of the poor spatial resolution, the peak
velocity in the jet was measured using a phase
averaging scheme.

Table2: Synthetic Jet Details.

Cavity: I I
Volume (nT) 250 10° | 500 10°
Orifice:

Radius (mm) 165 0.84
Length (mm) 165 0.84
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Figure 9: Comparison between the lumped element
model and experiment for Casel.

Umax (m/s)

Case | uses a smaller piezoceramic diaphragm
and cavity volume and a larger orifice than Case 1.
However, both devices use an orifice with the same
aspect ratio L/a, and are driven with V,. =50V

amplitude sinusoids. The model prediction in Figure
9 has the correct shape, but the frequency of the first
resonance peak is high. Furthermore, the velocities
are overpredicted. Note that the peak velocity is
estimated from Poiseuille flow, where

Upg = 20 = 2Q0m/(pa§] . Since this relation is only

valid a low frequencies for ducts with fully-
developed flow, this approximation is likely to
introduce significant error as frequency increases.
Eqg. {28} can be used to determine the relationship
between u__ and Q_,, but this has not been donein

ut ?



this paper. Clearly, the velocity profile must be
measured and integrated to obtain Q,, .

Case Il corresponds approximately to the
situation described in Section 3.3. In particular, this
combination brings the two resonance peaks close
together, resulting in a single dominant peak with jet
velocities of over 60 m/s. The lumped element
model accurately predicts the resonance frequency
and maximum velocity and also possesses the proper
shape of the frequency response function.
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Figure 10: Comparison between the lumped element
model and experiment for Casell.

These results reveal the power and shortcomings
of the model in its present form. Clearly, the flow in
the vicinity of the orifice must be studied further in
order to obtain better estimates of the losses and
velocity profile characteristics.  Furthermore, from
Figure 8 we expect the resistance to increase with
frequency, but the current model only uses the DC
value in Eq. {21}. Furthermore, the loss coefficient
K, in Eq. {25} is treated as a constant but is

probably a function of (at least) the orifice Reynolds
number, Stokes number, and geometry.

6 Conclusonsand Future Work

A lumped element model of a piezoelectric-
driven synthetic jet actuator has been developed and
compared with experiment. LEM provides a
compact analytical model and valuable physical
insight into the dependence of the device behavior on
geometry and material properties. The model reveals
that a synthetic jet is a 4"-order coupled oscillator.
One oscillator is a Helmholtz resonator, and the
second is the piezoelectric diaphragm. Simple
arguments reveal three important special cases
corresponding to single oscillators. One case occurs
when the fluid is incompressible (i.e. water) or, in the
case of a gaseous medium, the acoustic compliance
of the cavity is small compared to that of the
piezoelectric diaphragm. The second case is similar

to that of arigid piston and occurs when the acoustic
compliance of the piezoelectric diaphragm is small
compared to that of the cavity. In this case, the
synthetic jet acts ke a driven Helmholtz resonator.
The third case occurs when the cavity compliance is
adjusted to provide a single resonant peak as
described in Eq. {18} .

Methods to estimate the parameters of the
lumped element model were discussed in some detail
and experiments were performed to isolate different
components of the model and evaluate their
suitability. The results indicate that the linear
composite plate theory is accurate when the assumed
clamped boundary condition is achieved. Similarly,
the cavity acoustic compliance model was validated.

The details of the flow in the orifice requires
further study. It is this region that dictates the
acoustic mass and resistance in the neck. Accurate
knowledge of the acoustic mass is required to
determine the Helmholtz frequency of the synthetic
jet, while the resistance limits the response of the
device near resonance.

The model was applied to two prototypical
synthetic jets and found to provide fair agreement
with the measured performance. Better models are
needed for the unsteady flow in the orifice, including
that of entrance and exit effects. In addition,
nonlinear and grazing flow effects remain to be
studied in arigorous fashion.

In future work, additional parameters will be
varied in these experiments to yield a performance
database for the synthetic jet. Emphasis will be
placed on the ratio of the orifice length to the hole
radius. This variable will be systematically varied in
concert with the other important nondimensional
parameters, such as the orifice Reynolds and the
Stokes numbers. Additional velocity measurements
with improved spatial resolution will aso be
performed to map out the spatial variations in the
synthetic jet velocity field. Finally, an optimization
study of the entire lumped element model is
underway and should lead to synthetic jets with
improved performance.
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