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Abstract

This report documents the first manufacture and test of
a single crystal (PMN-PT) piezoceramic diaphragm
synthetic jet actuator for more efficient operation. The
experimental investigation included laser vibrometry
for diaphragm displacement measurement and hotwire
anemometry for jet velocity measurement, as well as
measurements of electrical power input to the disc.
The performance of the single crystal device was
compared with a synthetic jet actuator using a
polycrystalline (PZT-5A) disc of the same geometry.
For a fixed diaphragm drive voltage (20 V), the
diaphragm displacement of PMN-PT is five times
larger than PZT-5A. For comparable jet velocities
(~40 m/s), the power conversion efficiency of the
PMN-PT device is two times larger than the PZT-5A
device. Finally, for comparable power conversion
efficiencies (~20%), the peak jet velocity of the PMN-
PT device is two times larger than the PZT-5A device.

Nomenclature

Speed of sound — a [m/s]

Orifice Area — A [m?]

Orifice Diameter —d [mm]

Cavity Diameter — D [mm]

Electric Power — E [W]

Young’s Modulus — E [GPa]

Electric field strength — E¢ [kV/cm]
Disc excitation frequency — f [HZ]
Airflow (fluidic) power — F [W]
Orifice height — h [mm]

Cavity Height — H [mm]

Current — 1 [A]

Electromechanical coupling coefficient — k [-]
Diaphragm clamping condition — k? [-]
Diaphragm radius — r [mm]
Instantaneous time — t [s]

Diaphragm thickness —t [mm]

Jet velocity — U [m/s]

Voltage — V [Volts]

Dielectric loss coefficient — tan & [%]
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Disc peak-to-peak displacement — A [um]
Electric-to-fluidic power efficiency — 1 [%]
Phase angle — o [rad]

Energy transmission coefficient — A [-]
Poisson’s ratio - v [-]

Density — p [kg/m?]

Diaphragm damping coefficient — & [-]

1 Introduction

YNTHETIC jet actuators (SJAS) consist of

a moving diaphragm, pressure chamber
and orifice plate, as illustrated in Figure 1. When
actuated, the diaphragm typically deforms in a
sinusoidal manner to create pressure fluctuations in the
cavity, hence creating a cycle of expulsion and suction
strokes through the orifice. For this reason, the SJA is
a zero-net-mass flux device, but a non-zero-
momentum flux device. It is this characteristic that
makes it potentially suitable as an active flow control
(AFC) device for aircraft applications such as
separation control for drag reduction.
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Figure 1. Synthetic jet actuator

Diaphragm

There is a major challenge in getting sufficient
power density from SJAs to deliver reasonable
authority ~ whilst meeting volume installation
requirements of commercial aircraft. It is one of the
reasons to-date why adoption of SJAs, and AFC more
generally, for aircraft is still far off. Indeed, SJAs were
overlooked for full-scale flight-testing on the B757
‘ecoDemonstrator’ aircraft for drag reduction on the
vertical tail for reasons of low jet authority and low
overall actuator efficiency [1].

It seems logical that the best overall
improvements are likely to be made when the AFC
system is incorporated in a systematic manner with
other systems, in order to maximise the advantage
obtained. Electrically powered AFC systems offer
potential for greater synergistic benefits (i.e. reduced
system mass and space requirements) on board civil
transport aircraft where the systems are predominantly
(and increasingly) electric and where a power
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distribution system already exists. The level of
maturity of electrical systems is such that they form an
appropriate AFC technology platform for aircraft with
entry-into-service in the medium- to long-term — a
realistic timeframe for the adoption of AFC devices.
From an electrical input, there are several methods of
displacing a volume of fluid through an orifice, as a
means to creating a synthetic jet flow. These methods
comprise of the following SJAs:
e Piezoceramic (PZT) [2]:
electro-mechanical-fluidic transduction.
o Electro-active polymer (EAP) [3]:
electro-mechanical-fluidic transduction.
e Ferromagnetic shape memory alloy (FSMA) [4]:
electro-magneto-mechanical-fluidic transduction.
o Plasma synthetic jet actuator (PSJA) [5]:
electro-magneto-hydrodynamic transduction.
Figure 2 compares actuator power densities of the
different SJAs. Power specific mass and power
specific volume are evaluated from the fluidic power
delivered by the actuator against the mass and volume
of the actuator unit. Fig. 2a shows that both PZT and
FSMA SJAs have comparable power specific masses.
However, PZT has a significantly higher power
specific volume relative to the other actuators (Fig.
2b): PZT ~O (100), PSJA ~O (10), FSMA ~O (1) and
EAP ~O (0.1). From Fig. 2, the leap in power density
required to meet volume installation requirements is
relatively small for PZT-based SJA, thereby making it
the most viable SJA for implementation.
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Figure 2. (a) Power specific mass and (b) power specific volume
for various SJA types
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One of the key issues of piezoceramic-based SJAs
is the relatively low electric-to-fluidic power
conversion efficiency. Table 1 shows such efficiencies
of SJAs that have been reported in the literature. It can
be seen that, generally, there is an inverse relation
between the diaphragm drive voltage, Vpea (and
therefore peak jet velocity, Upeax) and the electric-to-
fluidic power conversion efficiency, n. Crowther and
Gomes [2] showed that there was no co-location of
conditions between peak jet velocity and peak
efficiency, which is consistent with dielectric
saturation of the piezoelectric patch. In all the reported
cases highlighted in Table 1, the diaphragms used
consist of a polycrystalline piezoceramic patch (PZT)
bonded to a metal shim (mainly brass), due to their low
cost and commercial availability. The diaphragms have
a nominal peak drive voltage of Ve = 15V [6].

Table 1 Comparison of SJA peak jet velocities and efficiencies
obtained from experiments (*2D slot dimensions)

Ref d D Vpeak Upeak n
(mm) (mm) (Volts) (mls) (%)
125 130 7
[21 12 25 (45) (70) (14)
[7] 1x12* 80 150 120 35
[8] 2 30.8 100 50 45
[9] 1 25 50 38 15
[10] 1x4* 30 80 35 25
[11] 5 80 35 25 63

Buren et al. [7] have reported Upeax=211 m/s from
their SJA, which is believed to be the highest SJA
Upeak recorded to-date. However, this was achieved
with a dual diaphragm configuration. In addition, no
efficiency was reported for this case, but it is
anticipated to be less than m=3.5% reported for
Upea=120 m/s, as shown in Table 1. It has been shown
that the ratio of peak jet velocity to local free stream
velocity (VR) required for effective rudder separation
control is VR=3 [12]. While the SJA authority
reported by Buren et al. [7] may be close to achieving
VR=3 (based on a local free stream velocity of U.=70
m/s over the rudder), the low efficiency means that the
overall system mass and power consumption
associated with an array of SJAs is likely to be too
prohibitive to do so.

Polycrystalline piezoceramic, such as lead
zirconate titanate (PZT), has low electromechanical
coupling, resulting in a majority energy that is either
stored (the piezoceramic effectively acting as a
capacitive energy-storing device) or lost in the
electromechanical conversion. Figure 3 shows the
breakdown of the main losses incurred in a SJA
operating in quiescent conditions. Only 40 per cent of
the electric power supplied to a PZT is converted to
mechanical energy in the form of diaphragm
vibrations.

Conversely single crystal piezoceramic, such as
lead magnesium niobate-lead titanate (PMN-PT),
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exhibit much higher (typically 30%) electromechanical
coupling resulting in more energy transfer to the
diaphragm for a given input voltage. Rusovici and
Lesieutre [13] conducted numerical modelling of a
PMN-PT SJA and compared its velocity output with a
PZT-5A SJA. It was found that for the same input
voltage, the peak jet velocity of the PMN-PT SJA was
greater than the PZT-5A SJA by about 40%. However,
to-date there is no known experimental comparison
between the performance of polycrystalline and single
crystal SJAs. Compared with polycrystalline
piezoceramic, single crystal piezoceramic is much
more expensive and mechanically weaker due to the
absence of grain boundaries, which makes
manufacture of thin single crystal discs more complex.

Delivered
Fluid Power
~10%

TYPICAL TOTAL SJA ELECTRICAL
POWER CONSUMPTION ~ 5W

Other Losses
~10%

® Orifice Inlet Loss
" Compressibility/Shock

Acoustic
Radiation Loss

~2%, Electromechanical

Conversion Loss
~60%
Viscous Loss
~16%

Heat Loss
~2%

Figure 3. Breakdown of the main SJA losses [14]

The aim of this work is to compare,
experimentally, the performance of a single crystal
diaphragm SJA with a polycrystalline diaphragm SJA.
Specifically, the objectives of this work include:

e Outsource the custom manufacture of a single
crystal diaphragm (PMN-PT), to match the
geometry of a  commercial-off-the-shelf,
polycrystalline diaphragm (PZT-5A).

e Integrate diaphragms into a common SJA
geometry and conduct frequency sweep tests in
quiescent conditions to compare (at the same
input voltage): diaphragm displacement, peak jet
velocity, and electric-to-fluidic power conversion
efficiency.

2 Theory

2.1  Actuator Figures of Merit

The electromechanical coupling factor, k, is the
effectiveness with which a piezoceramic converts
electrical into mechanical energy and is given by Eqg.

)

stored mechanical energy

k =

)

input electrical energy

Not all of the stored energy can be used, and the actual
work done depends on the load. The energy
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transmission coefficient, A, is accordingly defined by
Eq. (2)

output mechanical energy

A= )

input electrical energy

Finally, the SJA power conversion efficiency, n, is
given by Eq. (3)

output fluidic power

n= (3)

input electrical power

2.2 Power Conversion Efficiency

The power supplied to a SJA can be considered as
electrical energy input, E. Some of this energy is
stored as electrical potential energy because of the
electric capacitance of the piezoceramic diaphragm.
The remaining energy is converted to mechanical
energy along with energy loss. The mechanical energy
of the actuator can be considered as the vibration of
the piezoelectric diaphragm plus the synthetic jet
exiting the orifice. It is necessary to determine the
electric-to-fluidic power conversion efficiency of the
SJA and so the mechanical energy of the diaphragm
due to vibration is not considered. It is assumed that
the static pressure and specific volume of air at the
orifice are the same as the ambient. Therefore, the
energy of airflow exiting the orifice is equal to its
kinetic energy, F. The energy loss of the SJA is
incurred due to the deflection of the diaphragm as well
as some energy loss in the airflow prior to exiting the
orifice, as illustrated in Fig. 3. The efficiency of
energy conversion for synthetic jets, n, is the ratio of
the output and input energy given by Eq. (4)

n="= @

To calculate efficiency it is necessary to
determine the flow power. The airflow power for a
SJA [10] is given by Eq. (5)

F= %pAU3 (5)

Where A is the orifice area, p is the density of air and
U is the synthetic jet velocity. The power input applied
to the piezoelectric diaphragm depends on the voltage
amplitude. Due to the electrical capacitance of the
diaphragm, there is a phase angle difference between
the voltage and current. Because of that, the current
signal has a time delay that varies over a range of
frequencies. The phase angle, o, is given by Eqg. (6)

© = 2xfAt (6)

The instantaneous true power input is calculated
in Eq. (7) as
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E= Vpeaklpeak sin(2zft) sin(2zft + @) (7)

Where Ve and lpeax IS the peak voltage and peak
current respectively, f is the excitation frequency and t
is the instantaneous time.

Since it is common to express velocities in terms
of peak jet velocity, Upeak, then the flow and electrical
power should be calculated at peak values (Fpeax and
Epeac respectively). It is thus necessary to obtain an
expression for the peak electrical power. From
trigonometry

VpeakIpear SIN(27ft) sin(2zft + @) =
1
EVpeakIpeak (COS((D) - COS(4‘7[ft + (0))

C)
Eg. (8) is a function of time and will give the
maximum peak true power when cos(4xft + ¢) = -1.
The rest of the terms remain constant at a given
frequency. Therefore, the peak power input, Epeax, Can
be expressed by Eq. (9)

1
Epeak = EVpeakIpeak(COSd) +1) (9)

Where cos¢ is the power factor, which is equivalent to
the phase angle (Eq. (6)).

3 Experimental Approach

3.1 Piezoelectric Material and Manufacturing

Conventional piezoelectric materials used for
mechanical energy generation are based on lead
zirconate titanate (PZT) ceramics. Single crystal
systems based on PbMg1sNb2z03 — PbTiO3z (PMN-PT)
offer  higher electromechanical coupling and
approximately five to six fold increase in piezoelectric
constant over PZT ceramics. The increase of over
30% in electromechanical coupling provides a
significant improvement over current piezoceramic
actuators for power conversion efficiency. These
materials take advantage of anisotropy and
crystallographic  orientation dependent properties
offered by single crystals. Current crystal growth for
PMN-PT is in the [001] direction. Figure 4 shows the
general schematic of crystal growing and Figure 5
shows the piezoelectric loop of the single crystal
material, poled through the thickness [001].

3.2 Actuator Setup

The geometry of the piezoelectric diaphragm for
both PZT-5A and PMN-PT is shown in Figure 6. As
with the polycrystalline device, the single crystal
piezoceramic was bonded to the brass shim using
epoxy.
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Figure 4. Single crystal growth and fabrication process
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A summary of the main geometric and physical
properties pertaining to the discs and SJA is given in
Table 2.

Table 2. Summary of SJA and diaphragm parameters

Parameter PZT-5A PMN-PT
d (mm) 1.2
D (mm) 25
SIA h (mm) 252 (hid = 2.1)
H (mm) 0.67 (H/d = 0.56)
ro (mm) 135
to (mm) 0.45
E (GPa) 103
Shim p (kg/md) 8450
v (-) 0.33
K2 (-) 7.02
40 0.06
k(-) 0.72 0.93
Ec (kV/cm) 12 2.0
tan & (%) 2.0 0.6
: . re(mm) 9.9
Piezoceramic te (mm) 023
E (GPa) 66 115
p (kg/m?3) 7600 8100
v (-) 0.31 0.32

A schematic of the SJA is shown in Figure 7. The
SJA consists of two parts — a chamber top or orifice
plate and a chamber base, which comprises of the
cavity when bounded by the orifice plate at the top and
the clamped diaphragm at the bottom. The SJA parts
were 3D printed out of stainless steel.

[ clamped Diaphragm |

2D Cross Sectional View of SJA

3D Isometric (Top) View

3D Isometric (Bottom) View

Figure 7. 2D cross section (top) and 3D isometric (bottom)
views of the SJIA

A SJA device acts like a two-degree of freedom
forced mass-spring-damper  system  with  two
characteristic resonance frequencies [15-18], which are
related to, but not necessarily the same as, the
theoretical Helmholtz resonant frequency and
mechanical resonant frequency. Helmholtz resonance
occurs as a result of a dynamic exchange of kinetic
energy of the fluid in the orifice with the potential
(pressure) energy of the fluid inside the chamber. The
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theoretical Helmholtz resonance [19], fu, is given by
Eg. (10)

a d 2 1
=2 (&) —— 10
fu 27 (D) H(h+0.85d) (10)

Where a is the speed of sound. The SJA Helmholtz
resonance, f4=1.69 kHz.

The natural or mechanical resonant frequency of
the diaphragm often provides the greatest peak
velocity output and thus tends to be more influential
than the Helmholtz resonance. It is dependent on the
geometric and material properties of the diaphragm.
The natural frequency of a circular plate [20], fo, akin
to a SJA diaphragm is given by Eq. (11)

_ k?tp E(1-2%
fo= 2mr2 ’12p(1 —v?) (11)

Where rp and tp are the diaphragm radius and
thickness, respectively; E, p and v represent the
diaphragm material properties (Young’s modulus,
density and Poisson’s ratio, respectively); & is the
damping coefficient and k* is a dimensionless
frequency parameter, which is primarily a function of
the diaphragm boundary conditions. Table 2
summarises the diaphragm characteristics. The SJA
diaphragm resonance, fp=2.79 kHz.

3.3 Test Procedure

The primary data required to study the power
conversion efficiency of the SJA was the input power,
diaphragm displacement and jet velocity from the
orifice. The test rig, as shown in Figure 8, was built on
a 2-axis micro compound table for micrometer scaled
position adjustments of the SJA to the hotwire probe
and laser vibrometer.

A Trek PZD350A high-voltage piezo amplifier
with an output voltage range of 0 to £350 V DC or
peak AC was used to drive the diaphragm. The voltage
signal sent to the disc from the amplifier was
controlled by a TTI TG215 2 MHz function generator.
A fixed sinusoidal voltage waveform was used. Two
digital bench multimeters (Model UT801) were
connected to the piezo amplifier to provide voltage and
current readings. The SJA was tested with two peak
voltage inputs, Vieak = 10 and 20 V, at excitation
frequencies 100 to 4000 Hz in increments of 100 Hz.
The wvoltage input is well within the maximum
permissible voltage which, based on E. = 2.0 kV/cm
and tp =0.23 mm (Table 2), is Vpeak = 45 V.

Readings of peak jet velocity were acquired from
a Dantec Dynamics 55P11 single hot wire anemometer
sensor probe. The sampling frequency was set to 40
kHz and the number of samples was 40,000. For



RAeS Applied Aerodynamics Conference 2018

frequency response measurements of the SJA, the
probe was positioned centrally at approximately 1d
from the orifice exit using a vertical micrometer. The
percentage error in the velocity measurement using
hot-wire anemometry is 3%.

A Microtrak 3 system laser displacement sensor
was used to measure the diaphragm peak-to-peak
displacement. The laser was offset 50 mm from the
centre of the disc. The system uses a sampling
frequency of 300 Hz with measurement errors of + 4
um, equating to = 0.4%.

- /{I.l,-':'ﬁl.!!-.‘.\w'-f. MY/
Hotwire Probe Vibrometer

Figure 8. Test setup for hotwire anemometry (jet velocity) and
laser vibrometry (diaphragm displacement) measurements

4  Results and Discussion

Figure 9 presents the frequency response of the
various SJA characteristics for a fixed diaphragm input
voltage of Vpeac=20 V. For both polycrystalline and
single crystal SJAs, a single peak of the peak-to-peak
diaphragm displacement, A, is observed at f=2.8 kHz
(Fig. 9a). This corresponds to the mechanical
resonance of the diaphragm and agrees very well with
the theoretical value of f5=2.79 kHz, obtained from
Eq. (11). For the PMN-PT SJA, A = 87 um compared
with A=17 pum for the PZT-5A SJA at fp and thus the
peak diaphragm amplitude of the single crystal device
is approximately fivefold that of the polycrystalline
device for the same input voltage.

For the peak jet velocity response (Fig. 9b), the
maximum velocity of both devices corresponds with
fp. For the PMN-PT SJA, Upea=66 m/s compared with
Upea=34 m/s for the PZT-5A SJA, representing a
twofold increase of the single crystal device compared
with the polycrystalline one. A second velocity peak is
visible in the frequency response of the PZT-5A
device at f=1.8 kHz. This peak (with Upeaxk=22 m/s)
corresponds to the Helmholtz resonance of the SJIA
cavity and agrees well with the theoretical value of
fu=1.69 kHz, obtained from Eq. (10). By contrast, the
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velocity peak associated with the Helmholtz resonance
is not visible for the PMN-PT device, which has a
much more coupled response between fp and f.

Fig. 9c shows the current draw as a function of
actuation frequency for both devices. Peak current of
both SJAs corresponds with fp. For the PMN-PT SJA,
lpeak=55MA compared with lpeac=7mA for the PZT-5A
SJA, representing an eightfold increase of the single
crystal device compared with the polycrystalline one.
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Figure 9. SJA frequency response for Vpeak = 20 V: (a) peak-to-
peak diaphragm displacement, (b) peak jet velocity, (c) peak
current and (d) electric-to-fluid power conversion efficiency

Finally, Fig. 9d shows the electric-to-fluidic
power conversion efficiency as a function of actuation
frequency for both SJA devices. For the PMN-PT SJA,
peak efficiency doesn’t occur at fp but at f=3.1 kHz
with a value n=47% (at fo, n=18%). For the PZT-5A
SJA, peak efficiency does coincide with fp with a
value n=20%. A second peak, coinciding with fy,
yields an efficiency of n=10%. It’s not clear why there
is no co-location of peak jet velocity (f=fp=2.8 kHz)
and peak efficiency (f=3.1 kHz) for the PMN-PT SJA.
One possible explanation for the non-co-location of
conditions between peak jet velocity and peak
efficiency is the early onset of dielectric saturation of
the piezoceramic patch. A similar mismatch between
peak jet velocity and peak efficiency was seen in [2],
as shown in Table 1. Despite this, the single crystal
device still delivers enhanced performance over the
polycrystalline device. For comparable -electric-to-
fluidic power conversion efficiencies (n ~20%), peak
jet velocity of the PMN-PT SJA is twofold larger than
the PZT-5A SJA. For comparable peak jet velocities
(Upeak ~40 m/s), peak efficiency of the PMN-PT SJA is
approximately 2.3 times larger than the PZT-5A SJA.

5 Conclusions

This report has documented the first manufacture
and test of a single crystal (PMN-PT) piezoceramic
synthetic jet actuator (SJA) for more efficient
operation. The experimental investigation included
laser vibrometry for diaphragm displacement
measurements and hotwire anemometry for jet velocity
measurements, as well as measurements of electrical
power input to the disc. The performance of the single
crystal SJA was compared with a SJA using a
polycrystalline (PZT-5A) disc of the same geometry.
Specific conclusions of the work are as follows:
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e For a fixed diaphragm drive voltage (Vpeak=20 V),
the peak-to-peak diaphragm displacement of the
PMN-PT SJA is fivefold that of the PZT-5A SJA.

e For comparable electric-to-fluidic  power
conversion efficiencies (~20%), the peak jet
velocity of the PMN-PT SJA is twofold that of the
PZT-5A SJA.

e For comparable jet velocities (~40 m/s), the peak
electric-to-fluidic power conversion efficiency of
the PMN-PT SJA is twofold that of the PZT-5A
SJA. At the aircraft systems level, a twofold
increase in efficiency would lead to a twofold
reduction in overall SJA flow control system mass
and power consumption.
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