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ABSTRACT

The flow generated by a synthetic jet actuator is
investigated experimentally and computationally. The
experimental data and computational predictions show
good agreement with the theory for a steady turbulent jet.
It is found, however, that the synthetic jet establishes
itself much more rapidly than the steady jet, and this is
thought to be the result of turbulent dissipation causing a
vortex to be trapped near the actuator orifice. Also, the
optimal forcing frequency was found to be in agreement
with a coupled fluid-structural interaction model.

INTRODUCTION

Micro-electro-mechanical systems (MEMS) are a novel
concept which can be used to control large-scale flow
features, such as separation, transition and mixing.
MEMS couple sensors, control and logic electronics and
actuators into a single compact device. The actuators are
used to introduce disturbances whose characteristic scales
are similar to or smaller than the actual flow features.
Potential actuators for MEMS applications include the
micro-flap (Naguib et al., 1997), the cantilever-cavity
actuator (Jacobson and Reynolds, 1998) and the synthetic
jet (Smith and Glezer, 1997), the latter being the focus of
the present study.

The synthetic jet actuator consists of an electrically-
oscillated membrane located at the bottom of a small
cavity which has an orifice in the face opposite the
membrane (see Figure 1). During one cycle, fluid is
expelled through the orifice as the membrane moves
upwards. This induces a vortex ring at the edge of the
orifice due to flow separation. The vortex ring then
moves outwards under its own momentum. When the
membrane moves downwards, air is entrained into the
cavity. Ideally, the vortex ring is sufficiently distant from
the orifice so that it is not influenced by the entrainment
of fluid into the cavity. Over a single period of oscillation
of the membrane, there is, therefore, zero net mass-flux
into or out of the cavity, yet there is a non-zero mean jet
velocity (Smith and Glezer, 1997). Flow control has
previously been achieved using (traditional) steady jets.
The obvious benefit to employing synthetic jets is that
they require no air supply and so there is only a minor
weight penalty compared with that due to the piping,
connections and compressors associated with steady jets.

Even though synthetic jets have recently been employed
for a number of flow control applications (delaying
transition (Lorkowski et al., 1997), delaying separation
(Sinha and Pal, 1993; Amitay et al., 1998), improving
mixing (Smith and Glezer, 1997)), there has been only a
few in depth investigations of their operation. Smith and
Glezer (1997) noted that the jets exhibit a standing vortex
near the exit, in contrast to the ideal flow picture shown
in Figure 1. This was explained as being due to turbulent
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Figure 1 : Schematic diagram of a synthetic jet actuator.
d, = orifice diameter, d, = cavity diameter, k, = orifice
height, k. = cavity height, @ = forcing frequency.

dissipation of the vortex cores. They also noted that the
flow was established closer to the orifice than for a steady
jet. Kral et al. (1997) found numerical simulations of
synthetic jet flow to be in better agreement with the data
of Smith and Glezer when the flow was assumed to be
fully turbulent. Rathnasingham and Breuer (1997)
developed a coupled fluid-structure interaction model for
synthetic jet actuators. From this, the optimum forcing
frequency could be determined for a given set of actuator
geometric parameters and structural properties. Good
agreement was observed between this theory and a
limited set of experimental data.

Here, an individual synthetic jet is investigated using
both experimental and computational methods. In
particular, this study examines why the flow is
established closer to the orifice than a steady jet and
whether or not the theory of Rathnasingham and Breuer
(1997) is valid for conditions different to those examined
in their paper.

EXPERIMENTAL METHOD

The technology for the sensors and electronics aspects of
MEMS is relatively mature (Ho and Tai, 1996). MEMS
are normally manufactured using micromachining of
silicon, which allows sensors and electronics to be
integrated into the design process from the beginning.
This study is not concerned with the fabrication of
MEMS so that a simple version of the actuator, which
does not rely on any micromachining processes, is
employed here. This is consistent with previous studies
that have investigated the application of such devices
(see, for example, Lorkowski et al. (1997)). In this way, it
is easy to manufacture the actuators and to modify their
geometric parameters,




The actuator membrane is a brass shim, firmly clamped at
its perimeter, with a natural frequency of approximately
1.45 kHz. Forcing is achieved using a piezoceramic disc
bonded to the lower surface of the membrane. The input
to the piezoceramic is supplied by a signal generator. All
tests were conducted using an input sinusoidal signal
with @ =1.45 kHz. The geometric parameters of the
actuator are: i, = 1.15 mm, d. = 40 mm, k, = 1.65 mm
and d, = 0.75 mm (see Figure 1).

The jet velocity was measured using single-component
hot wire anemometry (Bruun, 1995). The sample rate was
set at 20 kHz and 131072 samples were acquired for each
record. Each measurement was repeated at least five
times and average values were obtained from these. It is
estimated that the uncertainty in the mean and fluctuating
velocity measurements was < +1%. Measurements made
at distances greater than approximately 20 orifice
diameters from the orifice were noticeably susceptible to
small amplitude motions caused by air fluctuations in the
laboratory. These measurements were not as repeatable as
those made closer to the orifice and had an uncertainty of
+3%. To check the axisymmetry of the jet, measurements
were made at a number of azimuthal orientations.

COMPUTATIONAL METHOD

Unsteady incompressible numerical simulations were
performed using a commercially available Navier-Stokes
solver called CFX4.2. It employs a finite-volume
formulation and the simulations can assume either
laminar or turbulent flow, the latter computed using the
k-& model (Launder and Sharma, 1974). The flow was
assumed to be axisymmetric with the symmetry plane
lying along the jet centre-line.

A computational mesh with 201 nodes in the stream-wise
direction and 110 nodes in the transverse direction was
employed here. Computations with meshes having half
the number of cells exhibited only small differences (1%
or less), indicating that mesh convergence has been
achieved. The computational domain extends 32 mm in
the stream-wise direction and 12.75 mm in the transverse
direction. The mesh is refined near the edge of the
orifice.

Following Kral et al. (1997), the actuator is modeled as a
boundary condition for the velocity normal to the orifice
opening:

u, (t)=U,sin(wt) (1)

where U, is the forcing velocity. That is, the cavity flow
is not considered. The value of U, is varied and for the
present study, the best agreement with experiment was
achieved for U, =30ms™.

RESULTS and DISCUSSION

The measured and computed centre-line distribution of
the synthetic jet mean velocity, ., are compared in
Figure 2. Also shown is the measured centre-line
distribution of the fluctuating component of velocity, u’.
Both . and u’ are seen to fall rapidly with distance from
the orifice, with the fluctuating component decreasing
more rapidly for y / d, > 5. For the mean velocity, good
agreement is observed between experiment and
computation for y / d, > 15. Closer to the orifice, there is
a large discrepancy. This may be due to there being
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Figure 2. Jet centre-line velocity.

insufficient mesh points in the near orifice region. It may
also be that the flow near the orifice is not accurately
modeled using the current boundary condition. Kral et al
(1997) also predicted the mean velocity along the centre-
line to peak before decaying. However, they did not have
any data with which to compare their computations for
v/ d, < 10. It may be, therefore, that a computation of the
complete flow-field, including the cavity interior, is
required to accurately model this region. Another
possibility is that the size of the hot-wire probe is too
large to correctly measure the flow near the orifice, and
that either smaller probes or another technique (such as
laser-doppler anemometry) must be used in this region.
We plan to explore all three of these possibilities in
future studies.

Also shown in Figure 1 is a curve representing the
expected variation of the centre-line velocity for a steady
axisymmetric turbulent jet, that is y ~' (Rajaratnam,
1976). The experiment and computation are both seen to
vary as y "' for y / d, > 12, indicating that the flow
becomes self-similar after approximately 12 orifice
diameters. This contrasts with the steady jet for which
self-similar flow is not established until approximately 40
orifice diameters (Rajaratnam, 1976). A similar
observation was made by Smith and Glezer (1997).

The measured and predicted profiles of mean velocity are
shown in Figure 3 for five stream-wise stations:
y/d,=4,8, 12, 18.7 and 26.7. The velocity data are
normalized by w1, and the transverse direction, x, is
normalized by the value of the full-width at half-
maximum, b. The profiles exhibit a strong peak near the
centre-line and fall away with distance from the orifice.
Also shown is the theoretical Tollmein solution for a
steady axisymmetric turbulent jet (Rajaratnam, 1976). All
the data and computations collapse reasonably well
implying that the flow is self-similar for y /d, > 4, which
is much earlier than is indicated by the centre-line
velocity distributions (Figure 2).

The profiles of fluctuating velocity are presented in
Figure 4. Close to the orifice, the profiles show a strong
central peak. As y / d, increases, the maximum decreases
and the profiles become flatter in the central region of the
jet. This would appear to suggest that the turbulence
induced by the synthetic jet spreads outwards as the flow
proceeds away from the orifice and that self-similar flow
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Figure 4. Jet fluctuating velocity profiles.

is achieved for y / d, > 12, consistent with Figure 2. It
would seem, therefore, that the mean velocity profiles
(see Figure 3) are a less sensitive indicator of similarity
than the fluctuating velocity profiles.

Figure 5 shows a time sequence of vorticity contour plots
which were computed assuming turbulent flow. The non-
dimensional time is defined as t* = t U, / d,, where t is
the physical time. The first vortex moves away from the
orifice after it has emerged from the orifice. It merges
with the vortex which follows and its rate of migration
away from the orifice is very slow. It appears that the
subsequent vortices are ‘trapped’ just near the orifice.
Figure 6 shows a contour plot for a much later time, t*=
600. The primary vortex still lies close to orifice. We
performed simulations with higher values of the forcing
velocity and found that this caused the primary vortex to
be situated further from the orifice. Presumably, for a
sufficiently large value of U, the vortex momentum
would be able to overcome the effect of turbulent
dissipation and break away, producing a flow pattern
similar to that shown in Figure 1. Figure 7 shows a
contour plot for a laminar computation for the present
actuator at t* = 96. Note the expanded scales in the
transverse and stream-wise directions. Here, there is no
turbulent dissipation and the flow pattern bears a strong
resemblance to the idealized pattern shown in Figure 1.

The effect of turbulence seems to be an increased
dissipation of energy which reduces the rate of spread of
the vortices. Thus, the vortices are smaller for the
turbulent flow and they move away from the orifice more
slowly. For the laminar flow, at r* = 96, the diameter of
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Figure 5. Time sequence of vorticity contours, turbulent
simulation.
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Figure 6. Vorticity contours, for 1* = 600, turbulent
simulation.
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Figure 7. Transverse velocity contours, laminar
simulation, 1* = 96.
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Figure 8. Maximum jet velocity of a function of Stokes
parameter.

the first vortex to emerge is approximately 8 mm and its
centre lies nearly 20 mm from the orifice. For the
turbulent flow at r* = 96, the diameter is 5 mm and the
location is 8 mm. Further, for the turbulent simulation
there is an oscillating flow near the orifice which means
that the primary vortex is trapped. A jet flow is forced
through the centre of this vortex, which also limits the
size of the turbulent core near the orifice. This would
explain why the synthetic jet appears to establish itself
much more quickly than a steady jet, whose core is free
to grow.
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Rathnasingham and Breuer (1997) present a theory for
determining the synthetic jet membrane forcing
frequency that, for a given set of geometric and structural
characteristics, will produce the largest jet velocity. For
the present actuator, this theory predicts the optimum
frequency, expressed in terms of the Stokes parameter,
St = (@ d%v)"?, to be approximately 19. Figure 8
presents the maximum jet velocity, measured on the
centre-line at y / d, = 1, for a range of Stokes parameters
(frequencies). The same forcing voltage was used in each
case. There is a strong peak near St = 19, at the natural
frequency of the membrane, @ = 1.45 kHz, in agreement
with theory. There is also a second peak near St = 27 and
this corresponds to the second harmonic. No other peaks
were found for St < 1000.

CONCLUSION

The flow produced by a synthetic jet actuator has been
examined. Experimental data and computational
predictions are in good agreement with each other and
with the theory for a steady turbulent jet. It is seen,
however, that the synthetic jet establishes itself more
rapidly than a steady jet. This seems to be caused by
turbulent dissipation, which traps a vortex near the
orifice, thus limiting the size of the turbulent core. The
optimum forcing frequency is in good agreement with the
theory of Rathnasingham and Breuer (1997).
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