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Abstract

The active flow control (AFC) technology has been studied and shown that it can help aircraft improve aerodynamic performance and jet noist
reduction. AFC can be achieved by a synthetic jet actuator injecting high momentum air into the airflow at the appropriate locations on aircraft
wings. To produce strong synthetic jet flow at high frequency, a new membrane actuator based on ferromagnetic shape memory alloy (FSMA
composite and hybrid mechanism was designed and constructed. The hybrid mechanism is the stress-induced martensitic phase transformat
caused by large force due to large magnetic field gradient, thus enhancing the displacement, as the stiffness of shape memory alloy reduces ¢
to the martensitic transformation. This sequential event can take place within milliseconds. The high momentum airflow will be produced by
the oscillation of the circular FSMA composite diaphragm close to its resonance frequency driven by electromagnets. Due to large force an
martensitic transformation on the FSMA composite diaphragm, the membrane actuator that we designed can produce 190 m/s synthetic jets
220 Hz.
© 2005 Published by Elsevier B.V.
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1. Introduction coefficientCy [11],

Many researchers have shown that active flow control (AFC)p+ _ St 1)
technology can help aircraft improve aerodynamic performance Uso
and jet noise reductiofi—8]. AFC can be achieved by the syn-
thetic jet actuator injecting high momentum air into the airflow Cu=2 <H> <UJ> )
at the appropriate location (near the point of airflow separa- c Uso

tion) on aircraft wings. It will reattach the flow, increase lift h is the et f he di b he s| q
and reduce the drag. Instead of steady blowing, the oscillateﬁ erefis the jet frequency; the distance between the slot an

synthetic jetis more efficient and reliable to delay the flow sepa'E € ﬂﬁp tra::ing ed?@"]j’ H :chije_t slot IhEi.ghtC the Win% cr]:ord
ration[1-6]. This technology has been investigated and applietjiengt Ut e_amg |_tu e of the jet velocity antl, 'SF e free
on the wings of rotorcrafts, for example, V-22 and VR-7, to Stréam velocity/™ is generally from 1 to 10 andy is from
increase their mission capability on both payload and rangg'm to 1941]. A conventional design of synthetic jet actuator is

[9,11]. The performance of the synthetic jet can be determine ased on voice coil linear mot{t0]. Most of thg syntheu.c Jet .
by the dimensionless jet frequendy*() and the jet momentum actuators have been constructed based on piezoelectric materi-
als as actuator materials to produce synthetic jet flbix18]

Although these synthetic jet actuators can produce up to 100 m/s
with frequency range of 300 Hz or higher, this may not strong
enough for higher Mach number flight. Therefore, we are seek-
* Corresponding author. Tel.: +1 2066856722; fax: +1 2066164088. ing another design approach of a synthetic jet actuator, which can
E-mail address: yliang@u.washington.edu (Y. Liang). produce much stronger synthetic jet flow with high frequency.
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Fig. 1. (a) The schematic of the membrane actuator system for synthetic jet actuator, (b) the synthetic jet flow created by the oscillation of FSé& compo
diaphragms.

Ferromagnetic shape memory alloys (FSMAs, i.e., Fe—Pd. Concept and design of membrane actuator system
NiMnGa) have been studied for possible applications of fast
responsive and high power, yet light weight actuators controlled The membrane actuator mainly consists of a ferromagnetic
by magnetic field19-21] There are three approaches that haveshape memory alloy (FSMA) composite and an electromagnet
been proposed in the FSMA research community, (1) martensitgystem as shown iRig. 1(a). The FSMA composite diaphragm
variant mechanism by applied (constant) magnetic field (varians composed of a superelastic NiTi thin sheet and a ferromag-
rearrangement mechanism used by the others) (2) magh#tic (netic soft iron pad. The electromagnet system includes soft
field induced phase transformation and (3) hybrid mechanism biyon yoke laminate, magnet wire coil and permanent magnet,
applied magnetic field gradient. It is disadvantageous to use thehich can drive two composite diaphragms on both sides. As
first and the second approaches (constant magnetic field alongiown inFig. 1(b), the composite diaphragm will be driven by
to drive FSMAs because it has been found to produce smathe electromagnet system and oscillate to create synthetic jet
force[22—-25] We identified the third approach, hybrid mecha- flow through the entrance/exit hole. If the FSMA composite
nism[25], can produce large force and reasonably large strokdiaphragm oscillates close to its resonance frequency, its stroke
with fast response because it can be driven by a compact elecan reach the maximum magnitude and produce strong syn-
tromagnet with high-applied magnetic field gradient, providingthetic jet flow, while the superelastic NiTi sheet can sustain large
a large stress capability, and reasonably large strain. Thereforstresses without a permanent deformation. To achieve this oper-
it is adopted in the present study of membrane actuators for thation, the resonance frequency of the composite diaphragm has
application to the synthetic jet actuator. The hybrid mechanisnio match closely with the magnetic field frequency response of
is based on the stress-induced martensitic phase transformatitive electromagnet system. Both the mechanical and electromag-
produced by applied magnetic field gradient, thus enhancing theetic finite element analyses are used for designing the optimum
displacement, as the stiffness of shape memory alloy reduces daemposite structure.
to the martensitic phase transformation. Despite the promising The dynamic analysis of the FSMA composite diaphragm
performance of Fe—Pd FSMA system by the hybrid mechanisnis based on the finite element analysis, i.e., commercial code,
the price of Pd is very expensive, thus, we have been searchi®fNSYS. Fig. 2a) and (b) shows its ANSYS model and
for alternative FSMA materials. One of the alternative FSMAthe side views of the composite diaphragm. The soft iron
systems is a ferromagnetic shape memory alloy composite thagd (30 mmx 32 mmx 3 mm) on each side of the composite
consists of ferromagnetic material (such as softiron) and supereliaphragm is square in order to obtain force from the electro-
lastic grade shape memory alloy (such as NiTi). The function ofmagnet as large as possible. Two spacers are used between the
the former is to introduce a large magnetic force by the hybridsoft iron pad and the NiTi sheet (64 mm in diameter and 0.3 mm
mechanism, while that of the latter is to sustain large stress and thickness) as shown iRig. 2(b). Spacer#l is a solid cir-
induce larger strain. We have designed and fabricated the memaular steel plate (33 mm in diameter and 1 mm in thickness)
brane actuator for the synthetic jet applications based on hybritb maintain as a rigid body and to ensure the uniform stress
mechanism. It consists of an electromagnet system and a FSMdistribution along the circumference on the NiTi sheet. This
composite diaphragm made of superelastic grade of NiTi SMAspacer also can be used to adjust the resonance frequency of the
thin sheet and ferromagnetic soft iron. This paper will presentomposite diaphragm depending on its dimension. Spacer#2 is
the design of the membrane actuator as well as its experimentalade of aluminum (32 mm in diameter and 2 mm in thickness)
results. and it is to prevent the contact between the soft iron pad and

superelastic NiTi sheet (b)

_ IS
Spacer#l: =

(c)

T

Fig. 2. (a) The FEM model of the FSMA composite diaphragm, (b) its size view, and (c) its deformation of static analysis.
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Fig. 5. Schematic of the deformation of the composite diaphragm.
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Strain (%) thicker the sheet, the higher the resonance frequency becomes.
The thickness of the soft iron pad also can change the resonance
frequency of the entire composite diaphragm as well as the force
Table 1 level induced by the electromagnet because the larger volume
List of the material input data of the composite diaphragm for the FEMOf pad, the stronger forc&ig. 4(b) shows the results based on
simulation use of the thicker soft iron pad, results in lowering the reso-
nance frequency of the composite diaphragm although a larger

Fig. 3. The stress—strain curve of the 0.3 mm thick NiTi superelastic sheet.

Material Young’s modulus (GPa) Poisson ratio Density (Ky/m . AR

— force can be obtained. Therefore, the optimization of the soft
g'on'tiron 25150 063333 65’;:0 iron pad thickness is very critical. The simulation results also
Aluminum 70 033 2700 suggest that the highest stress level occurs on both locations of

boundary condition as described above, i.e., the diameter cir-
cumference and the interface between the NiTi sheet and the
the NiTi sheet during the oscillation. In the FEM simulation, pad. We have to assure that the stress level is near the onset of
the boundary condition of the NiTi circular sheet is assumedtress-induced martensitic transformation. Since the target fre-
to be totally constrained without rotation and slipping on itsquency of the membrane actuator is between 150 and 250 Hz,
own diameter circumference and interface with the Spacer#the NiTi sheet thickness of 0.3 mm and the soft iron pad thick-
circumference. The static analysis result is showRim 2(c).  ness of 3mm are used. Please note that different combinations
Since Spacer#1 is served as a rigid body, the deforming shape ©f the NiTi sheet thickness and diameter with a suitable size of
the composite diaphragm is like a cone shape. The stress—straifft iron pad can result in the same resonance frequency of the
curve of the superelastic NiTi sheet (0.3 mm thick) is used a§rst mode on the composite diaphragm. We can estimate the
the material input data as shownFfig. 3. Because of the lim-  jet flow velocity based on the deforming shape of the compos-
itation of ANSYS FEA program, which can only perform the ite diaphragmKig. 2(c)), which is a cone shape. As shown in
frequency response calculation with a linear Young’s modulusfig. 5 1 andr2 are the radius of NiTi plate and soft iron pad,
the estimation is only valid before the stress-induced martensititespectively, and is the stroke of the diaphragm. The volume
transformation (at 450 MPa). However, this analysis result giveshange due to the deforming composite diaphragm can be cal-
us a designing guidance of the composite diaphragm frequengilated and synthetic jet flow velocity)(can be estimated by
we can drive Table 1lists the material input data for the FEM the mass rate conservation:
simulation. AVF

Fig. 4shows the examples of the FEA results. The dimensions = WL 3)
of each layer of the composite diaphragm are described in the
previous paragraph. We can vary the NiTi sheet thickness andhere AV is the volume chang¢,the vibrating frequency of
obtain the resonance frequency of the composite diaphragm adlee composite diaphragniy the width andL is the length of
function of the NiTi sheet thickness is showrHig. 4(a), i.e.,the  flow entrance/exit slot. Forthe currentmembrane actuator design
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Fig. 4. (a) The thickness of the NiTi sheet (64 mm in diameter) and (b) the soft iron pad thickness (882mm square area) estimated by FEM as a function of
resonance frequency.
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Fig. 6. Electromagnetic FEA results: (a) magnetic flux flows inside the yoke and no force is available on the soft iron when the power is off, (b) mmagpetic fl
through the soft iron pad and force is induced when the power is on.

(r1=32mmy2=16.5mm), ifr=2mm, f=180Hz and the slot magnets and produce a strong magnetic flux gradient. Then, the
with W=1mm and. =5 mm, the jet velocity is estimated about flux will go through soft iron pads and induce large force on
275m/s. both pads towards the electromagnet system. To ensure the high
The FSMA composite diaphragm will be driven by a magnetfrequency use (200—300Hz) and to increase the efficiency of
system based on the concept of the hybrid maffitdt The sys-  the electromagnet system, the laminated yoke made of grain-
tem basically consists of permanent magnets, yoke and coils. ériented Fe—Si sheets is used. This is to eliminate the energy
has been shown that the hybrid magnet system is more efficietuss due to the eddy current effect and produce high magnetic
and produces much larger force than the traditional solenoifield gradient resulting in strong force.
magne{27]. For the present case of the membrane actuator, we
can modify the electromagnet system from one-side operatioB. Testing results
to both side operations, so two composite diaphragms can be
driven by one system as shownhig. 6. This is an advantage Fig. 7(a) and (b) show the photo and parts of the mem-
if a series connection of several membrane actuators is needeeane actuator, respectively. The overall size of the actuator is
for distributing the synthetic jet flow along the wing sp&ig. 6 72 mmx 85.6 mmx 130 mm and the total weight is 1.36 kg. It
shows the example of a 2D electromagnetic FEA model of théas two chambers in the center divided by the diaphragm. Each
cylindrical electromagnet system. The model shows only thehamber has a 5 mm 1 mm hole as the exit for the synthetic jet
right half portion of the system due toits axisymmetric geometryflow. The superelastic NiTi sheet of the composite diaphragm
Both permanent magnets are polarized along their radius diregs cut by the EDM machine into a 72 mm in diameter circular
tion and made of Neodium (with Hc of 840 kA/m). Itis noted that sheet. Three different thicknesses, 0.2, 0.3 and 0.4 mm, are used.
the polarized direction of the upper permanent magnet should will be clamped by two aluminum rings with 4 mm in width
be opposite to that of the bottom one, in order to establish aon both sides. Therefore, the effective diameter of the composite
appropriated magnetic flux circuit. As shownfiy. 6(a), when  diaphragm is 64mm. Soft iron pads and Spacer#1 are made of
the power is off, most of magnetic flux (clockwise) produced1018 low carbon steel with the size of 30 mn82 mmx 3mm
by both permanent magnets flows inside the yoke. Thereforand 33 mm in diameter with 1 mm in thickness, respectively.
no force is available on soft iron pads. When the power is onSpacer#2 has the dimension of 32 mm in diameter and 2 mm in
Fig. 6(b), an opposite direction (counter clockwise) of magneticthickness. The finite element analysis shows that the resonance
flux is produced by input current. This new magnetic flux will frequencies of the composite diaphragms of 0.2, 0.3 and 0.4 mm
force magnetic flux flowing out of the yoke around permanenthickness are about 180, 200 and 220 Hz, respectively. Currently,

hamber#1 chamber#2 electromagnet system FSMA composite diaphragm
ch amber#2

(a) (b)

Fig. 7. (a) The photo as assembled membrane actuator, (b) the schematic of actuator parts.
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Fig. 8. (a) The schematic of single unit of electromagnet and (b) its magnetic field responses as a function of frequency.

the parts of the FSMA composite diaphragm and the aluminunup to 300 Hz. This will ensure that the membrane actuator can
rings are fixed by screws. Gaskets and silicon are applied tbe operated up to 300 Hz.
ensure the tight seal of the chamber. The synthetic jet flow velocity from the membrane actuator
Fig. 8 shows the single unit of electromagnet (about 500 gis measured by the hotwire method (TSI IFA 100 with a plat-
and its magnetic field responses (the arrow as shoWwigir8@))  inum hot film probe). The probe is carefully located just at the
measured by a digital Teslameter (Group 3, DTM133) as a funcexit hole and parallel to the length of the exit hole. The total
tion of frequency. The Teslameter probe is sandwiched betweanput power is 8 A at 25 \FFig. Ya) shows the results of jet flow
the electromagnet surface and a soft iron pad. The electrarelocities as a function of frequency for three different thick-
magnet consists of laminated yoke, two electrical coils andess (0.2, 0.3 and 0.4 mm) of NiTi thin sheet of the composite
two permanent magnets (4.78 mad.78 mmx 27 mm each). diaphragm. The velocity increases as the frequency increases
The overall dimension of the electromagnet without coilsand shows the peak of velocity at 200, 220 and 250 Hz, respec-
is 55mmx 55 mmx 25mm. The laminated yoke made by tively. This trend is associated with the resonance frequency of
0.15mm thick Fe-Si sheets in the electromagnet is to elimieach composite diaphragm. The maximum jet velocity, 190 m/s
nate the eddy current effect for high frequency usage (up tat 220 Hz, is obtained by using the 0.3 mm thick NiTi sheet
400 Hz). In order to obtain a fast frequency response of circuibf the composite diaphragm. The jet velocity is much stronger
and a strong magnetic flux gradient, two electrical coils (10than the jet produced by other types of synthetic jet actuators,
turns each) are electrically parallel connected but magneticallize., 60 m/s at 260 Hz (260 W) for the voice coil based actua-
series connected. The magnetic polarization of both permanetdr [10] and 46 m/s at 900 Hz (25 V) for the piezoelectric based
magnets is opposite to each other and the magnetic flux flonactuatoff17]. Its displacement-frequency response is shown in
inside the yoke as a close loop. When the electrical current godsg. Ab) which is observed by a high-speed video camera sys-
through both coils, the magnetic flux will be punched out oftem (KODAK Motion Corder Analyzer, Model 1000SR). Due to
the yoke between permanent magnets and create a large malge geometric limitation, the standard measurement of dynamic
netic flux gradient. The input current signal is a square wavédrequency response was not possible. The peak-to-peak dis-
controlled by a stepping motor controller which is commercialplacement reaches maximum of 3.72mm at the frequency of
available.Fig. 8b) shows that when there exists no electrical190 Hz. The peak frequency difference between the maximum
current, the residual magnetic field is very small around 0.01 Tjet velocity and the maximum displacement may be due to the
When the power (4 A, 25V) goes through coils, the magnetidifferent level of air compression inside the chamber. Based
field can reach 0.35 T with a slight decay as the frequency goesn the performance of 0.3 mm thick composite diaphragm, its
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Fig. 9. (a) The synthetic jet flow velocity as a function of frequency produced by three different thickness (0.2, 0.3, 0.4 mm) of NiTi plates anelafo)}ohpgak
displacement of the composite diaphragm (0.3 mm thick NiTi plate).
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energy density (ED =work/FSMA composite volume) is calcu-composite diaphragm (i.e., +2 t62% strain at 300 Hz) can be
lated as 30 kJ/fhand its power density (PD = ER frequency)  as high as 12t which is still far below the level by impact test-

is 6000 kW/ni. These data are important parameters of théng. Therefore, to fully understand its frequency responses, it is
FSMA composite performance. If more stroke of the composvery important to conduct investigations on the cyclic tension-
ite diaphragm (faster the jet velocity) can be obtained due teompressionloading of superelatic NiTi SMA at high frequency.
SIM, both ED and PD will further increase. Also the higher In addition, it is necessary to investigate the interfacial bonding
the frequency response of the material becomes, the largef the FSMA composite diaphragm between NiTi and soft iron
PD will be. To consider the performance due to the weightunder the cyclic loading to ensure the fatigue life of metallic
of the driving unit and the power consumption of the mem-bonded FSMA composite.

brane actuator, the specific efficiency of the current actuator The gap between estimated and experimentally measured
(work x frequency/(voltagex amperex total weight of actua- flow velocities (275 and 190 m/s, respectively) could be due to

tor)) is 12 %/kg. the energy loss of jet flow and the shape of the deformed com-
posite diaphragm. When the jet flow runs through the exit hole,
4. Discussions the friction between the wall of the hole and airflow will result in

energy loss. More fluid dynamic investigations will be needed to

The membrane actuator is designed based on “hybrid mecioeasure the energy loss due to the friction. The jet flow velocity
anism”, i.e., stress-induced martensitic phase transformatiof@n be calculated by E(B). The estimated volume change due
(SIM) caused by large force due to large magnetic field graio the deformation of the composite diaphragm is assumed as
dient, thus enhancing the displacement, as the stiffness of shafi¥¢ corn shape as shownfig. 5. However, the kink points of
memory alloy reduces due to the martensitic transformationdeformed composite diaphragm in the experiment will not be as
Therefore, the information of the maximum stress level on theharp as shown iRig. 5. This means that the estimated volume
composite diaphragm is very important. The larger displacemerﬁhange will be overestimated and it results in the overestimated
of the composite diaphragm due to the martensitic transformdlow velocity by Eq.(3).
tion, the larger the volume change we can obtain, resulting in
a stronger synthetic jet velocity (E¢B)). Based on the theory 5. Summary
of plate and shell28], the maximum stress and the maximum

displacement can be estimated by A high performance membrane actuator for synthetic jet
applications was successfully designed and constructed based
Omax = k£ (4) onthe FSMA composites and hybrid mechanism. The FSMA
h? composite diaphragm oscillates at high frequency by the elec-
Pa? tromagnet system, which provides high magnetic field gradient
Wmax = klETl:,, (5)  and strong force. The hybrid mechanism is based on the stress-

induced martensitic phase transformation produced by applied
wherep is the loadh the thickness; the radius of diaphragny;  magnetic field gradient, thus enhancing the displacement, as the
the displacement of the center part of the diaphragmizadhe  stiffness of shape memory alloy reduces due to the martensitic
Young's modulus. We can estimate the displacement of the conphase transformation. Currently, the actuator can produce the
posite plate before the onset SIM on the NiTi sheet. In the casgaximum jet velocity of 190 m/s at 220 Hz.
of 0.3 mm thick NiTi sheet of the composite diaphragm, when
the displacement of the center part of the diaphragm reachegcknowledgements
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