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ABSTRACT

A piezohydraulic microjet design and experimental results are presented to demonstrate broadband active flow
control for applications on various aircraft structures including impinging jets, rotor blades, cavity bays, etc.
The microjet actuator includes a piezoelectric stack actuator and hydraulic circuit that is used to throttle a
400 µm diameter microjet using hydraulic amplification of the piezoelectric stack actuator. This system is shown
to provide broadband pulsed flow actuation up to 800 Hz. Unsteady pressure measurements of the microjet’s
exit flow are coupled with high-speed phase imagery using micro-Schlieren techniques to quantify the flow field.
These results are compared with in situ stack actuator displacements using strain gauge measurements.
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1. INTRODUCTION

The ability to actively control high speed flows provides many challenges and opportunities for designing high
performance aircraft. Much of the recent research in this area has focused on various active and passive control
methods to manipulate flow separation and suppress noise. Non-passive alterations to the boundary layer flow
of structures such as airfoils, compressor blades, or cavity flows are creating unique opportunities to improve
aerodynamic performance dependent upon the surrounding environmental conditions or the oscillatory nature of
mechanical devices like rotor blades.1 To enhance the e!ects of boundary layer control, the need for broadband
actuation is critical to achieve robustness and enhanced agility over a broader operating regime. The combination
of smart materials exhibiting high frequency response characteristics and modern microjet applications provide
a viable alternative to address this active flow control challenge.

Active control of boundary layer flow has predominantly been focused on passive and semi-active methods
that increase robustness due to unstable flow conditions. Active methods, exhibiting the use of an external
energy source, can be categorized into either steady mass flow, pulsed mass flow, and zero net mass flow
systems. Steady and pulsed flow systems are associated with a nonzero mass addition to the boundary layer.2

Zero net mass flow systems, such as synthetic jets and “SparkJet” systems, produce no net mass flow while
maintaining a net momentum flux.3,4 These active systems can further be grouped with either open or closed
loop control. An open loop control scheme requires no feedback signal compared to a closed loop which depends
on a feedback sensory device and control algorithm.5 The combination of closed loop control and active pulsed
flow presents opportunities to vary the net mass and momentum added to the overall system. However, known
issues of pulsed flow actuators have included limited actuation forces and bandwidth due to power limitations
and lack of knowledge of mutliscale flow instabilities. The characteristics of pulsed flow, despite complexity, are
prospect to increase system e"ciency by reducing mass flux while simultaneously reducing undesirable boundary
layer vortices.
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The robustness of micro-actuator designs rely on the advances in the device’s tunability over a broad range
of ambient conditions accompanied with a high cyclic lifespan. Piezoelectric materials are an ideal candidate to
aid in accomplishing this goal. When an electric field is applied to the piezoelectric material, mechanical strain
is generated and conversely, stress induces a charge.6 The advantageous attributes of piezoceramics include
high forces and large bandwidth in a small package. However, strain of these ceramic stacks is on the order of
about 0.15 %. Addressing the issue of increasing actuator displacement while maintaing a small size and high
displacement is important for active control of a microjet flow control actuator.

The concept of utilizing smart materials such as piezoelectics for flow control has been considered in a number
of adaptive structure designs. Piezoelectric based diaphragms, flaps, cantilevered beams, etc. have been used
for low momentum control of cavity flows and boundary layer shear flows.2,7, 8 However, combining the closed-
loop tunability of a piezohydraulic stack actuator with the concepts of steady mass flow microjets presents new
design capabilities.9–11 An actuator has been designed by integrating these two subsystems together to produce
active broadband pulsed microjet flow. The design integrates a 400 µm diameter microjet with a piezoceramic
stack coupled with a hydraulic circuit to create a high speed valve. The stack actuator’s 20 µm maximum
displacement is amplified using hydraulic circuit to deform a rubber diaphragm. This diaphragm throttles the
flow through the 400 µm diameter microjet. The design characteristics, experimental set-up, and experimental
results including micro-Schlieren flow imagery and exiting flow dynamic pressure measurements of the actuator
are presented.

The study of this broadband micro actuator is presented to develop an understanding of the characteristics
of high frequency pulsed flow at 100 Hz, 400 Hz, and 800 Hz. Advancement into the preliminary stages of the
flow characterization provide a basis to develop and validate a system model to later optimize performance and
closed-loop control. The system’s design and experimental methods used are briefly described; see12,13 for more
details.

2. ACTUATOR DESIGN

The piezohydraulic actuator is comprised of six main components; a piezoceramic stack actuator, piston, two
rubber diaphragms inclosing hydraulic fluid, a cylindrical aluminum housing, and a microjet. Hydraulic ampli-
fication is the main concept that allows for a substantial increase in displacement from the piezoceramic stack
actuator. The amplification is achieved using a converging nozzle design, shown in Figure 1(a). Fluid is forced
through the chamber above the piston into the smaller cylindrical channel. This channel extends through the
top of the structural housing where a rubber diaphragm which seals the fluid, deforms into the flow path of the
400 µm microjet. Figure 1(b) illustrates the microjet interface between the actuator and flow. By applying an
electric field to the stack actuator, strain is applied to the piston which leads to the hydraulic fluid deforming
the rubber diaphram. Hydraulic amplification of !65" has been achieved between the stack actuator and the
rubber diaphragm. This broadband valve has been experimentally shown to pulse flow up to 900 Hz; see12 for
details.

The piezoceramic stack actuator (Kinetic Ceramics) positioned inside the aluminum housing is cylindrical in
size with a length of 22 mm and a diameter of 19 mm. A nominal free stack actuator displacement of !20 µm
is achieved at 1 kV. Silicon hydraulic fluid (Dow Corning 200) with a viscosity of 0.65 cSt is used for charging
the hydraulic circuit system.

Previous testing of the actuator focused on quasi-static performance characterization and a system dynamic
model to validate electro-fluid-mechanical dynamic performance.12 Preliminary studies of the exiting flow have
also provided the pressure response of the microjet.14 Here, the pressure response of the exiting flow is compared
with micro-Schlieren photography to illustrate the various phases of the pulsed flow at frequencies including
100 Hz, 400 Hz, and 800 Hz.

3. EXPERIMENTAL SETUP

3.1 Hardware and Setup

The assembly of the hydraulic actuator system consists of a hydraulic circuit and the hydraulic actuator seen
in Figure 1(a). The hydraulic circuit acts as a means to charge the hydraulic actuator with silicon fluid, control
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Figure 1: (a) Cross section view of piezohydraulic actuator; (b) Rendering of microjet interface with diaphragm and
cylinder head.

the bias pressure on the rubber diaphragm, and purge air from the system. A schematic of the hydraulic system
is shown in Figure 2. A nitrogen tank is the pressure source of the hydraulic circuit. An accumulator is used
to apply a constant bias pressure in the hydraulic actuator during testing and actuation of the piezoelectric
stack. A digital pressure gauge was placed inline after the accumulator to monitor bias pressure of the system.
A check valve is used to prevent hydraulic fluid from flowing back into the accumulator. A shut-o! valve is
connected after the check valve to allow for pressure bleed o! from the hydraulic actuator without a!ecting the
pressure maintained in the accumulator. Air is bled from the system via a bleed valve within the cylinder head.
To bleed air from the system, the accumulator is charged with pressure while the shut-o! valve is open and the
screw valve is slowing unscrewed. This relieves pressure from the system and allows air to be evacuated. Any
air trapped inside the hydraulic circuit between the check valve and the hydraulic actuator can significantly
reduce the amount of hydraulic amplification.

The piezoelectric stack actuator is powered by a PiezoMechanik 1000V/7A switching power supply to amplify
the input voltage signal. The input signal was generated using a dSpace data acquisition system (DS1005
DSP board), controlled by Matlab and Simulink. During operation, dSpace was used to collect data for the
displacement of the stack actuator via an Omega strain gauge and the unsteady pressure measurements of the
exiting flow from the microjet interface using a Kulite pressure transducer. The dSpace system was also used to
monitor the reservoir pressure using an Omega PX215-100AI pressure transducer for the supplied flow into the

Figure 2: Schematic of the hydraulic system used to charge the piezohydraulic actuator with fluid and remove entrained
air.



Figure 3: Close up view of the Kulite pressure transducer and microjet interface.

microjet. A Vishay 2310B signal conditioning amplifier was used for filtering and amplifying the signal from
the Omega strain gauge. The 0-50 psia range Kulite pressure transducer with a sensitivity of 28.75 mV/bar
was supplied power and signal amplification using a Hendrick and Assoc. Mx9000 di!erential amplifier/filter.
A close up view of the assembled hardware and pressure transducer is illustrated in Figure 3.

A micro-Schlieren optical setup was used to obtain flow visualization data from the exit of the microjet.
This type of optical system was used due to the length scales associated with the exiting flow field. With a
microjet diameter of 400 µm, a spatial resolution on the order of tens of microns is required. The micro-Schlieren
setup includes a high-magnification in-line achromatic lens based optics coupled with a knife edge and a Kodak
MegaplusTM 1.4 camera with a resolution of 1008 by 1018 pixels. A knife edge was selected for the setup
compared to a gradient filter for better sensitivity. An IDT LED connected inline with a Stanford model DG535
delay/pulse generator provided a strobing light source. The final magnification of the optical setup was in the
range of 4-5x. The micro-Schlieren setup with the hydraulic actuator system positioned for testing is shown in
Figure 4. It should be noted that the pressure probe in Figure 3 was removed during these measurements to
avoid impinging flow fields during pulsed flow actuation.

3.2 Experimental Methods

The experiments were conducted at the Advanced Aero Propulsion Laboratory (AAPL) at Florida State Uni-
versity. Bench-top tests were arranged on an optical table for micro-positioning. Measurements for flow charac-
terization were collected for 100 Hz, 400 Hz, and 800 Hz input frequencies to the piezoelectric stack. Reservoir
pressures of 30 psig and 40 psig were supplied to the microjet for each frequency test. The bias pressure supplied
to the accumulator ranged from 45-55 psig. This range was selected to optimize the actuator’s performance;
a larger bias pressure was required for an increase in microjet air pressure to su"ciently throttle the microjet
flow.

During experimentation, data was collected with the dSpace system at a sampling frequency of 5 kHz.
Unsteady pressure, input reservoir pressure for the microjet, and piezoelectric stack displacement data was
collected simultaneously with the input voltage signal to the stack actuator. The dSapce DAQ system was also
used to provide a control step input for the camera and LED light source. IDT’s proVisionTM software was
used on a separate computer to collect images from the Kodak MegaplusTM camera. A schematic of the drive
electronics and signal routing is shown in Figure 5. The micro-Schlieren system was used for tuning the actuator
for performance during testing while adjusting the bias pressure to the accumulator to optimize the throttling



Figure 4: Micro-Schlieren optical setup.

a!ect of the rubber diaphragm and microjet interface. The micro-Schlieren system also provided means of
micro-positioning the Kulite pressure transducer, as seen in Figure 6. Images of the flow were collected at a
frequency of 25 Hz. This sampling frequency was used since it is a factor of the input frequency of the stack
actuator and would produce a constant image of the flow at the same point in the actuation cycle. To obtain
a series of images along a complete cycle of actuation, a delay was added to the driving frequency of the stack
and the lightsource and camera frequency in the Simulink software. 25 images were collected for 25 delays for
each cycle of actuation. Images at each delay were averaged to provide time-resolved steady state pulsed flow
visualization.

4. EXPERIMENTAL RESULTS

The hydraulic actuator was tested at three frequencies (100 Hz, 400 Hz, and 800 Hz) as a preliminary study of
the actuator’s pulse flow response. These frequencies were chosen based on previous studies that demonstrated

Figure 5: Schematic of the signal routing and data acquisition during testing.



Figure 6: Micro-Schlieren image of exiting flow, including position of Kulite pressure transducer.

a drop in performance at !900 Hz.12 A mid range frequency was selected to be 400 Hz, which also permitted
the use of a constant phase collection of images at a 25 Hz sample frequency. Due to the di"culty of visualizing
subsonic flow with the micro-Schlieren optical setup, two reservoir pressures of 30 psig and 40 psig were selected
for the incoming flow to the microjet. At steady flow operation of the microjet (i.e, no pulsing), the output flow
was found to be supersonic due to the formation of shock shells. Micro-Schlieren images were collected for the
40 psig tests.

Unsteady pressure tests conducted at 30 psig reservoir pressure to the microjet are compared graphically
to the stack actuator’s displacement during operation in Figure 7 for the three test frequencies. The data for
the pressure and stack displacement collected by a strain gauge is normalized for comparisons with the pressure
data. A phase shift between the stack movement and exit pressure is approximately 180!, as expected, for the
three frequency tests. Whenever the stack is fully energized and at its maximum deformation, the microjet is
closed by the deformed rubber diaphragm. Similarly, when the stack has no applied voltage, the microjet is
open for flow to escape.

Figures 8-10 show micro-Schlieren images for various phases of the 400 µm jet pulsed at frequencies of
100 Hz, 400 Hz, and 800 Hz respectively. Nine di!erent phases of the microjet flow cycle, denoted as letters
A-I, are shown in Figures 8-10. Normalized stack displacement and normalized unsteady pressure are shown in
Figures 8-10 along with the micro-Schlieren images. The blue and dotted curve denotes the stack displacement
while the green and square symbol curve represents the normalized unsteady pressure. As evident from Figure 8,
the flow is supersonic at certain parts of the cycle, while subsonic at other time increments, thus creating highly
unsteady momentum with a desired frequency and a well controlled phase. The supply pressure is 40 psig for
the micro-nozzle with a design Mach number 1 at the nozzle exit. This is due to the nature of a converging
nozzle which cannot have an exit Mach number higher than sonic velocity. The jet is underexpanded outside
the nozzle with an ideally expanded jet Mach number of 1.5 before it is throttled by the rubber diaphragm.
This Mach number calculation is an approximation for a source microjet pressure above 15 psig. The velocity
of such an underexpanded jet is usually expressed as an ideally expanded jet velocity that can be calculated
from the nozzle pressure to ambient pressure ratio. This ratio is approximately 3.8 which gives an ideal Mach
number of 1.5 according to standard isentropic flow tables for compressible flow. The bounds on the true Mach
number are between 1 and 1.5.

Figure 9 shows various phases of microjet pulsing at the di!erent frequencies. At 400 Hz, the jet is under
expanded which is evident from the presence of shock cells in the flow. This shows the capability of the actuator



Figure 7: Normalized stack displacement and exiting microjet unsteady pressure at a reservoir pressure of 30 psig.

for generating unsteady supersonic jets at a higher pulsing frequency. Similar results are obtained at 800 Hz,
as shown in Figure 10. The momentum has been reduced at this higher pulsing frequency as illustrated in
Figure 10. The reduce shock cell strength in Figure 10 at points A, B, H, and I indicates that the higher pulsing
rate causes a lower Mach number outside the nozzle; however, the flow is still supersonic at certain phases of
the cycle.

5. DISCUSSION

A piezoelectric hydraulic actuator design has been applied to pulsed microjet flow problems to understand
microscale flow dynamics over a broad frequency range. Su"cient hydraulic amplification, on the order of 65"
the stack actuator, has been utilized for throttling a 400 µm diameter microjet. Pulsed flow was achieved up to
approximately 800 Hz. Similiar piezohydraulic actuators suggest the bandwidth is limited by inertial e!ects of
the hydraulic fluid;15 however, more work is required to validate this result for the given hydraulic system and
hydraulic fluid cavity.

A comparison of in situ stack actuator displacements and pressure measurements were taken to quantify and
correlate the internal dynamic characteristics of the stack actuator versus exit dynamic pressure as a function
of the applied electric field to the stack actuator. This result was used to quantify bandwidth. Future work
will include an assessment of the nonlinearities and system dynamics that lead to higher harmonic pulsed
flow behavior. The dynamic pressure characterization was normalized due to uncertainties created by the size



Figure 8: Phase locked micro-schieren images of pulsed jet at 100 Hz with a reservoir pressure of 40 psig.

Figure 9: Phase locked micro-schieren images of pulsed jet at 400 Hz with a reservoir pressure of 40 psig.



Figure 10: Phase locked micro-schieren images of pulsed jet at 800 Hz with a reservoir pressure of 40 psig.

of the microjet. The Kulite pressure probe has a su"ciently larger diameter relative to the microjet; see
Figure 6. These probes are calibrated for uniform loads over the entire probe diameter. On going work is
focused on assessing di!erent microjet sizes and microphones to determine quantitative pressure measurements
and di!erences in microjet actuator performance.

Micro-Schlieren measurements were also conducted to correlate dynamic pressure with flow visualization.
The sonic nozzle demonstrated the formation of shock cells as the piezohydraulic valve was throttled from fully
open to fully closed. This was found to occur up to 800 Hz. Whereas attenuation becomes apparent at this
higher frequency, large changes in the Mach number are still achieved as indicated by shock cells in Figure 10.

The results are promising for establishing fundamental pulsed flow interactions with a main flow field to
understand how the microjet amplitude, frequency, and phase a!ects a number of flow control problems. Current
work is focused on establishing these interactions under ambient conditions and then under external flow fields.
Partical image velocimetry experiments will be conducted to obtain quantified performance metrics. In addition,
rate depedent nonlinearities of the piezoelectric material may a!ect microjet interactions with the external flow
field. Since these e!ects are amplified through the hydraulic circuit, large nonlinear and hysteretic pressure
versus electric field responses can occur. This introduces higher order harmonics. Nonlinear control designs
that compensate for nonlinear piezoelectric (i.e., ferroelectric) behavior will be considered to determine if these
higher harmonic disturbances should be controlled to enhance flow control performance.

6. CONCLUDING REMARKS

A piezoelectric hydraulic actuator design was applied to microjet flow control. Micro-Schlieren techniques were
used to visualize pulsed flow of a 400 µm diameter microjet over the discrete frequencies including 100 Hz,
400 Hz, and 800 Hz. Supersonic flow was measured at the nozzle exit over this frequency range. The results
were compared with dynamic pressure at the microjet exit and in situ stack actuator displacement. Current work
is focused on characterizing the spectral content and quantitative pressure and flow behavior. The actuator



is expected to provide a fundamental understanding of oscillatory microjet flow to reduce mass flux while
sustaining su"cient flow control authority and noise suppression. These results will guide the development of
similar, yet significantly smaller piezoelectric actuators that eliminate the need for hydraulic fluid.16 These
actuators are more amenable for constrained geometries such as rotor blades.
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