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ABSTRACT

     An improved version of the membrane actuator has been designed and constructed based on our previous diaphragm
actuator.  It consists of ferromagnetic shape memory alloy composite (FSMA) diaphragm and an electromagnet system.
The actuation mechanism of the membrane actuator is the hybrid mechanism that we proposed previously. The high
momentum airflow will be produced by the oscillation of the circular FSMA composite diaphragm driven by
electromagnets close to its resonance frequency.  This membrane actuator is designed for the active flow control
technology on airplane wings.  The active flow control (AFC) technology has been studied and shown that it can help
aircraft improve aerodynamic performance and jet noise reduction.  AFC can be achieved by a synthetic jet actuator
injecting high momentum air into the airflow at the appropriate locations on aircraft wings.  Due to large force and
martensitic transformation on the FSMA composite diaphragm, the membrane actuator can produce 190 m/s synthetic
jets at 220 Hz.  A series connection of several membrane actuators is proposed to construct a synthetic jet actuator
package for distributing synthetic jet flow along the wing span.

Keywords: shape memory alloy, synthetic jet, ferromagnetic, superelasticity, actuator, composite, active flow control,
vibration, hybrid mechanism

1. Introduction

     The control of air separation from a wing in flight is essential for the modern aircraft to improve its aerodynamic
performance.  It has been done by geometric changes of wings depending on the flying condition.  Recently, active flow
control (AFC) was proposed as an alternative to control the air separation, especially for the fixed-wing aircraft.  It has
been shown that active flow control technology can help aircraft improve aerodynamic performance, such as jet noise
reduction and aerodynamic stall improvement by adding external energy into the flow field [1-11].  AFC can be achieved
by injecting synthetic jet with high momentum air into the flow at the appropriate locations (near the point of airflow
separation) on aircraft wings.  It will reattach the flow, increase lift and reduce the drag.  Instead of steady blowing
synthetic jet, the oscillated synthetic jet has been shown that it is more efficient and reliable to delay the flow separation.
AFC technology has been heavily investigated and applied on the wings of rotorcrafts, for example V-22 and VR-7
[8,10], because the rotorcrafts experience a great penalty in payload and lift capability in hovering.  There is a significant
improvement to increase the capability using AFC by synthetic jet actuators.  Currently, most of the synthetic jet
actuators for AFC have been constructed based on piezoelectric materials to produce synthetic jet flow [8-11].  Some
piezoelectric material based synthetic jet actuator can produce up to 100m/s with frequency range of 300Hz.  However,
this may not strong enough for higher Mach number flight.  Therefore, we are seeking another design approach of a
synthetic jet actuator based on ferromagnetic shape memory alloy (FSMA) composite and the hybrid mechanism, which
can produce much stronger synthetic jet flow with high frequency.

     Ferromagnetic shape memory alloy (FSMA) composite [12-14] is made of ferromagnetic material and superelastic
grade shape memory alloy.  The function of the former is to produce a large magnetic force by the electromagnet due to
high magnetic field gradient, while that of the latter is to sustain large stress and induce larger reversible strain.  The high
magnetic field gradient can be introduced by the fast responsive electromagnet system.  This driving mechanism on the
FSMA composite is called the hybrid mechanism [15] which is based on the stress-induced martensitic phase
transformation produced by applied magnetic field gradient, thus enhancing the displacement, as the stiffness of shape
memory alloy reduces due to the martensitic phase transformation.  We have designed and fabricated the membrane
actuator for the synthetic jet actuator based on the hybrid mechanism, the FSMA composite diaphragm and an
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electromagnet system.  This paper will present the finite element analysis and experimental results of the actuator system
including the dynamic performance.  The goal of the membrane actuator is to produce large force and reasonable stroke,
hence, can be applied to active flow control technology.

Figure 1 (a) the schematic of the membrane actuator, (b) the synthetic jet flow created by the oscillation of the FSMA composite
diaphragm.

Figure 2 (a) the FEM model of the FSMA composite diaphragm, and (b) its size view

2. Design and estimation of the membrane actuator system

     The membrane actuator consists of a FSMA composite diaphragm and an electromagnet system as shown in Fig. 1(a).
The FSMA composite diaphragm is made of a superelastic grade NiTi thin plate and ferromagnetic soft iron pads.  It will
oscillate driven by the electromagnet system and create a jet flow (black arrow) through the entrance/exit hole, as shown
in Fig.1(b).  The electromagnet system includes soft iron yoke laminate, magnet wire coil and permanent magnet, which
will provide large magnetic field gradient resulting in a large force on the composite diaphragm.  The electromagnet
system and the superelastic property of the NiTi plate will ensure the reversible and large deformation at a reasonable
fast actuation speed.  When the FSMA composite diaphragm vibrates close to its resonance frequency, its stroke can
reach the maximum magnitude and produce strong synthetic jet flow, while the superelastic NiTi sheet can sustain large
stresses without a permanent deformation.  In order to achieve this operation, the resonance frequency of the composite
diaphragm has to match closely with the magnetic field frequency response of the electromagnet system.  Both the
mechanical and electromagnetic finite element analyses are used for designing the optimum composite structure.

     The dynamic analysis of the FSMA composite diaphragm is based on the ANSYS finite element analysis.  Figure 2
(a) and (b) shows its ANSYS model and the side views of the composite diaphragm.  The soft iron pads on each side of
the composite diaphragm are square in order to obtain force as large as possible from the electromagnet system.  Two
spacers are used between the soft iron pad and the NiTi diaphragm as shown in Fig. 2(b).  Spacer#1 is a solid circular
steel plate to maintain as a rigid body and to ensure the uniform stress distribution along the circumference on the NiTi
diaphragm.  This spacer also can be used to adjust the resonance frequency of the composite diaphragm depending on its
dimension and weight, which will change the stiffness and mass of the structure.  Spacer#2 is made of aluminum and it is
to prevent the contact between the soft iron pad and the NiTi sheet during the oscillation.  The Young’s modulus of
55GPa, poisson ratio of 0.33 and density of 6500 Kg/m3 are used as the input data for the NiTi plate.  The Young’s
modulus of 210GPa, poisson ratio of 0.33 and density of 7850 Kg/m3 are used for the soft iron pad. The Young’s
modulus of 70GPa, poisson ratio of 0.33 and density of 2700 Kg/m3 are used for the aluminum pad.  In the simulation,
the boundary condition of the NiTi diaphragm is assumed to be totally constrained without rotation and slipping on its
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own diameter circumference and interface with the Spacer#1 circumference.  Because of the limitation of ANSYS FEA
program which can only perform the frequency response calculation with a linear Young’s modulus, the estimation is
only valid before the stress-induced martensitic transformation (at 450 MPa).  However, this analysis result gives us a
designing guidance of the composite diaphragm frequency we can drive. Figure 3(a) shows the FEA results of the
resonance frequency of the composite diaphragm as a function of the diaphragm thickness.  The NiTi diaphragm is
64mm in diameter and the size of the soft iron pad is 32mm×30mm×3mm.  Spacer #1 has a size of 33mm in diameter
and 1mm in thickness, and Spacer#2 has the size of 30mm in diameter and 2mm in thickness.  It clearly shows that
thicker the diaphragm, higher the resonance frequency becomes.  The thickness of the soft iron pad also can change the
resonance frequency of the entire composite diaphragm structure as well as the force induced by the electromagnet
because larger the volume of pad, stronger the force.  Figure 3(b) shows the results for the case of 0.3mm thick
diaphragm.  The thicker the soft iron pad results in lowering the resonance frequency of the composite diaphragm
although a larger force can be obtained.  These data are very important for us to select a proper electromagnet system
whose magnetic frequency response can match the mechanical frequency response of the composite diaphragm.  The
simulation results also suggest that the highest stress level occurs on the diameter circumference and the interface
between the NiTi sheet and the pad.  We have to assure that the stress level is near the onset of stress-induced martensitic
transformation in order to obtain the large stroke of the diaphragm resulting in the strong synthetic jet flow velocity.

Figure 3 (a) the thickness of the NiTi diaphragm and (b) the soft iron pad thickness estimated by FEM as a function of the composite
diaphragm resonance frequency.

Figure 4 (a) model for 3D electromagnetic FEA, (b) FEA result of magnetic flux flows inside the yoke and no force is available on the
soft iron when the power is off, and (c) magnetic flux goes through the soft iron pad and force is induced when the power is on
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     The electromagnet system of the membrane actuator is based the concept of the hybrid magnet which consists of
yoke, coil and permanent magnet [16].  It has been shown that the hybrid magnet system is more efficient and produces
much larger force than the traditional solenoid magnet due to high magnetic field gradient [12-14].  Figure 4(a) shows the
schematic of an electromagnet with the composite diaphragm for the three-dimensional electromagnetic FEA simulation.
Both permanent magnets (PM) are polarized against each other and they are made of Neodium (with Hc of 840 KA/m).
As shown in Fig.4(a), the right permanent magnet produces a counter clockwise magnetic flux loop and the left
permanent magnet produces a clockwise loop when the electromagnet is off.  Both flux loops are close loops within the
yoke and no magnetic flux goes into the soft iron pad which connects to the composite diaphragm.  Therefore, no force is
induced on the composite diaphragm.  When the electromagnet is turned on, opposite directions of magnetic flux are
formed against each original flux loops induced by each permanent magnet, Fig.4(c).  The magnetic field flux will punch
out of the yoke and go through the soft iron pad.  This will result in a large pulling force on the composite diaphragm due
to locally high magnetic field gradient.  To ensure the high frequency response (200 ~ 300 Hz) and to increase the
efficiency of the electromagnet system, the laminated yoke made of grain-oriented Fe-Si sheets (0.15mm thick) is used.
This is to eliminate the energy loss due to the eddy current effect and produce high magnetic field gradient resulting in
strong force.

Figure 5 (a) the photo as assembled membrane actuator, and (b) the signals for both electromagnet units

3. Dynamic testing results

     Figure 5(a) shows the photo the membrane actuator.  The overall size of the actuator is 72mm×85.6mm×130 mm and
the total weight is 1.36 Kg.  It has 2 chambers in the center divided by the composite diaphragm.  Each chamber has a
5×1mm hole as the exit for the synthetic jet flow.  The superelastic NiTi sheet (0.3mm thick) of the composite diaphragm
is cut into a 72mm in diameter circular diaphragm by the EDM machine.  It will be clamped by 2 aluminum rings with
4mm in width on both sides.  Therefore the effective diameter of the composite diaphragm is 64mm.  Soft iron pads and
Spacer#1 are made of 1018 low carbon steel with the size of 30mm×32mm×3mm and 33mm in diameter with 1mm in
thickness, respectively.  Spacer#2 has the dimension of 32mm in diameter and 2mm in thickness.  The finite element
analysis shows that the resonance frequencies of this composite diaphragms is 180Hz.  Currently, the parts of the FSMA
composite diaphragm and the aluminum rings are fixed by screws.  Gaskets and silicon are applied to ensure the tight
seal of the chamber.  Figure 5(b) shows the input signals of the actuator system.  Both signals for Electromagnet #1 and
Electromagnet #2 are square wave controlled by a driver with a 180° phase difference.  The driver circuit of the
membrane actuator is made of commercially available controller for stepping motor.  No complex controller is needed.

     The single electromagnet unit consists of laminated yoke, 2 electrical coils and 2 permanent magnets.  The laminated
yoke made by 0.15mm thick Fe-Si sheets is to eliminate the eddy current effect for high frequency usage (up to 400Hz).
In order to obtain a fast frequency response of circuit and a strong magnetic flux gradient, two electrical coils are
electrically parallel connected but magnetically series connected.  The magnetic polarization of both permanent magnets
is opposite to each other and the magnetic flux flows inside the yoke as a close loop as shown in Fig.4(b).  When the
electrical current goes through both coils, the magnetic flux will punch out of the yoke located between permanent
magnets and create a large magnetic flux gradient, Fig.4(c).  Figure 6(a) shows the magnetic field responses of the single
electromagnet unit as a function of frequency, where the solid lines are for 100turn coils and dot lines for 300 turn coils.
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The field was measured by a digital Teslameter (Group 3, DTM133).  The Teslameter probe is sandwiched between the
electromagnet surface and a soft iron pad.  The electromagnet with 300 turn coils has poor frequency responses (dot
lines) because the residual magnetic filed is very high when the electromagnet is off.  This will cause the composite
diaphragm not to return to its neutral position, resulting in a poor vibration response.  The electromagnet with 100 turn
coils (solid lines in Fig.6(a)) shows a very good dynamic performance.  When there is no electrical current, the residual
magnetic field is very small.  When the power (4Amp, 25V) goes through coils, the magnetic field can reach 0.35T with
a slight decay as the frequency goes up to 300Hz.  This will ensure that the membrane actuator can be operated up to
300Hz. The synthetic jet flow velocity from the membrane actuator is measured by the hotwire method (TSI IFA 100
with a platinum hot film probe).  The probe is carefully located just at the exit hole and parallel to the length of the exit
hole.  Figure 6(b) shows the results of jet flow velocities as a function of frequency for the composite diaphragm with a
0.3mm thick NiTi plate.  The velocity increases as the frequency increases and shows the peak velocity of 190m/s at
220Hz.  This trend is associated with the resonance frequency of the composite diaphragm structure and the frequency
response of the electromagnet.

Figure 6 (a) the magnetic field responses as a function of frequency of a single electromagnet unit with the soft iron pad, and (b) the
synthetic jet flow velocity as a function of frequency.

4. Discussions

     The design concept of the membrane actuator is based on “hybrid mechanism”, i.e. stress-induced martensitic phase
transformation (SIM) caused by large force due to large magnetic field gradient, thus enhancing the displacement, as the
stiffness of shape memory alloy reduces due to the martensitic transformation.  Therefore, the information of the
maximum stress level on the composite diaphragm is very important.  The more displacement of the composite
diaphragm due to the martensitic transformation, the larger the volume change we can obtain resulting in a stronger
synthetic jet velocity.  The displacement-frequency response was measured by a high-speed video camera system
(KODAK Motion Corder Analyzer, Model 1000SR) as shown in Fig. 7(b).  Due to the geometric limitation, the standard
measurement of dynamic frequency response was not possible.  The stroke reaches maximum of 1.86mm at the
frequency of 195Hz which is smaller than the peak frequency for the maximum jet velocity as show in Fig.6(b).  It may
be due to the different level of air compression inside the chamber.  Based on the theory of plate and shell [17], the
maximum stress and the maximum displacement can be estimated by
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Where P is load, h is thickness, a is radius of diaphragm, w is stroke and E is Young’s modulus.  We can estimate the
displacement of the composite plate before the onset SIM on the NiTi diaphragm.  For the case of the composite
diaphramg with a 0.3mm thick NiTi sheet, when the stroke reaches 1.5mm, the NiTi diaphragm is at the onset of
martensitic transformation (450MPa, Fig.7(b)).  In addition, the FEA results show that the maximum stress reaches
510MPa when the stroke of the composite diaphragm is 1.86mm at 190Hz, as shown in Fig. 7(a).  Therefore, the FSMA
composite diaphragm induces a strong synthetic jet flow when it goes into the stress-induced martensitc (SIM)
transformation.  However, the membrane actuator can produce a much stronger synthetic jet if more SIM induced on the
composite diaphragm.  Based on the testing results of the membrane actuator, we can calculate the performance of the
FSMA composite diaphragm, such as energy density (ED), power density (PD) and the specific efficiency, which can be
estimated by

ED = 
V

work (3)

PD = ED×Frequency (4)

Specific efficiency  = 
Mpowerinput

frequencywork
×

× (5)

where V is the FSMA composite volume and M is the total weight if actuator.  Work can be estimated by the aera of the
force-displacement curve of the composite diaphragm.  Input power will be the input electrical power which can be
calculated by area of the voltage-current curve of the actuator.  For the current actuator results with a 0.3mm thick
composite diaphragm, ED is 30 KJ/m3 , PD is 6000 KW/m3 and specific eifficiency is 12%/Kg.  If more stroke of the
composite diaphragm (faster the jet velocity) can be obtained due to SIM, both ED and PD will further increase.  As
shown in Eq.(4), higher the frequency response of the material, larger PD.

Figure 7 (a) the experimental result of the FSMA composite diaphragm stroke as a function of frequency, and (b) the stress-strain
curve of the 0.3mm thick NiTi superelastic sheet

5. Synthetic jet actuator package

     Several units of membrane actuators can be series connected as a synthetic jet actuator package, as shown in Fig.8(a)
which consists of 4 electromagnets and 3 FSMA composite diaphragms.  The overall size of the package is about
72mm×85.6mm×300mm with the weight of 3 Kg.  This package can be integrated in the wing box to distribute the
synthetic jet flow along the wing span, Fig.8(b).  When Electromagnet #1 and #3 are turned on (Fig.9(a)), Diaphragm A
and C will be attracted and move to left, and Diaphragm B will move to right.  Therefore, Chamber A1, B3 and C3 will
create the jet flow through out the chambers.  Similarly, when Electromagnet #2 and #4 are turned on (Fig.9(b)),
Chamber A2, B2 and C4 will create synthetic jet flow.  During the operation, two of the electromagnets (#2 and #3) in
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the center of the package will drive two composite diaphragms simultaneously.  This can be achieved because the
electromagnet based on the hybrid magnet concept can attract ferromagnetic material on both side of the electromagnet
[14].  Therefore, less electromagnet units are needed to drive composite diaphragms in a package.

Figure 8 (a) the schematic of the synthetic jet actuator package, and (b) integration within the wing box

Figure 9 (a) and (b) the operating sequence of the synthetic jet actuator package

6. Summary

     An improved design of membrane actuator based on the FSMA composites and hybrid mechanism for active flow
control successfully shows a very good dynamic performance.  It produces the maximum jet velocity of 190 m/s at 220
Hz.  The FSMA composite diaphragm oscillates at high frequency driven by the electromagnet system which provides
high magnetic field gradient and strong force.  The composite diaphragm goes into the stress-induced martensitic phase
transformation produced by applied magnetic field gradient, thus enhancing the stroke and producing strong synthetic jet
velocity.  A series connection of several units of membrane actuators is also proposed for distributing the synthetic jet
flow along the wing span.
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