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(57) ABSTRACT

A synthetic jet actuator and a method for optimizing a
synthetic jet actuator to meet operating requirements and
physical constraints may include estimating dimension and
a resonance frequency of an air cavity of the synthetic jet
actuator, and using the estimated resonance frequency to the
estimate dimensions of a piezoelectric actuator of the syn-
thetic jet actuator. Individual simulations of the air cavity
and piezoelectric actuator, and a coupled simulation may be
performed using the estimated dimensions, and the dimen-
sions may be revised and simulations re-executed to match
the resonance frequencies of the air chamber and the piezo-
electric actuator. The method maybe yield a synthetic jet
actuator having a resonance frequency of the piezoelectric
actuator that is approximately equal to a quarter-wavelength
resonance frequency of the air cavity.
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PIEZOELECTRIC ACTUATORS OPTIMIZED
FOR SYNTHETIC JET ACTUATORS

TECHNICAL FIELD

The present invention relates generally to synthetic jet
actuators and, in particular, to optimizing the design of
piezoelectric actuators to couple their structural dynamics
with the fluid dynamics and acoustics of the synthetic jet
actuators with which they are implemented.

BACKGROUND

In recent years, active flow control has been used to
increase the aerodynamic efficiency of machines having air
flow over a surface, in particular vehicles such as airplanes.
Adverse fluid flows generated over aerodynamic surfaces
can buffet and fatigue downstream structures exposed to the
flows, and the flows can affect efficiency by increasing drag
or resistance over the surface. In one version of active flow
control, jets of air are blown into the path of the adverse fluid
flows to mix with the flows and cause the air to flow more
smoothly over the aerodynamic surfaces and reduce the drag
and resistance over the surfaces or increase the lift force
generated by the surfaces. In many cases, such active flow
control can be implemented in existing vehicle designs
without needing significant changes thereby directly reduc-
ing the operating cost of the vehicle or other machine.

One device for creating jets of air in active flow control
is a synthetic jet actuator that forms a so called synthetic jet
flow by moving air back and forth through a small opening
of the device. Synthetic jet actuators typically have a hous-
ing in the shape of a hollow box or cylinder with a resonant
chamber therein and an orifice or nozzle opening through
one of the side or end walls. At least one wall of the synthetic
jet is formed from a flexible membrane that can deflect
inwardly and outwardly to alternately decrease and increase
the volume in the resonant chamber and expel and draw in
air through the opening. Deflection of the membrane may be
caused by a piezoelectric actuator that responds to an
applied electric field.

The piezoelectric actuator may include a piezoceramic
plate or disk having a surface facing and rigidly attached to
a corresponding surface of the membrane. The actuator may
have a single piezoceramic disk attached to a surface of the
membrane, or two piezoceramic disks with each disk being
attached in a similar manner to one of the opposing surfaces
of the membrane. In alternative arrangements, a piezoelec-
tric strain amplification structure, such as that shown in U.S.
Pat. No. 8,937,424, issued to Griffin et al. on Jan. 20, 2015,
and entitled, “Strain Amplification Structure and Synthetic
Jet Actuator,” may be implemented to cause the membrane
to deflect inwardly and outwardly.

A synthetic jet actuator works most efficiently and pro-
duces a maximum synthetic jet output when the structural
dynamics of the piezoelectric actuator couple with the fluid
dynamics and acoustics of the synthetic jet actuator. Early
designs of synthetic jet actuators included generally spheri-
cal air cavities that were generally similar to the traditional
spherical Helmholtz resonators. In these designs, the reso-
nance frequency of the spherical air cavity could be approxi-
mated accurately using the Helmholtz resonance equation
for vented spheres of air as follows:

v A (69)
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Where f}; is the Helmholtz resonance frequency, v is the
speed of sound in a gas which is approximately 343 m/s
(approximately 1125 {t/s) at 20° C. (68° F.) and at sea level,
A is the cross-sectional area of the neck or opening, V , is the
static volume of the air cavity, and L, is the equivalent
length of the neck with end correction according to the
equation L, =L, +0.6d, where L,, is the actual length of the
neck and d is the hydraulic diameter of the neck.

Over time, synthetic jet actuators have been developed
that have varying air cavity geometries, such as cubic air
cavities and cylindrical air cavities. However, current design
methods continue to use the Helmholtz resonance equation
for estimating the resonance frequency of the non-spherical
air cavities. The Helmholtz resonance equation provides a
starting point for designing modern synthetic jet actuators,
but the equation is a less accurate predictor of the resonance
frequencies of non-spherical air cavities than spherical air
cavities. In view of this, a need exists for improved design
processes for coupling the structural dynamics of the piezo-
electric actuators with the fluid dynamics and acoustics of
the geometries of the synthetic jet actuators in which they
are implemented.

SUMMARY OF THE DISCLOSURE

In one aspect of the present disclosure, a synthetic jet
actuator is disclosed. The synthetic jet actuator may have an
air cavity having a cylindrical shape with a cavity diameter
and a cavity height, wherein the air cavity has an air cavity
quarter-wavelength resonance frequency calculated based
on the cavity diameter of the air cavity, and an orifice placing
an interior of the air cavity in fluid communication with an
ambient atmosphere surrounding the synthetic jet actuator.
The synthetic jet actuator may further include a first piezo-
electric actuator forming a first circular wall of the air cavity
and being actuated to alternately increase and decrease a
cavity volume of the air cavity to draw air into and expel the
air from the air cavity through the orifice. The first piezo-
electric actuator may have a first actuator resonance fre-
quency that is approximately equal to the air cavity quarter-
wavelength resonance frequency.

In another aspect of the present disclosure, a method for
optimizing a synthetic jet actuator to meet operating require-
ments and physical constraints on a design of the synthetic
jet actuator is disclosed. The synthetic jet actuator may have
an air cavity having a cylindrical shape with a cavity
diameter and a cavity height, and an orifice. The synthetic jet
actuator may further include a piezoelectric actuator that is
actuated to alternately increase and decrease a cavity volume
of the air cavity to draw air into and expel the air from the
air cavity, respectively, through the orifice. The method for
optimizing may include calculating a resonance frequency
for the air cavity based on an estimated cavity diameter for
the air cavity, performing a coupled simulation of the air
cavity of the synthetic jet actuator with the piezoelectric
actuator using estimated air cavity dimensions and estimated
piezoelectric actuator dimensions, comparing simulation
output data from the coupled simulation of the air cavity and
the piezoelectric actuator to the operating requirements for
the synthetic jet actuator, and adjusting at least one of the
estimated air cavity dimensions and the estimated piezo-
electric actuator dimensions in response to determining that
the simulation output data from the coupled simulation does
not meet at least one of the operating requirements for the
synthetic jet actuator.

In a further aspect of the present disclosure, a method for
optimizing a synthetic jet actuator is disclosed. The synthetic
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jet actuator may have an air cavity having a cylindrical shape
with a cavity diameter and a cavity height, and an orifice.
The synthetic jet actuator may further include a piezoelectric
actuator that is actuated to alternately increase and decrease
a cavity volume of the air cavity to draw air into and expel
the air from the air cavity, respectively, through the orifice.
The method for optimizing may include determining oper-
ating requirements for the synthetic jet actuator, determining
physical constraints on a design of the synthetic jet actuator
based on an operating environment for the synthetic jet
actuator, and determining estimated synthetic jet actuator
dimensions for the synthetic jet actuator based on the
operating requirements and the physical constraints. The
method may further include calculating a resonance fre-
quency for the air cavity based on an estimated cavity
diameter for the air cavity, calculating estimated piezoelec-
tric actuator dimensions for the piezoelectric actuator based
on the estimated synthetic jet actuator dimensions and the
resonance frequency, and performing simulations of the air
cavity of the synthetic jet actuator and the piezoelectric
actuator using the estimated synthetic jet actuator dimen-
sions and estimated piezoelectric actuator dimensions. Still
further, the method may include comparing simulation out-
put data from the simulations of the air cavity and the
piezoelectric actuator to the operating requirements for the
synthetic jet actuator, and adjusting at least one of the
estimated synthetic jet actuator dimensions and the esti-
mated piezoelectric actuator dimensions in response to
determining that the simulation output data from the simu-
lations does not meet at least one of the operating require-
ments for the synthetic jet actuator.

Additional aspects are defined by the claims of this patent.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an isometric view of an exemplary pancake-type
synthetic jet actuator that may be designed using a design
process in accordance with the present disclosure;

FIG. 2 is a cross-sectional view of the synthetic jet
actuator of FIG. 1 taken through line 2-2;

FIG. 3 is a cross-sectional view of the synthetic jet
actuator of FIG. 1 taken through line 3-3;

FIG. 4 is an enlarged cross-sectional view of a piezoelec-
tric actuator of the synthetic jet actuator of FIG. 1; and

FIGS. 5A and 5B are an exemplary synthetic jet actuator
design routine in accordance with the present disclosure.

DETAILED DESCRIPTION

Although the following text sets forth a detailed descrip-
tion of numerous different embodiments, it should be under-
stood that the legal scope of protection is defined by the
words of the claims set forth at the end of this patent. The
detailed description is to be construed as exemplary only and
does not describe every possible embodiment since describ-
ing every possible embodiment would be impractical, if not
impossible. Numerous alternative embodiments could be
implemented, using either current technology or technology
developed after the filing date of this patent, which would
still fall within the scope of the claims defining the scope of
protection.

It should also be understood that, unless a term is
expressly defined herein, there is no intent to limit the
meaning of that term, either expressly or by implication,
beyond its plain or ordinary meaning, and such term should
not be interpreted to be limited in scope based on any
statement made in any section of this patent (other than the
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language of the claims). To the extent that any term recited
in the claims at the end of this patent is referred to herein in
a manner consistent with a single meaning, that is done for
sake of clarity only so as to not confuse the reader, and it is
not intended that such claim term be limited, by implication
or otherwise, to that single meaning.

FIGS. 1-3 illustrate one exemplary device in the form of
a synthetic jet actuator 10 that may be designed utilizing
methods and processes in accordance with the present
disclosure. The illustrative synthetic jet actuator 10 is a
cylindrical or pancake-type synthetic jet actuator having a
cylindrical air chamber, as will be illustrated and discussed
in greater detail hereinafter. The synthetic jet actuator 10 has
an outer housing defining the air chamber therein. The outer
housing includes a first clamp wall 12 and an oppositely
disposed second clamp wall 14 that may be generally planar
and have square or rectangular shapes. The first clamp wall
12 includes a circular first wall opening 16 there through. In
the present embodiment of the synthetic jet actuator 10, the
second clamp wall 14 may have a circular second wall
opening 18 (FIG. 3) that aligns with the first wall opening 16
when the clamp walls 12, 14 are secured together by a
plurality of fasteners 20.

The outer housing of the synthetic jet actuator 10 may
further include and be completed by a planar cavity ring 22
disposed between the clamp walls 12, 14, and may have an
outer periphery that matches that of the clamp walls 12, 14.
A cavity ring opening 24 (FIG. 2) may extend through the
cavity ring 22 and align with the wall openings 16, 18. The
cavity ring 22 may further include an orifice 26 of the
synthetic jet actuator 10 that extends through the cavity ring
22 from the cavity ring opening 24 to the exterior of the
cavity ring 22. The orifice 26 places the air cavity of the
synthetic jet in fluid communication with the ambient atmo-
sphere surrounding the synthetic jet actuator 10, and pro-
vides a path for air to enter and exit the synthetic jet actuator
10 as described below.

The synthetic jet actuator 10 as illustrated further includes
a first piezoelectric actuator 28 disposed and retained
between the first clamp wall 12 and the cavity ring 22, and
a second piezoelectric actuator 30 disposed and retained
between the second clamp wall 14 and the cavity ring 22. In
this configuration, the piezoelectric actuators 28, 30 com-
bine with the cavity ring opening 24 to define a cylindrical
air cavity 32 (FIG. 3) within the synthetic jet actuator 10.
Referring to FIG. 4, the structure of the piezoelectric actua-
tors 28, 30 is shown with the dimensions exaggerated for
purposes of illustration. Each piezoelectric actuator 28, 30
may be a composite structure formed by a plurality of
membrane layers alternated with layers of a piezoelectric
material and polymeric spacing material. As shown, the
piezoelectric actuators 28, 30 may include a first outer
membrane 34, an oppositely disposed second outer mem-
brane 36, and an inner membrane 38. A first piezoelectric
disk 40 is disposed between the first outer membrane 34 and
the inner membrane 38 and may be surrounded by a first
spacing material layer 42. Similarly, a second piezoelectric
disk 44 may be disposed between the second outer mem-
brane 36 and the inner membrane 38 and be surrounded by
a second spacing material layer 46. The piezoelectric disks
40, 44 may have a piezoelectric disk thickness t,, and the
piezoelectric actuators 28, 30 may have an overall piezo-
electric actuator thickness t, that maybe varied to produce
desired structural dynamics in the piezoelectric actuators 28,
30. The membranes 34, 36, 38 may be formed from flexible
materials such as brass, copper, Kapton® or any other
appropriate material to allow the piezoelectric actuators 28,
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30 to deflect when the voltage is applied to the piezoelectric
disks 40, 44. The spacing material layers 42, 46 may also be
formed from an appropriate flexible material such as a
thermoplastic polymer (e.g., polysulfone) that is sufficiently
flexible and can insulate the piezoelectric disks 40, 44.

Referring back to FIG. 1, the first piezoelectric actuator
28 may include a first electrical connector 54 and the second
piezoelectric actuator 30 may include a second electrical
connector 56 that extend beyond the exterior of the synthetic
jet actuator 10 to provide connections for external voltage
sources (not shown) that will apply voltages to the elec-
trodes 50, 52 to cause the piezoelectric actuators 28, 30 to
oscillate. Within the spacing material layers 42, 46, the
piezoelectric disks 40, 44 may be positioned at locations so
that the piezoelectric disks 40, 44 are centered within the
openings 16, 18, 24 of the clamp walls 12, 14 and the cavity
ring 22.

Referring to the cross-sectional view of FIG. 2 in com-
bination with FIG. 1, the piezoelectric disks 40, 44 may be
approximately concentrically aligned with the openings 16,
18, 24. The cavity ring opening 24 defines the outer extent
of the air cavity 32, and may have a cavity diameter d... The
membranes 34, 36, 38 of the piezoelectric actuators 28, 30
are dimensioned to completely cover the cavity ring opening
24 and function as circular walls of the air cavity 32.
Consequently, the membranes 34, 36, 38 may have dimen-
sions that are greater than the cavity diameter d,. If the
membranes 34, 38, 38 are circular, they may have a mem-
brane diameter d,, that is greater than the cavity diameter d,,,
and if the membranes 34, 38, 38 are square or rectangular,
they may have membrane lengths and widths that are greater
than the cavity diameter d,,. The piezoelectric disks 40, 44
may have a piezoelectric disk diameter d, that is less than
the cavity diameter d_, so that movement of the piezoelectric
disks 40, 44 is not unduly constricted by the clamp walls 12,
14 and the cavity ring 22. The orifice 26 is defined within the
cavity ring 22 and may have an orifice length 1, across the
opening and an orifice neck length 1, from the edge of the
cavity ring opening 24 and the air cavity 32 to the exterior
of the cavity ring 22. As shown in FIG. 3, the cavity ring 22
may be dimensioned to separate the piezoelectric actuators
28, 30 so the air cavity 32 has a cavity height h_ and a cavity
volume V,_ equal to 7td_* h /4. The cavity height h_ provides
sufficient space for the piezoelectric actuators 28, 30 to
vibrate in and out when voltage is applied to the piezoelec-
tric disks 40, 44.

During operation, voltage is applied via the electrodes 50,
52 to cause the piezoelectric disks 40, 44 to flex and move
the piezoelectric actuators 28, 30 away from each other. The
cavity volume V increases and the drop in pressure in the air
cavity 32 causes air to be drawn into the air cavity 32
through the orifice 26. The voltage carried by the electrodes
50, 52 is then reversed to cause the piezoelectric disk to
deflect in the opposite direction and move the piezoelectric
actuators 28, 30 toward each other to reduce the cavity
volume V and force air out of the air cavity 32 through the
orifice 26 to create a synthetic jet blast. The voltage applied
by the electrodes 50, 52 to the piezoelectric actuators 28, 30
is alternated at frequencies in the range of 200-2000 Hz to
rapidly create a series of synthetic jet blasts.

Those skilled in the art will understand that synthetic jet
actuator 10 illustrated herein is exemplary of pancake-type
synthetic jet configurations that may be designed using the
methods and processes described herein, and that other
configurations are known in the art and may be similarly
designed. For example, varying shapes and sizes of the
clamp walls 12, 14 and the cavity ring 22 may be imple-
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mented as long as the air cavity 32 has the cylindrical shape
described above, and with ample space external to the air
cavity 32 for the piezoelectric actuators 28, 30 to deflect in
and out without physical restriction or air pressure restric-
tions. Further alternative embodiments may incorporate only
one piezoelectric actuator 28, 30 of the type described
herein, with the other piezoelectric actuator 28, 30 being
replaced by a solid wall defining the air cavity 32. For
example, second piezoelectric actuator 30 may be omitted
and the second clamp wall 14 may be solid and not provide
the opening 18. Alternatively, the second clamp all 14
without the opening may be combined with the cavity ring
22 is a single unitary component connected to the first clamp
wall 12 and with the cavity ring opening 24 being a
cylindrical recess extending partially inwardly from the
planar surface of the combined component and intersecting
the orifice 26. In still further alternative pancake-type syn-
thetic jets, alternative piezoelectric actuator arrangements,
such as that shown in the Griffin et al. patent discussed above
and expressly incorporated by reference herein, may be used
in place of the piezoelectric actuators 28, 30. In such
synthetic jet actuators, each of the piezoelectric actuators 28,
30 may be replaced by a flexible membrane or diaphragm
that is oscillated by an amplification structure frame of the
type disclosed in the Griffin et al. patent to create the desired
jet blasts.

In synthetic jet actuators 10 as described herein, perfor-
mance is optimized when the resonance frequency of the
piezoelectric actuator 28, 30 matches or is coupled to the
resonance frequency of the air cavity 32 of the synthetic jet
actuator 10. When the frequencies are coupled, the synthetic
jet actuator 10 may perform at optimal efficiency such that
a maximum synthetic jet output is generated when a maxi-
mum available power is applied, or a required output air
blast is produced using a minimum amount of input power
from the voltage source. In previous design strategies, initial
estimates of the resonance frequencies of pancake-type
synthetic jet actuators 10 are relatively inaccurate due to the
use of the Helmholtz resonance frequency of Eq. (1). Design
processes in accordance with the present disclosure provide
more accurate initial resonance frequency estimates and
correspondingly may reduce the overall design time to get
from requirements to prototype testing.

FIGS. 5A and 5B illustrate an embodiment of a synthetic
jet actuator design routine 100 in accordance with the
present disclosure that may be used to design a pancake-type
a synthetic jet actuator such as the synthetic jet actuator 10
illustrated and described herein. The design routine 100 may
begin at a block 102 where the operating requirements for
the synthetic jet actuator 10 are set. The operating require-
ments may include the momentum required of the synthetic
jet output by the synthetic jet actuator 10, the velocity of the
synthetic jet and the orifice size required to cause the desired
airflow pattern over a surface. Once the operating require-
ments are established at the block 102, control may pass to
a block 104 to determine the physical constraints on imple-
menting the synthetic jet actuator 10. For example, in
aeronautical applications, the synthetic jet actuator 10 may
be installed within an airfoil such as a wing or vertical fin of
an airplane. The space available for the synthetic jet actuator
10 may be limited by the size and support structure of the
airfoil and other components contained therein. Addition-
ally, in such applications, the total weight is a concern and
may further limit the size and/or materials from which the
synthetic jet actuator 10 is fabricated. All the constraints on
the design must be known before the configuration of the
synthetic jet actuator 10 can be determined.
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After the operating requirements are established at the
block 102 and the design constraints are identified at the
block 104, control may pass to a block 106 for an initial
calculation of the dimensions of the air cavity 32. As
discussed above, the relevant dimensions for the air cavity
32 include the cavity diameter d. and the cavity height h,.
The cavity diameter d_ may be selected for the synthetic jet
actuator 10 to fit within the constraints identified at the block
104. The synthetic jet actuator 10 must allow for the full
range of displacement of the piezoelectric actuators 28, 30
to ensure proper functioning of the synthetic jet actuator 10.
Consequently, the cavity height h, must provide sufficient
space between for the piezoelectric actuators 28, 30 to
displace toward each other without coming into contact. A
cavity height h, equal to approximately three times the
maximum inward displacement of the piezoelectric actua-
tors 28, 30 may be sufficient to prevent contact. In most
implementations, the desired cavity height h_ equates to
approximately 0.2% of the cavity diameter d_. and may be set
accordingly.

Initial estimates of the orifice length 1, and the orifice neck
length 1, may be calculated based on the cavity diameter d,.
The orifice length 1, may be set at a length within the range
ot 30%-40% of the cavity diameter d_, and in one embodi-
ment may be set equal to ¥4 of the cavity diameter d_. The
orifice neck length 1, may be set at a length within the range
of 10%-20% of the cavity diameter d_, and in one embodi-
ment may be set equal to 15% of the cavity diameter d_. The
applicants have determined that these ratios in relation to the
estimated cavity diameter d_ provide close approximations
of the actual orifice length 1, and orifice neck length 1,
necessary to meet the design requirements of the synthetic
jet actuator 10.

After the initial dimensions of the air cavity 32 and the
orifice 26 of the synthetic jet actuator 10 are determined at
the block 106, control may pass to a block 108 to estimate
the acoustic or resonance frequency of the air cavity 32
based on the initial dimensions. As discussed above, in
previous design processes, the resonance frequency of a
given synthetic jet design was estimated using Helmholtz
resonance equation for spherical resonators set forth above
in Eq. (1) regardless of the geometry of the air cavity. In
contrast, the synthetic jet actuator design routine 100 in
accordance with the present disclosure estimates the reso-
nance frequency for the pancake-type synthetic jet actuator
10 using the resonance frequency equation as follows:

fo=vidd, 2)

Eq. (2) yields the quarter-wave resonance frequency £, for
a tube that is closed at one end having a length equal to the
cavity diameter d.. Additional harmonics of the quarter-
wave resonance frequency f,. are found by multiplying the
quarter-wave resonance frequency f. of Eq. (2) by odd
numbers. Though the quarter-wave resonance frequency f,
of Eq. (2) is applied to a different geometry than the air
cavity 32 of the pancake-type synthetic jet actuator 10, Eq.
(2) yields a much closer initial approximation of the actual
resonance frequency of the air cavity 32 of the synthetic jet
actuator 10 than the Helmholtz resonance frequency f;, of
Eq. (1), and consequently will reduce the time required to
arrive at the final design for the synthetic jet actuator 10.

As an alternative to Eq. (2), particularly for more com-
plicated geometries having multiple apertures, apertures of
different shapes and air cavities 32 having different shapes,
the resonance frequency f. for the air cavity 32 may be
predicted using a relatively coarse acoustic finite element
model with maximum pressure boundaries at all points of
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the enclosing structure and minimum pressure boundaries at
all apertures. The coarse finite element model may also
provide a more accurate approximation of the resonance
frequency £, for the air cavity 32 than the Helmholtz reso-
nance frequency f; of Eq. (1). Those skilled in the art will
understand that although the pancake-type synthetic jet
actuator 10 is used as an example for optimizing the design
of a synthetic jet actuator, the design routine 100 as detailed
herein may be used to optimizing the designs of synthetic jet
actuators having non-circular air cavities, such as air cavities
that are elliptical, square and rectangular.

After the resonance frequency f, of the air cavity 32 is
determined at the block 108 using Eq. (2), or prior to or
concurrently there with, control may pass to a block 110 for
a determination of the dimensions of the piezoelectric actua-
tors 28, 30 and the components thereof. As with the orifice
length 1, and the orifice neck length 1, of the orifice 26, some
of the relevant dimensions of the piezoelectric actuators 28,
30 may be initially estimated during the design process
based on the cavity diameter d.. The piezoelectric disk
diameter d,, may be estimated to have a value within a range
of 75%-90% of the cavity diameter d_, and in one embodi-
ment may be calculated as 82.5% of the cavity diameter d...
The piezoelectric actuator thickness t, may be estimated to
have a value within a range of 1.0%-2.5% of the cavity
diameter d. to balance the blocked force and the free
displacement of the disks 40, 44. In one embodiment, the
piezoelectric actuator thickness t, may be calculated as 1.5%
of the cavity diameter d,.

With the piezoelectric disk diameter d,, and piezoelectric
actuator thickness t, known, the remaining dimensions and
material properties of the piezoelectric actuators 28, 30 may
be estimated by matching a resonance frequency 1, of the
piezoelectric actuators 28, 30 to the resonance frequency f.
of'the air cavity 32 from Eq. (2). Depending on the operating
requirements for the synthetic jet actuator 10 determined at
the block 102, may behave like either a circular member or
a circular plate, and an appropriate equation for the reso-
nance frequency f, may be used to estimate the remaining
dimensions and material properties of the piezoelectric
actuators 28, 30. Where the piezoelectric actuators 28, 30
behave like a circular membrane, the following equation for
the resonance frequency f, may be used:

LTSI, 3

Where {, is a resonance frequency of the piezoelectric
actuators 28, 30, T is a membrane tension of the piezoelec-
tric actuators 28, 30, and o is a density of the piezoelectric
actuators 28, 30. The thickness and the materials of the
membranes 34, 36, 37, the piezoelectric disks 40, 44, and the
spacing material layers 42, 46, and the tension in the
membranes 34, 36, 38 when the piezoelectric actuators 28,
30 are installed in the synthetic jet actuator 10 may be
selected so that the resonance frequency 1, of the piezoelec-
tric actuators 28, 30 calculated using Eq. (3) matches the
resonance frequency {, of the air cavity 32 calculated using
Eq. (2).

Where the piezoelectric actuators 28, 30 behave like
circular plates, the following equation for the resonance
frequency f,, for a circular plate that is free at the edge may
be appropriate:

,;:6.09\/Eza3/pdc4(1 -v?) 4)

Where E is Young’s modulus, p is the mass density, and
v is Poisson’s ratio, each based on the materials used in the
piezoelectric actuators 28, 30. The piezoelectric actuator
thickness t, and the cavity diameter d_, were determined
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earlier in the routine 100. As with the Eq. (3) when the
piezoelectric actuators 28, 30 behave like circular mem-
branes, the thickness and the materials of the membranes 34,
36, 37, the piezoelectric disks 40, 44, and the spacing
material layers 42, 46 may be selected so that the resonance
frequency f, of the piezoelectric actuators 28, 30 behaving
like circular plates calculated using Eq. (4) matches the
resonance frequency f, of the air cavity 32 calculated using
Eq. (2).

With the dimensions and the resonance frequency 1, of the
piezoelectric actuators 28, 30 and the air cavity 32 of the
synthetic jet actuator 10 determined at the blocks 106-110,
the preliminary design of the synthetic jet actuator 10 may
be analyzed and refined before incurring the cost of building
and testing a prototype. In the illustrated embodiment of the
design routine 100, separate simulations may be run on the
designs for the piezoelectric actuators 28, 30 and the air
cavity 32, and then the simulations may be combined to
determine whether their performance together meets the
operating requirements for the synthetic jet actuator 10
identified at the block 102 in an optimal manner. Conse-
quently, control may pass from the block 110 to a block 112
where a structural simulation of the design of the piezoelec-
tric actuators 28, 30 may be performed to determine the
structural resonance frequency of piezoelectric actuators 28,
30 having the calculated dimensions. The simulation may be
performed using any appropriate simulation method known
in the art such as, for example, commercially available finite
element analysis software such as NASTRAN, ANSYS and
the like, custom developed modeling software of other
appropriate modeling strategy. The simulation of the piezo-
electric actuators 28, 30 will yield a structural resonance
frequency 1, for the actuators 28, 30 when isolated from the
air cavity 32 that may be equal to or differ from the
resonance frequency f, of the cylindrical membrane under
tension calculated using Eq. (3).

Prior to, concurrently with or after the structural simula-
tion is performed for the piezoelectric actuators 28, 30 at the
block 112, control may pass to a block 114 wherein a fluid
and acoustic simulation may be performed on the air cavity
32 to determine an acoustic resonance frequency f., of the
air cavity 32 with the previously calculated dimensions.
Similar to the simulation of the piezoelectric actuators 28,
30, the simulation of the air cavity 32 may be performed
using an appropriate simulation method known in the art
such as, for example, those described above. As with the
resonance frequencies f, and f,, the acoustic resonance
frequency f., from the simulation may be the same or
different than the resonance frequency f. from Eq. (2).

After the simulations are performed for the piezoelectric
actuators 28, 30 and the air cavity 32 at the blocks 112, 114,
respectively, control may pass to a block 116 for perfor-
mance of a coupled simulation of the synthetic jet actuator
10, modal interaction modeling, or other appropriate mod-
eling strategy using the designs of the piezoelectric actuators
28, 30 and the air cavity 32. The coupled simulation may be
performed using similar methods as discussed for the indi-
vidual simulations, but includes the particular design char-
acteristics for both the piezoelectric actuators 28, 30 and the
air cavity 32. The coupled simulation may provide results
indicative of whether the resonance frequencies of the
piezoelectric actuators 28, 30 and the air cavity 32 are
sufficiently matched when both are integrated into the syn-
thetic jet actuator 10, and whether the synthetic jet actuator
10 will generate the magnitude of pressure required to meet
the synthetic jet momentum requirement identified at the
block 102.
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After the coupled simulation is performed, the results may
be evaluated to determine whether the design of the syn-
thetic jet actuator 10 and its components should be refined
to meet the requirements for the synthetic jet actuator 10 or
to optimize the design of the synthetic jet actuator 10 if the
requirements are met. To begin the evaluation, control may
pass from the block 116 to a block 118 where the coupled
simulation results are evaluated to determine whether the
synthetic jet actuator 10 will produce the required maximum
momentum for air output by the synthetic jet actuator 10. If
the synthetic jet actuator 10 will not produce the required
maximum momentum, control may pass to a block 120 to
determine whether the design requirements and design con-
straints will allow the dimensions of the orifice 26 to be
adjusted to attempt to produce a design for the synthetic jet
actuator 10 that will produce the required maximum
momentum. Limitations on adjusting the dimensions of the
orifice 26 may include practical limits on reducing or
enlarging the orifice 26 based on fluid flow characteristics of
air, physical limits on changing the dimensions of the orifice
26 based on the physical constraints on the synthetic jet
actuator 10 identified at the block 104, such as space
limitations that preclude increasing the orifice neck length
L., and the like. The ability to adjust the dimensions may also
be controlled or influenced by scaling with regard to a flow
field being controlled, such as by a ratio relative to a
boundary layer thickness that may be suggestive of an
optimal size of the orifice 26. If the size of the orifice 26 can
be adjusted in the manner required to increase the maximum
momentum for air output by the synthetic jet actuator 10,
control may pass to a block 122 where the necessary
adjustment to the size of the orifice 26 is performed, after
which control may pass back to the block 114 to perform the
isolated fluid and acoustic simulation of the air cavity 32
with the revised dimensions of the orifice 26 prior to
re-executing the coupled simulation at the block 116.

If the design of the synthetic jet actuator 10 does not
produce the required maximum momentum at the block 118
and the dimensions of the orifice 26 cannot be adjusted at the
block 120, control may pass to block 124 to determine
whether the cavity height h, can be adjusted in a manner that
will increase the maximum momentum of the synthetic jet
actuator 10. As with adjustment of the dimensions of the
orifice 26, the design requirements and design constraints
may be evaluated to determine whether the cavity height h,.
can be adjusted to increase the momentum of air output by
the synthetic jet actuator 10. If the cavity height h, can be
adjusted, control may pass to a block 126 where the cavity
height h_ is adjusted in a manner that is anticipated to
increase the momentum of air output by the synthetic jet
actuator 10, and then back to the block 114 to perform the
isolated fluid and acoustic simulation of the air cavity 32
with the revised cavity height h,.

If neither the orifice 26 nor the cavity height h_ can be
adjusted at the blocks 120, 124, the remaining alternative for
increasing the maximum momentum of air output by the
synthetic jet actuator 10 may be to adjust the cavity diameter
d., which may have a larger impact on the design and
simulations based the dependence of other parameters on the
cavity diameter d. and the corresponding resonance fre-
quency f_ of the air cavity 32. Consequently, when the orifice
26 and the cavity height h, cannot be adjusted, control may
pass to a block 128 where the cavity diameter d_ may be
adjusted within the limits established by the physical con-
straints of the synthetic jet actuator 10. With the change to
the cavity diameter d_, the other dimensions of the resonance
frequency f. will change, as will dimensions and the reso-



US 9,803,666 B2

11

nance frequency f, of the piezoelectric actuators 28, 30 that
are based on the cavity diameter d_, and the resonance
frequency f. of the air cavity 32. For this reason, after the
cavity diameter d,. is adjusted at the block 128, control may
pass back to the block 108 for recalculation of the resonance
frequency f. based on the new cavity diameter d., and then
to the block 110 to recalculate the piezoelectric actuator 28,
30 dimensions and the resonance frequency f, before re-
executing the simulations at the blocks 112, 114, 116.

Returning to the block 118, if the maximum momentum
produced by the synthetic jet actuator 10 in the simulations
meets the requirements, control may pass to a block 130 to
determine whether the design of the synthetic jet actuator 10
will create sufficient air pressure to meet the design require-
ments. If the design will not create sufficient pressure,
control may pass to a block 132 to determine whether the
piezoelectric disk thickness t, can be adjusted to produce the
necessary pressure. Depending on the present design con-
ditions and the factors limiting the performance of the
piezoelectric actuators 28, 30, the piezoelectric disk thick-
ness t,can be increased to increase the blocked force created
by the piezoelectric actuators 28, 30, or decreased to
increase the displacement of the piezoelectric actuators 28,
30. If the piezoelectric disk thickness t,; cannot be adjusted
as necessary to product the required pressure, such as where
the cavity height h, may be insufficient to accommodate
increased displacement of the piezoelectric actuators 28, 30,
control may pass to the block 128 to adjust the cavity
diameter d.. as necessary before recalculating the piezoelec-
tric actuator 28, 30 dimensions and the resonance frequency
f, at the block 110 and re-executing the simulations at the
blocks 112, 114, 116. If it is determined at the block 132 that
the piezoelectric disk thickness t, can be adjusted, control
may pass to a block 134 where the necessary adjustment to
the piezoelectric disk thickness t, is performed before con-
trol may be passed back to the block 110 to recalculate the
other dimensions and the resonance frequency f, of the
piezoelectric actuators 28, 30 and then to the block 112 to
perform the structural simulation of the piezoelectric actua-
tors 28, 30 with the revised piezoelectric actuators 28, 30.

If the pressure created by the synthetic jet actuator 10 is
determined to be sufficient at the block 130, control may
pass to a block 136 to evaluate whether the resonance
frequency f,, of the piezoelectric actuators 28, 30 and the
resonance frequency f., of the air cavity 32 from the
simulations match. If the resonance frequencies 1,1, do not
match at the block 136, control may pass to the block 132
to determine whether piezoelectric disk thickness t; can be
adjusted or the cavity diameter d_. must be adjusted before
re-executing the simulations in an effort to match the reso-
nance frequencies f,.,f,. If the resonance frequencies 1,1,
are matched at the block 136 in addition to the design of the
synthetic jet actuator 10 producing the required maximum
momentum and sufficient pressure, control may pass to a
block 138 to determine whether the sizing of the synthetic jet
actuator 10 is optimized. Optimization of the synthetic jet
actuator 10 may be a system level determination that may be
dictated by a flow field that the synthetic jet actuator 10 must
produce. There are potentially many different sized designs
that can achieve the requirements determined at the block
102. The optimization determination may be made based on
whether the synthetic jet actuator 10 fits in the required area,
is the most electrically efficient solution and the like.

If the design satisfies the requirements for the synthetic jet
actuator 10 but may not be optimized, control may pass to
a block 140 where the ratio of the piezoelectric disk diameter
d, to the cavity diameter d., may be adjusted. As discussed
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above, the piezoelectric disk diameter d, may initially be set
equal to approximately 82.5% of the cavity diameter d_. At
the block 140, the piezoelectric disk diameter d, may be
increased or decreased by a small increment that a designer
in their experience may believe may fine-tune the resonance
frequency coupling of the components of the synthetic jet
actuator 10, but with the piezoelectric disk diameter d,, still
approximately equal to 82.5% of the cavity diameter d_.
After the piezoelectric disk diameter d,, is adjusted, control
may pass back to the block 110 to recalculate the other
dimensions and the resonance frequency 1, of the piezoelec-
tric actuators 28, 30 and then to the block 112 to re-perform
the simulations and reevaluate the design. If the design is
determined to be optimized at the block 138, control may
pass to a block 142 where the designer may proceed with
building and testing a prototype of the synthetic jet actuator
10 to confirm that the actual device will perform within the
operating requirements. If the prototype synthetic jet actua-
tor 10 does not perform as required, the designer may reenter
the design routine 100 at any appropriate location to modify
the design, perform the simulations and compare the results
to the design requirements for the synthetic jet actuator 10.

INDUSTRIAL APPLICABILITY

The design routine 100 in accordance with the present
disclosure may reduce the time required to get from a
requirements definition and initial configuration of a syn-
thetic jet actuator 10 to an optimized design that can be
converted into a prototype for physical testing. The design
routine 100 recognizes and acknowledges the role of
mechanical acoustic coupling to optimize the synthetic jet
actuator 10 to take advantage of the coupling of the quarter-
wavelength resonance frequency or coarse finite element
model over coupling in the Helmholtz domain and provide
synthetic jet actuator performance beyond that obtained
through previous design processes relying on the Helmholtz
resonance frequencies. In the optimized design, the reso-
nance frequency of the piezoelectric actuators 28, 30 maybe
approximately equal to the quarter-wavelength resonance
frequency of the air chamber, and may be within £10% of
the quarter-wavelength resonance frequency. The difference
may be attributable to the air cavity 32 not having the
geometry assumed for Eq. (2) of a closed ended tube, but the
quarter-wavelength resonance frequency captures the rela-
tionship between the scale and the frequency far more
accurately than the Helmholtz frequency of Eq. (1) used in
previous design processed. Improved design processes are
further achieved by sizing the piezoelectric actuators 28, 30
relative to the size of the air cavity 32 of the synthetic jet
actuator 10 and selecting the thickness of the piezoelectric
disks appropriately so that the efficiency of the synthetic jet
actuator 10 is maximized to achieve an optimal synthetic jet
momentum for the electrical power input to the piezoelectric
actuators 28, 30. This design methodology may bring the
performance of the synthetic jet actuator 10 into a range that
could be effective on full-scale aerospace platforms.

While the preceding text sets forth a detailed description
of numerous different embodiments, it should be understood
that the legal scope of protection is defined by the words of
the claims set forth at the end of this patent. The detailed
description is to be construed as exemplary only and does
not describe every possible embodiment since describing
every possible embodiment would be impractical, if not
impossible. Numerous alternative embodiments could be
implemented, using either current technology or technology



US 9,803,666 B2

13 14

developed after the filing date of this patent, which would mum output momentum in response to determining that
still fall within the scope of the claims defining the scope of the simulation maximum output momentum is less than
protection. the required maximum output momentum; and

What is claimed is: wherein the method for optimizing comprises re-perform-

1. A method for optimizing a synthetic jet actuator to meet 5 ing the coupled simulation of the air cavity of the
operating requirements and physical constraints on a design synthetic jet actuator with the piezoelectric actuator
of the synthetic jet actuator, the synthetic jet actuator having after adjusting at least one of the orifice length, the
an air cavity having a cylindrical shape with a cavity orifice width and the orifice neck length.

diameter and a cavity height, and an orifice, the synthetic jet
actuator further including a piezoelectric actuator that is 10
actuated to alternately increase and decrease a cavity volume
of the air cavity to draw air into and expel the air from the
air cavity, respectively, through the orifice, the method for
optimizing comprising:
calculating a resonance frequency for the air cavity based 15
on an estimated cavity diameter for the air cavity;
performing a coupled simulation of the air cavity of the
synthetic jet actuator with the piezoelectric actuator

6. The method for optimizing a synthetic jet actuator of
claim 5, comprising:
determining whether at least one of the orifice length, the
orifice width and the orifice neck length may be
adjusted to increase the simulation maximum output
momentum, wherein adjusting at least one of the esti-
mated air cavity dimensions and the estimated piezo-
electric actuator dimensions comprises adjusting the
cavity diameter of the air cavity to increase the simu-

using estimated air cavity dimensions and estimated lation maximum output momentum in response to

piezoelectric actuator dimensions; 20 determining that the orifice length, the orifice width and
comparing simulation output data from the coupled simu- the orifice neck length may not be adjusted to increase

lation of the air cavity and the piezoelectric actuator to the simulation maximum output momentum; and

the operating requirements for the synthetic jet actua- recalculation the resonance frequency after adjusting the

tor; and cavity diameter of the air cavity in response to deter-
adjusting at least one of the estimated air cavity dimen- 25 mining that the orifice length, the orifice width and the

sions and the estimated piezoelectric actuator dimen- orifice neck ]ength may not be adjusted to increase the

sions in response to determining that the simulation simulation maximum output momentun.

output data from the coupled simulation does not meet 7. The method for optimizing a synthetic jet actuator of

at least one of the operating requirements for the claim 1,

synthetic jet actuator. 30 Wherein adjusting at least one of the estimated air cavity

2. The method for optimizing a synthetic jet actuator of
claim 1, wherein calculating the resonance frequency for the
air cavity comprises solving a quarter-wavelength resonance
frequency equation:

dimensions and the estimated piezoelectric actuator
dimensions comprises adjusting a piezoelectric disk
thickness of the piezoelectric actuator in response to
35 determining that a simulation synthetic jet actuator
JoviAd, output pressure is less than a required synthetic jet

where f_ is a quarter-wavelength resonance frequency for a actuator output pressure or that a piezoelectric actuator

tube that is closed at one end, v is a speed of sound in a gas, resonance frequency is not equal to the resonance
and d, is the estimated cavity diameter for the air cavity. frequency for the air cavity; and

3. The method for optimizing a synthetic jet actuator of 40 ~ wherein the method for optimizing comprises recalculat-
claim 1, wherein calculating the resonance frequency for the ing the estimated piezoelectric actuator dimensions and
air cavity comprises creating a coarse finite element model re-performing the coupled simulation of the air cavity
of the air cavity with maximum pressure conditions at all of the synthetic jet actuator with the piezoelectric
structural boundaries and minimum pressure conditions at actuator after adjusting the piezoelectric disk thickness.
all orifices. 45 8. The method for optimizing a synthetic jet actuator of

4. The method for optimizing a synthetic jet actuator of claim 1, comprising setting a piezoelectric disk diameter of
claim 1, comprising performing a structural simulation of a piezoelectric disk of the piezoelectric actuator equal to a

the piezoelectric actuator using the estimated piezoelectric value within a range of 75% to 90% of the cavity diameter
actuator dimensions and performing a fluid and acoustic of the air cavity.
simulation of the air cavity of the synthetic jet actuator using 50 9. A method for optimizing a synthetic jet actuator having
the estimated air cavity dimensions before performing the an air cavity having a cylindrical shape with a cavity
coupled simulation of the air cavity of the synthetic jet diameter and a cavity height, and an orifice, the synthetic jet
actuator with the piezoelectric actuator. actuator further including a piezoelectric actuator that is
5. The method for optimizing a synthetic jet actuator of actuated to alternately increase and decrease a cavity volume
claim 1, 55 of the air cavity to draw air into and expel the air from the
wherein comparing the simulation output data from the air cavity, respectively, through the orifice, the method for
coupled simulation to the operating requirements for optimizing comprising:
the synthetic jet actuator comprises comparing a simu- determining operating requirements for the synthetic jet
lation maximum output momentum of air output actuator;
through the orifice from the coupled simulation is at 60  determining physical constraints on a design of the syn-
least equal to a required maximum output momentum thetic jet actuator based on an operating environment
of the operating requirements; for the synthetic jet actuator;
wherein adjusting at least one of the estimated air cavity determining estimated synthetic jet actuator dimensions
dimensions and the estimated piezoelectric actuator for the synthetic jet actuator based on the operating
dimensions comprises adjusting at least one of an 65 requirements and the physical constraints;
orifice length, an orifice width and an orifice neck calculating a resonance frequency for the air cavity based

length of the orifice to increase the simulation maxi- on an estimated cavity diameter for the air cavity;
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calculating estimated piezoelectric actuator dimensions
for the piezoelectric actuator based on the estimated
synthetic jet actuator dimensions and the resonance
frequency;

performing simulations of the air cavity of the synthetic

jet actuator and the piezoelectric actuator using the
estimated synthetic jet actuator dimensions and esti-
mated piezoelectric actuator dimensions;

comparing simulation output data from the simulations of

the air cavity and the piezoelectric actuator to the
operating requirements for the synthetic jet actuator;
and

adjusting at least one of the estimated synthetic jet actua-

tor dimensions and the estimated piezoelectric actuator
dimensions in response to determining that the simu-
lation output data from the simulations does not meet at
least one of the operating requirements for the synthetic
jet actuator.

10. The method for optimizing a synthetic jet actuator of
claim 9, wherein calculating the resonance frequency for the
air cavity comprises solving a quarter-wavelength resonance
frequency equation:

fo=vidd,

where f_ is a quarter-wavelength resonance frequency for
a tube that is closed at one end, v is a speed of sound
in a gas, and d_ is the estimated cavity diameter for the
air cavity.

11. The method for optimizing a synthetic jet actuator of
claim 9, wherein determining the estimated synthetic jet
actuator dimensions for the synthetic jet actuator comprises
setting an estimated cavity height equal to a value within a
range of 0.15% to 0.25% of the estimated cavity diameter.

12. The method for optimizing a synthetic jet actuator of
claim 9, wherein determining the estimated piezoelectric
actuator dimensions for the piezoelectric actuator comprises
setting an estimated piezoelectric disk diameter equal to a
value within a range of 75%-90% of the estimated cavity
diameter.

13. The method for optimizing a synthetic jet actuator of
claim 9, wherein determining the estimated piezoelectric
actuator dimensions for the piezoelectric actuator comprises
setting an estimated piezoelectric disk diameter equal to
approximately 82.5% of the estimated cavity diameter.

14. The method for optimizing a synthetic jet actuator of
claim 9, wherein determining the estimated piezoelectric
actuator dimensions for the piezoelectric actuator comprises
setting an estimated piezoelectric actuator thickness equal to
a value within a range of 1.0%-2.5% of the estimated cavity
diameter.

15. The method for optimizing a synthetic jet actuator of
claim 9, wherein performing the simulations of the air cavity
of the synthetic jet actuator and the piezoelectric actuator
comprises:

performing a structural simulation of the piezoelectric

actuator using the estimated piezoelectric actuator
dimensions;

5
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performing a fluid and acoustic simulation of the air
cavity of the synthetic jet actuator using the estimated
synthetic jet actuator dimensions; and
performing a coupled simulation of the air cavity of the
synthetic jet actuator with the piezoelectric actuator
using estimated air cavity dimensions and the estimated
piezoelectric actuator dimensions.
16. A method for optimizing an aerodynamic efficiency of
an aircraft having airflow over an aerodynamic surface of

o the aircraft using active flow control, the method compris-
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configuring a first piezoelectric actuator forming a first
circular wall of an air cavity of a synthetic jet actuator
to have a first actuator resonant frequency that is
approximately equal to an air cavity quarter-wave-
length resonant frequency of the air cavity, wherein the
air cavity has a cylindrical shape with a cavity diameter
and a cavity height and the synthetic jet further includes
an orifice, wherein the first piezoelectric actuator is
actuated to alternately increase and decrease a cavity
volume of the air cavity to draw air into and expel a jet
of air from the air cavity, respectively, through the
orifice;

installing the synthetic jet actuator at the aerodynamic

surface to blow the jet of air into the airflow over the
aerodynamic surface to cause the airflow to flow more
smoothly over the aerodynamic surface.

17. The method of claim 16, where the air cavity quarter-
wavelength resonance frequency is calculated using equa-
tion:

f=viad,

where f is the air cavity quarter-wavelength resonance
frequency for a tube that is closed at one end, v is a
speed of sound in a gas, and d, is the cavity diameter
for the air cavity.
18. The method of claim 16, comprising:
configuring a second piezoelectric actuator forming a
second circular wall of the air cavity opposite the first
circular wall and the first piezoelectric actuator to have
a second actuator resonance frequency that is approxi-
mately equal to the air cavity quarter-wavelength reso-
nance frequency, wherein the second piezoelectric
actuator is actuated to increase the cavity volume when
the first piezoelectric actuator increases the cavity
volume and to decrease the cavity volume when the
first piezoelectric actuator decreases the cavity volume.
19. The method of claim 16, comprising configuring the
first piezoelectric actuator with a membrane having a mem-
brane dimension that is greater than the cavity diameter, and
a piezoelectric disk attached to a surface of the membrane
and having a piezoelectric disk diameter that is within a
range of 75%-90% of the cavity diameter, wherein the
piezoelectric disk is actuated to alternately increase and
decrease the cavity volume of the air cavity.
20. The method of claim 19, wherein the piezoelectric
disk diameter is equal to approximately 82.5% of the cavity
diameter.



