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ABSTRACT

Laminar flow limits the mixing performance and heat trans-
fer rates that occurs within microdevices. Synthetic jets in the
microscale could disrupt laminar flow and improve the perfor-
mance of such devices. In this paper a synthetic microjet in-
tegrated in a microchannel was designed and fabricated using
micromachining techniques. The channel flow was driven by
a syringe pump at a rate of 1.39uL/s and the device was actu-
ated using a piezoceramic disc at a frequency of 600Hz. Flow
fields were measured phase locked to the actuation cycle using
the MicroPIV technique in the mid plane of the jet. The resul-
tant fields revealed a jet with a largest velocity of 2.3m/s. The
average velocity during expulsion was estimated to be 0.73m/s
using a comparison to the oscillatory solution to flow in a square
duct. Measurements at different phases in the cycle revealed a jet
strong enough to impinge on the opposing wall and the growth
and decay of a pair of vortices formed at the edge of the orifice.
It was also shown that the synthetic jet significantly altered the
flow patterns showing promising signs for enhancing mixing and
heat transfer in microchannels.

NOMENCLATURE

d orifice width, m

d;, hydraulic diameter of the orifice, m

D;, hydraulic diameter of the microchannel, m
f actuation frequency, Hz

h etch depth, m

Q flow rate in microchannel, L/s

Re. Reynolds number of the channel, V.Dj, /v

Re; Reynolds number of the jet, V;dj,/v

S Stokes number, (0d),/v)"/?

T period of actuation cycle, 1/f, s

t* non-dimensional time, #/T

V. average velocity in the microchannel, m/s

V; average velocity in the orifice during expulsion, m/s
W channel width, m

X streamwise coordinate in relation to the channel, m
y spanwise coordinate in relation to the channel, m

7z depthwise coordinate, m

2Zq0rr depth of correlation, m

U dynamic viscosity, kg/(m s)

v kinematic viscosity, m?/s

INTRODUCTION

A synthetic jet actuator is a device that uses a periodic mo-
tion of a diaphragm or a piston inside a cavity to form a jet
through an orifice. Synthetic jet actuators transfer momentum
to a system but generate zero mass flow through the orifice and
thus require no external supply of fluid. Starting with the work
of Smith and Glezer [1] over a decade ago, this unique property
of synthetic jets has made them a highly attractive device for in-
vestigation. The potential applications for such a device include
separation control for drag reduction [2], enhanced mixing [3]
and thermal management [4].

Advances in micromachining techniques and the creation of
the MEMS (Micro-Electro-Mechanical Systems) field have lead
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to the development of wide variety of microdevices such as mi-
croreactors and biosensors. A key property of such devices is
their mixing performance which is critically important in chem-
ical reactions. At this scale Reynolds numbers are low, resulting
in laminar flow so that mixing occurs by diffusion only. Syn-
thetic jets have been proposed [5-9] as an active way of dis-
rupting laminar flow and promoting mixing in microchannels.
MEMS based synthetic microjet actuators have been developed
[8] and received a large amount of attention in numerical studies
(e.g. [5-10]). Despite the large number of detailed experimen-
tal investigations of macro synthetic jets, due to fabrication and
measurement difficulties on the microscale, only a few studies
(e.g. [11, 12]) exist on synthetic microjets.

There is a need to fabricate synthetic microjet devices and
experimentally examine in detail the velocity fields produced by
them. This paper is a report on the construction of a microchan-
nel in which a synthetic jet actuator has been integrated and the
PIV measurements of the resulting flow fields.

PARAMETERS

Two independent non-dimensional parameters, the Reynolds
number, Re, and the Stokes number, S are commonly used to
characterize the fluid flow generated by synthetic jets. The
Reynolds number in this work is defined as

Vid,
Re =12 1
e " (D

in which V; is the average velocity over half a cycle at the exit of
the orifice, dj, is the hydraulic diameter of the orifice and v is the
kinematic viscosity. The Stokes number is delineated by:

_|2mfd}
S=\— (2)

in which f is the frequency of operation of the actuator.

EXPERIMENTAL SETUP

In this study a microdevice consisting of a synthetic jet ac-
tuator integrated in a microchannel was designed and fabricated.
The design of the device was based upon the work on microp-
umps by Morris and Forster [13]. Figure 1 shows an exploded
view of the device. The microchannel was 250um wide with
10mm between inlet and outlet. A large 8mm diameter cham-
ber was connected to the channel by a narrow, 50um wide and
500um long slot, called the nozzle. The slot intersected the
channel midway along its length forming a T-junction as shown
in Figure 1 (b). A third port was incorporated in the design at
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FIGURE 1. (a) Exploded view of experimental device (b) Fluorescent
image of the microchannel (grey scales inverted for clarity)

the back of the chamber to aid in filling. The entire pattern was
72um deep with near vertical walls. A synthetic jet was gener-
ated by the variation in the volume of the chamber resulting from
a controlled signal driving a piezoceramic (PZT) disc bonded to
the back of the silicon layer.

Fabrication

A 4 inch polished silicon wafer with a thickness of 500um
was used to fabricate the patterned surface described above. One
lithography step was required and hence only one mask was
needed. The mask design contained a number of different device
designs all of which could be fitted onto the one 4 inch wafer.
A layer of the photoresist SU-8 was spun onto the wafer and
the pattern was exposed and developed. Then, the wafer was
etched with an Inductive-Couple-Plasma (ICP) etcher to a depth
of 72um. The etched silicon wafer was split into separate chips
using a diamond tipped dicing saw. Inlet/outlet holes were me-
chanically drilled in the silicon chips using a Imm diameter dia-
mond tipped drill bit. The etched pattern in the chips was sealed
by anodically bonding a 500um thick Pyrex glass cover.

A 6.4mm diameter circular piezoceramic disc (PSI-5A-4E
Piezo Systems Inc) was bonded to the back of the silicon layer
using a conductive epoxy. Wires were soldered to the top of the
PZT disc and to an area of the conductive epoxy using a sol-
der/flux kit (Piezo Systems Inc).

A schematic diagram of the experimental set up can be seen
in Figure 2. A frame manufactured in aluminium held the silicon
chip in place and enabled two 1mm inner diameter PEEK tubes
(Upchurch Scientific 1538) to be connected to the chip by two
nut and ferrule sets (Upchurch Scientific P-225/P-200N). Small
lengths of Tygon tubing were connected to the PEEK tubing,
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FIGURE 2. Schematic diagram of experimental apparatus

thereby enabling bends to be fitted in the fluid line. A syringe
(SGE gastight SmL) driven by a syringe pump (PHD2000 Har-
vard apparatus) provided the fluid flow. A 10um in-line filter
was incorporated in the apparatus to prevent blockages of the
microchannel by ‘large’ particles but allowed the much smaller
seed particles to pass through. The outlet of the line issued into
a small reservoir which was open to the atmosphere. The sinu-
soidal signal for actuation of the PZT was provided by a signal
generator (INSTEK function generator GFG-8216A) and ampli-
fied by an amplifier (Derritron Electronic Vibrators Ltd) so as to
generate a sufficiently large voltage to drive the PZT disc. The
signal generator had a built-in TTL output, which was used as
the reference signal for the acquisition of images used in the Mi-
croPIV measurements.

MicroPIV measurements

Velocity measurements were made using the Micro Parti-
cle Image Velocimetry (MicroPIV) technique as established by
Meinhart et al [14]. Phase averaged velocity field measure-
ments were made using a commercial MicroPIV setup (Lavision
Gmbh) on the centre plane of the channel and the orifice perpen-
dicular to the z axis shown in Figure 1. The object plane was
imaged using a long working distance objective lens with a mag-
nification M=40 and numerical aperture NA=0.6. A 12-bit, 1376
by 1040 pixel CCD camera (PCO Sensicam QE) recorded the
images with a field of view of approximately 222um x 168um.
In order to capture the full channel width of 250um, multiple
windows were required and stitched together for the final re-
sult. Volume illumination of the channel was provided by a 40mJ
Nd:YAG laser (Litron Nano S30-15).

De-ionised water was used as the working fluid and seeded
with 0.5um diameter fluorescent particles (Duke Scientific Inc.
Ex.Em = 542/612nm). A low seeding concentration of 0.01%
by volume was used to ensure good visibility and to minimise
particle agglomerations. The setup described provided a mea-

surement thickness known as the depth of correlation 2z, in
MicroPiv of 5.5um using the equation developed by Adrian and
Olsen [15].

Images were acquired and processed by the DaVis software
package. The actuation cycle was divided into 18 equally spaced
segments with 50 image pairs recorded for each. The vector
calculation was performed using an iterative cross-correlation
method with decreasing window size by a factor of two. A large
initial window size of 128 by 128 pixels was employed in or-
der to capture the high velocity regions with a final window of
32 x 32 pixels to provide adequate spatial resolution. The algo-
rithm employed was an averaging algorithm in which the corre-
lation data rather than the velocity measurements were averaged
to determine the final averaged velocity vectors for each phase.
The initial passes used a second order correlation and the final
pass used a standard forward difference scheme. In all passes a
window overlap of 50% was used. This provided a final spatial
resolution of 2.6tm.

RESULTS AND DISCUSSION
Device Characterisation

The flow rate Q in the microchannel supplied by the syringe
pump was set to 1.39uL/s. This resulted in an average velocity
V. of 0.077m/s and a Reynolds number, Re. of 9. Velocity mea-
surements were made on the centre plane of the channel as may
be seen in Figure 3, in the vicinity of the orifice. In Figure 3, the

FIGURE 3. Velocity vectors in microchannel without jet flow

flow is from right to left, that is in the negative x direction. The
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undisturbed profiles are typical velocity profiles for laminar flow
in a rectangular duct. A comparison of the experimental velocity
profiles with those obtained by the analytical solution [16] for
steady flow in a rectangular duct is shown in Figure 4. The good
agreement shown in Figure 4 validates the accuracy of the mea-
surement technique and procedure used for setting the flow rate
from the syringe pump. With the channel flow kept at constant

FIGURE 4. Comparison of experimental values of the x-velocity in
microchannel (symbols) with the analytical solution for steady flow
(solid line)

rate of 1.39uL/s, a sinusoidal signal with a peak to peak volt-
age of 35V and a frequency f, of 600Hz was supplied to the PZT
disc. This frequency resulted is a Stokes number of 3. Velocity
measurements were made at 18 different phases of the actuation
cycle. The resultant, cross-flow, that is the y-velocity component
distributions at the exit of the orifice are presented in Figures 5
and 6 for the ejection and ingestion phases of the cycle, respec-
tively. From the velocity measurements it was not possible to
determine when the diaphragm reached its zero velocity position
at the end of the ingestion part of the cycle. This is also the time
at which ejection phase begins and is usually used as the zero
phase [1]. As a consequence, as may be seen in Figure 5, zero
phase was defined as the first occasion after ingestion that all
the velocity vectors in the orifice were in the positive y-direction.
The non-dimensional time, #* = #/T, in which ¢ is the dimensional
time and T is the period, was measured from this reference.
During the expulsion part of the cycle, with the exception
of the results at zero phase, the profiles are well developed and

FIGURE 5. y-velocity profiles at orifice exit at various non-
dimensional times during the ejection phase of the cycle

FIGURE 6. y-velocity profiles at orifice exit at various non-
dimensional times during the ingestion phase of the cycle

are highly parabolic. The maximum velocity out of the orifice
was 2.3m/s at t¥=0.22. Since the measurement were taken at the
orifice outlet, that is in line with the lower surface of the mi-
crochannel shown in Figure 3, during ingestion, the velocity pro-
files shown in Figure 6 cannot develop. Hence, during ingestion,
the velocity distribution was more uniform, perforce resulting in
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lower peak velocities.

Velocity profiles on the centre plane at the exit of the orifice
during the expulsion stage are compared in Figure 7 with those
obtained analytically by Tsangaris and Vlachakis [17] for sinu-
soidally oscillating flow in a square duct at the same Stokes num-
ber. Since, as mentioned above, the velocity in the microchannel
was from right to left (Figure 3), the experimentally obtained y-
velocity distributions of the jet emanating from the orifice were
displaced slightly to the left. Despite the effect of the flow in the
channel, the experimental results are in surprisingly good agree-
ment with the analytical solution.

The Reynolds number of the jet, Re;, is an important pa-
rameter in determining its interaction with the main flow in the
microchannel. It follows that the average velocity in space and
time during ejection, needs to be determined. Since the veloc-
ity distribution was only known on the centre plane, it was not
possible to evaluate from these values. The average velocity cal-
culated from the analytic solution was 0.73m/s. This value was
used as an estimate of V;. A jet Reynolds number of 43 resulted.

FIGURE 7. Comparison of the experimental values of the y-velocity
at the exit of the orifice during ejection phase of the cycle (symbols)
with the analytical solution for oscillatory flow (solid lines)

Synthetic jet flow fields

The ability of the synthetic jet to mix the flow in the main
channel effectively, is demonstrated in the series of six instan-
taneous vectors plots in Figure 8. The vector plots are equally

spaced in time across the actuation cycle. For clarity every 3rd
vector is shown.

As may be seen in Figure 8(a), early in the ejection phase,
r*=0.11, the fluid expelled from the orifice forced the flow in the
channel to divert around it. At t¥=0.28, Figure 8(b), just after the
peak expulsion velocity had been reached, the increased velocity
of the jet led to the flow separating at the edge of the orifice. This
resulted in the formation of a pair of vortices on either side of the
jet near the orifice. Here the jet has already impacted on the
channel wall opposite the orifice. Since the fluid was supplied by
the syringe pump at a constant rate, the fluid at least in the centre
of the microchannel would need to have been forced towards the
top and bottom of the channel. Measurements were attempted on
planes other than the central plane, but were unsuccessful. As the
jet velocity was reduced as may be seen in Figure 8(c) at 1¥=0.44,
the vortices had moved further towards the channel wall opposite
the orifice, with the vortex on the left having almost reached it.

Even though the flow had reversed at *=0.61, Figure 8(d),
the vortices continued to be transported towards the channel wall
opposite the orifice with the vortex on the right now very close to
that wall. During this time both vortices were convected down-
stream by the flow in the channel. The upstream vortex having
impinged into the wall opposite the orifice, continued to lose its
strength so that it cannot be seen on Figure 8(e) at ¥=0.78. From
1*=0.61 to t*=0.78, Figure 8 (d) and (e), the downstream vor-
tex lingers at x = -130um and y = 150um, gradually losing its
strength until it can no longer be detected at *=0.94, Figure 8(f).

The behaviour of the jet during an actuator cycle shown in
Figure 8, is similar to that found numerically in two-dimensional
flow by Timchenko and her colleagues [7, 8]. In order to gauge
the overall effect of the jet, the mean of the 18 phases was cal-
culated and plotted in Figure 9. It is clearly seen that there are
large differences between Figure 9 and Figure 3. Figure 9 shows
that on the average there are two vortices on either side of a jet.
These vortices are expected to significantly enhance mixing and
heat transfer. Unfortunately, since at this stage only the velocity
distribution on the centre plane was experimentally obtained, the
mixing efficiency could not be evaluated. However, as mentioned
above, Timchenko et al [6-8], whose numerical results are in ex-
cellent agreement with those presented here, have shown that a
synthetic jet integrated in a microchannel significantly enhances
heat transfer.

Timchenko and her colleagues had supposed in their numer-
ical work on a synthetic jet integrated in a microchannel, [7,
8] that water was an incompressible fluid and the silicon wafer
was a rigid solid. Since they had also assumed that a constant
pressure difference was maintained between the ends of the mi-
crochannel, the flow rate in that channel could vary throughout
an actuator cycle. However, in the present work the syringe
pump supplied a constant flow rate. When the synthetic jet was
switched on water flowed into the chamber of the synthetic jet
generator for part of the cycle and out of that chamber for the
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FIGURE 8. Sequence of velocity vectors at various phases throughout
the actuation cycle in the vicinity of the orifice

6 Copyright (© 2010 by ASME



remainder of the cycle. As may be seen in Figures 8 and 9 these
flows severely disrupted the fluid stream in the microchannel.
Since at the low pressures involved in the present experiments,
for all practical purposes, water could be considered to be in-
compressible and the structure of the apparatus rigid, the ques-
tion then arose: was the flow rate in the microchannel constant
throughout the synthetic generator cycle?

FIGURE 9. Mean velocity field in the vicinity of the orifice

The beaker in Figure 2 into which the fluid issued from the
microchannel was placed on an accurate balance, so that the time
taken for a given mass of fluid to flow into it could be determined
with an accurate stopwatch. The flow rate could then be deter-
mined. It was shown to within 1% that, at least on the average,
the flow rate had been correctly set at 1.39uL/s.

While the flow rate downstream of the orifice would neces-
sarily vary during an actuation cycle, since the syringe pump de-
livered a constant flow rate of 1.39uL/s at its outlet the flow up-
stream of the orifice could not have varied if the walls of the ap-
paratus had been rigid and the fluid used incompressible. How-
ever, as may be seen in Figure 10 the flow approximately 1mm
upstream of the orifice is far from steady. The line with the solid
symbols in Figure 10 is the velocity profile from Figure 3 and 4
when there was no jet actuation and represents the expected pro-
file for a forced flow rate in a system in which all the boundaries
are rigid and the fluid is incompressible.

During the ejection part of the cycle (phases 0 to 0.50) the
flow rate in the microchannel was in general lower than the
steady value. In fact, once the channel had completely become

blocked by the synthetic jet between 0.28 < * < 0.39 there was
a reversal of flow in the channel despite, as already mentioned
a number times, that the syringe pump supplied a constant flow
rate. During suction, as may also be seen in Figure 10 the re-
verse was found in that the velocities were equal to or greater
than the steady values. Thus, while the average flow rate was
inevitably the flow rate supplied by the syringe pump, the instan-
taneous value was quite different. The difference between the

FIGURE 10. x-velocity distributions in the microchannel at various
times of the actuator cycle, approximately 1mm upstream of the orifice

instantaneous velocity distributions upstream of the orifice and
the steady flow values could only be explained by there being
a means of storing liquid between the syringe pump outlet and
the position at which the velocities were measured. It follows
that there were trapped air bubbles, or that the connecting tubing
provide the necessary compliance, or a combination of both ef-
fects. A thorough inspection of the microchannel failed to reveal
any trapped bubbles of air or sufficient compliance in the tubing.
This illustrates one of the great difficulties of working at the mi-
croscale; the ability to fully fill microdevices with liquid remains
an unsolved problem.

CONCLUSION

A synthetic microjet integrated in a microchannel was suc-
cessfully designed and fabricated using traditional micromachin-
ing techniques.

MicroPIV measurements in the vicinity of the orifice were
performed, phase locked to the actuation signal of the synthetic
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microjet generator. At a peak to peak voltage of 35V and a fre-
quency f=600Hz a maximum velocity of 2.3m/s was achieved.
The profiles at the exit of the orifice were highly parabolic dur-
ing expulsion and were in good agreement with the analytical
solution for oscillatory flow in a square duct.

The phase locked velocity vector patterns showed that dur-
ing the ejection part of the cycle a jet was formed at the orifice
that had sufficient strength to impinge on the channel opposite
the orifice. The pair of vortices formed at the edge of the orifice
traveled away from it with the jet. The vortices lost their strength
and were no longer detectable by the end of the ingestion phase
of the cycle.

Finally, it was found that the flow patterns presented in this
study were affected by a compliance source upstream of the ori-
fice. This effect will be examined in more detail in future work.
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