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Spanwise Characteristics of High-Aspect-Ratio Synthetic Jets

S. Abdou* and S. Ziada'
McMaster University, Hamilton, Ontario L8S 4L7, Canada

The spanwise characteristics, that is, the two dimensionality of two high-aspect-ratio, planar synthetic jets are
investigated experimentally to evaluate their use as actuators for active flow control applications. The two jets, with
different slit lengths, are generated through narrow axial slits on a cylinder by acoustical excitation at the cylinder
terminations. Measurements of the mean and fluctuating velocities, as well as the phase of velocity fluctuations
with respect to the excitation signal, are performed to study the effect of excitation frequency and amplitude on
the steady and unsteady spanwise characteristics of the generated synthetic jet. The jet issuing from the long slit
is found to exhibit large variations in the spanwise direction, in both its mean velocity and phase. These variations
are also dependent on the level and frequency of acoustic excitation. For the short slit, the spanwise variations are
substantially smaller. The test results indicate that the short slit is a favorable actuator for active control applications
involving the generation of a planar synthetic jet with small spanwise variations. The long slit, however, may be
useful for active control applications that require the inducement of large phase variations along the slit.

Nomenclature

D; = inner-cylinder diameter

D, = outer-cylinder diameter

d = height of the jet producing slit

f = frequency of synthetic jet driving mechanism

h = width of jet producing slit (orifice diameter in case of
axisymmetric jet)

L = length of cylinder

L, = synthetic jet stroke length

l = length of jet producing slit

Rey, = Reynolds number based on U,

Sr = Strouhal number

U = mean streamwise velocity of the jet

U, = mean centerline velocity of the jet

U, = downstream-directed average exit nozzle velocity of
synthetic jet L, f

U’ = normalized streamwise velocity of the jet, U/ U,

us = rms value of the streamwise velocity fluctuation at the
fundamental frequency

Use = rms value of the streamwise velocity fluctuation at the
fundamental frequency at the jet centerline

uy = normalized rms value of the streamwise velocity
fluctuation at the fundamental frequency u ¢/ U,

u, = total rms value of the streamwise velocity fluctuation

U = total rms value of the streamwise velocity fluctuation at
the jet centerline

u, = normalized total rms value of the streamwise velocity
fluctuation u, /U,

X = streamwise position of the hotwire

Y = cross-stream position of the hotwire

z = spanwise position of the hotwire

A6 = centerline phase difference between any spanwise

position and slit midspan ¢, — @,
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Ag = phase difference between any cross-stream position and
jet centerline, ¢ — ¢,

A = wavelength of the waves produced by the driving
mechanism, ¢/ f

@ = phase of velocity fluctuations with respect to the jet
excitation signal

@c = phase of velocity fluctuations with respect to the jet
excitation signal at the jet centerline

¢.n = centerline phase of velocity fluctuations with respect to

the excitation signal at the slit midspan

L

HE concept of synthetic jets probably dates back to as early

as 1950. At that time, however, the idea was merely used to
study the circulation effects and the impedance of orifices where the
formation of zero-net-mass-flux jets was observed.! The first use of
synthetic jets as flow manipulation devices, however, was not until
1994 (Refs. 2 and 3).

A synthetic jet is a mean fluid motion created by intermittent
suction and blowing through an orifice or a slit. The device that
produces the jet usually consists of a neck driven by a pulsating
diaphragm in a cavity, as shown in Fig. 1. Flow enters and exits the
cavity through the orifice. During the intake stroke, fluid is drawn
into the cavity from the fluid surrounding the orifice. As this fluid is
driven out of the cavity, a shear layer is formed that rolls up to form
a vortex ring, or a vortex pair in case of a two-dimensional slot. This
vortex ring, or pair, convects downstream due to its induced velocity.
By the time the diaphragm starts another intake stroke, the vortex
ring has gained enough momentum and moved far enough away
that it is virtually unaffected. Thus, a train of vortex rings is created
by the actuator. In the mean, the velocity profile appears similar
to a steady jet. The driver, or the diaphragm, of synthetic jets can
take a number of different forms including acoustic drivers,'3~°
piezoelectric diaphragms,'®~!'7 and electromagnetically driven
pistons.'#1°

Synthetic jets possess a unique feature, that is, they are formed
totally from the working fluid of the flow they are used in and,
hence, require no external piping systems, making them a compact
and low-cost system. This feature enables the synthetic jet also to
transfer linear momentum to the flow without any net mass injec-
tion. This unique property and the fact that synthetic jets can exist
in many different scales make the applications of synthetic jet nu-
merous, especially in the area of flow manipulation and control.
The uses of synthetic jets cover a wide range of applications includ-
ing active flow control,>>%20=22 separation control,%!3232* virtual
aeroshaping effects,”> 28 jet vectoring,'%?%3° cooling,"3? and mix-
ing enhancement.’?~3

Introduction
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Fig. 1 Schematic of synthetic jet actuator.

Since their first application in 1994 for flow manipulation, con-
siderable research has been done to characterize synthetic jets and
study their behavior both experimentally®7’-10:11:2030.35 a5 well as
numerically.'*~!® Several excellent studies have been published dis-
cussing the characterization of synthetic jets covering different ge-
ometries, slit sizes, actuators and operating conditions. The work of
Smith and Glezer,!" Smith and Swift,”-® and Utturkar et al.'* and a
review paper by Glezer and Amitay> provide outstanding compre-
hensive analysis and characterization of synthetic jets.

Smith and Glezer!! discuss the formation and characteristics of
a high-aspect-ratio, piezoelectrically driven, synthetic jet formed
in air. Schlieren images of the evolution of the synthetic jet are
provided, which show the formation, convection, and then breakup
of the vortex pairs formed at the slit exit. Smith and Glezer introduce
two primary dimensionless parameters characterizing the synthetic
jet, namely, a dimensionless stroke length L,/h and a Reynolds
number based on the average orifice velocity, Rey,. They conclude
that the synthetic jet is similar to conventional two-dimensional
turbulent jets in that cross-stream distribution of the time-averaged
jet velocity components and their corresponding rms fluctuations
collapse when plotted in the usual similarity coordinates.

In more recent studies, Smith and Swift’® compare synthetic
jets to continuous and pulsed jets. They developed a jet formation
criterion whereby a threshold stroke length (or pulsation amplitude)
for the formation of the jet was introduced. Mean velocity profiles
plotted in similarity coordinates show that all of the jets collapse,
being continuous, pulsed, or synthetic. The variation of the time-
averaged centerline velocity with the downstream distance shows
that synthetic jets start with a mean velocity of zero at the jet exit that
increases to a value very close to that of continuous jets before
the start of the half-power-law decay, typical of planar jets. Note
that, despite the wide range of Reynolds number and stroke length
covered in the tests, the jet behavior is similar for all of the cases.

Utturkar et al.'* investigated the formation parameters of syn-
thetic jets in search for a jet formation criterion. In the study, the
same stroke length and Reynolds number based on U, are used.
They concluded a formation criterion 1/Sr > K, where the Strouhal
number Sr = fh/U, and the constant K is approximately 2 for two-
dimensional synthetic jets and 0.16 for axisymmetric ones. This
criterion is in good agreement with that suggested by Smith and
Swift’:8 and with their own experimental results.

Although the literature provides excellent and comprehensive
analyses of the downstream evolution of uniformly excited syn-
thetic jets, to the authors’ knowledge, no references are available
that provide spanwise characteristics of high-aspect-ratio synthetic
jets that are not excited uniformly along the span of the slit. Knowl-
edge of such characteristics is essential for practical applications of
flow control because it is not always possible to generate synthetic
jets by uniform excitations. (Examples of such applications may be
found in Refs. 9 and 22.) In Ref. 9, the motivating work for the cur-
rent study, although controlling the vibrations of the downstream
cylinder in a tandem cylinder arrangement was achieved using a
synthetic jet actuator hosted in the upstream cylinder, the fluid me-
chanics governing the process were not understood.

The present work deals primarily with the spanwise character-
istics of the synthetic jet actuator for use as an actuator in flow
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Fig. 2 Construction of apparatus generating the synthetic jet.

control applications. The main focus is on the spanwise phase and
amplitude distributions of nonuniformly excited long-aspect-ratio
synthetic jets.

II. Experimental Setup

The synthetic jets studied herein are formed in air through rect-
angular slits having a width of 2 =0.75 mm and two different slit
lengths, / =580 and 208 mm. These two cases provide aspect ratios
of I/h =773 and 273, respectively. The slits were milled axially
on the surface of a polished aluminum cylinder with an outer di-
ameter of D, =40 mm, an inner diameter of D; =32 mm, and a
length L =651 mm. The construction of the test facility is shown
in Fig. 2. The excitation necessary to produce the synthetic jet was
provided acoustically using a pair of high-quality Rockford Fosgard
(FNQ2405) speakers mounted on each side of the cylinder through
adapters to match the diameter of the speaker diaphragm to the
cylinder inner diameter. The speakers are nominally rated at 200-W
peak power with an acceptable response at low frequencies, down to
about 70 Hz. A two-channel, 400-W power amplifier-type RAMSA
(WP-1200) was used to power the speakers in parallel. The response
of the two speakers to different inputs was measured to ensure their
matching. The phase difference between the responses of the two
speakers was found to be within 2 deg, whereas the difference be-
tween the amplitude ratios of the speakers’ response was within
2%.

Sound pressure level measurements were conducted using a
GRAS type 40BP microphone, with an accuracy of +1 dB, mounted
inside the speaker adapter on one side of the cylinder as shown in
Fig. 2. The microphone was installed through a 7-mm-diam hole and
located about 40 mm away from the speaker and at about 37 mm
away from the centerline of the adapter.

Velocity measurements of the issuing jet were performed using
a Dantec Socket-type single-hotwire probe mounted on a travers-
ing mechanism. The hotwire probe was powered by a single chan-
nel Dantec bridge, type 55M01, with an overheat ratio of 1.8. The
traversing mechanism used is a Valmex (NF90 series), three-axis,
computer-controlled traversing mechanism, allowing measurements
in the spanwise, streamwise, and transverse directions. The travers-
ing mechanism is capable of moving in steps of 0.005 mm/step. This
traversing step is less than 1% of the slit width.

III. Experimental Procedure

Experiments were carried out by exciting the speakers in phase
with harmonic signals at different frequencies and amplitudes. The
response of the issuing synthetic jet to different excitations was then
measured. Excitations were supplied to the speakers from a signal
generator through an amplifier. The measured hotwire signal of the
issuing synthetic jet along with the excitation signal were then sent to
apersonal computer data acquisition system for analysis and storage.
A schematic diagram of the layout of the different components of
the experiment is shown in Fig. 3.

Three different frequencies of 80, 100, and 120 Hz were used
to excite the speakers. This frequency range was chosen because,
in another set of experiments,’ the same synthetic jet was used to
control the vortex shedding process that occurred at this range of
frequency. The amplitude of the signal exciting the speakers was set
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Table 1 SPL measurements inside cylinder cavity
for different test cases

SPL, dB
Frequency, Hz ~ Amplitude, V. Short-slit case ~ Long-slit case
80 4 135 133
100 2 129 128
100 4 135 134
100 6 138 137
120 4 135 134

Signal
Generator

a Data
by Acguisition
& Storage

Fig. 3 Schematic of experimental setup and equipment used.

V4

Fig. 4 Coordinate system used to describe hotwire location.

at 2, 4, and 6 V. These values include the gain of the amplifier. The
case of 2 V was chosen because it represents the lowest amplitude
that produced a measurable velocity signal at the midspan of the
long-slit cylinder. Note, however, that these values of excitation
were chosen based the vortex shedding control experiments that
were performed using the current setup and configuration. The sound
pressure levels (SPL) corresponding to these excitation values were
measured inside the cylinder cavity and are given in Table 1. The
sound pressure was measured by means of the microphone mounted
in one of the speaker adapters as discussed earlier.

A system of axes was chosen to describe the position of the
hotwire as shown in Fig. 4, the Z coordinate being in the span-
wise direction along the cylinder axis, the Y coordinate being in the
vertical or transverse direction, and the X coordinate being in the
downstream direction. The origin of the axes is the midspan of the
cylinder, the mid-width of the slit, and at the exit plane of the slit.

Nine spanwise measurement positions, in the Z direction, were
chosen for each cylinder. For the long-slit cylinder, with an aspect
ratio of [/ h =773, the positions were chosen as Z/h =0, £77,
+155, £232, and +309. In the short-slit case, with an aspect ratio
of [/ h =273, the positions were Z/h =0, £33, 67, 100, and
+120. The streamwise position of the hotwire in the jet was fixed
and was chosen to be at X/h = 6.67. At this location, traces of the
suction stroke of the excitation cycle cease to exist in the hotwire
signal as will be discussed later. Vertically, the hotwire was traversed
across the centerline of the slit at each measurement position in steps
of 0.25 mm. Steps of 0.125 mm were used near the centerline of the
jet to ensure accurate measurement of the centerline velocity. The
vertical traversing permitted obtaining the velocity profile at each
location, as well as correcting slight misalignments between the
axis of the traversing mechanism and the cylinder axis and, thereby,

minimizing errors in estimating the centerline velocity or phase of
the jet.

IV. Experimental Results

The following sections present the test results, starting with val-
idating the characteristics of jet development. Thereafter, the span-
wise distributions are given to show the effect of varying the ex-
citation frequency and amplitude of the excitation signal on the
spanwise characteristics of the synthetic jet.

A. Jet Characteristics

As mentioned earlier, this study focuses on the spanwise charac-
teristics of high-aspect-ratio synthetic jets rather than on the down-
stream evolution of the jets. Although the latter issue has recently
received considerable attention, as already discussed in the Intro-
duction, measurements of the mean velocity profiles, as well as the
phase and rms profiles, were performed for two reasons. First, it is
necessary to validate that the investigated synthetic jet is similar to
those investigated in the literature, and second, details of the jet are
needed to determine the appropriate location (X and Y coordinates)
for subsequent hotwire measurements to look at the spanwise dis-
tributions. It is also desirable to provide some typical characteristics
of the investigated jet to allow comparisons with other synthetic jets
reported in the literature.

Three downstream stations were investigated at X/h=0.67,
6.67, and 13.33. Typical velocity traces measured at these three loca-
tions along the X axis, thatis, Y/h=Z/h =0, are shown in Fig. 5.
Because of the inability of the hotwire anemometer to distinguish
the direction of flow, the traces of the suction stroke near the jet exit
are rectified as shown in Fig. 5a. Figures 5 also show that the mean
velocity for the X/ h = 6.67 position is higher than those at the other
two locations. Smith and Swift”® reported similar findings for all
synthetic jet cases studied, where the average centerline velocity
increases in the downstream direction until it reaches a maximum
value near X/h = 6 before the start of typical turbulent jet decay.
Based on these facts, it was decided to carry out the hotwire mea-
surements at this location in the rest of the experiments.

Note that it was rather difficult and cumbersome to measure the
velocity profiles at the exit of the slit, that is, at X/h =0, to deter-
mine the values of L, or U,, and thereby characterize the jet at the
exit. This difficulty was compounded by the fact that the jet charac-
teristics vary along the span of the slit and are also functions of both
the amplitude and frequency of actuation. When it was realized that
it is not possible to describe the jet by a single Reynolds or Strouhal
number, and that measuring L, and U, would be very cumbersome
and would also obscure the main objective of the paper, which is to
study the spanwise characteristics, the measurements at X/ h = 6.67
were used to compare with the results in the literature. The profiles
shown in Figs. 5-8 show similar trends to those reported in Refs. 7
and 8, where the behavior of the mean velocity was shown to be
essentially the same regardless of the values of Reynolds number
Rey,. In addition, the results given in Figs. 7 and 8 allow the com-
parison of the current jet with those presented in other references
where the development of synthetic jets is discussed.

Figure 6 shows typical frequency spectra of the velocity signals
shown in Fig. 5. Note in Fig. 6a that a higher first harmonic compo-
nent of the fundamental frequency exists due to the rectified hotwire
signal discussed earlier. For the other two spectra, the fundamental
component is the strongest because of the diminishing effect of re-
verse flow. Figures 6b and 6¢ show increased broadband turbulence
levels as reported in previous work.

For the chosen position of X/ h = 6.67, characteristics of the pro-
duced jets at different spanwise measurement stations and for differ-
ent frequencies and amplitudes of excitation were obtained. These
characteristics include transverse profiles of mean velocity as well as
the rms amplitude and phase difference of velocity fluctuations, all
of which are plotted in similarity coordinates. Figures 7 and 8 show
typical profiles obtained for the long and short slits, respectively.
The profiles shown in Figs. 7 and 8 are obtained for an excitation
frequency of 80 Hz and amplitude of 4 V. Measurements at other
frequencies and amplitudes yielded similar trends, and therefore,
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Fig. 5 Time traces of hotwire signal for long-slit cylinder at jet center-
line at Z/h = 0 for excitation of 100 Hzand 4 V: a) X/h = 0.67,b) X/h = 6.67,
and c) X/h =13.33.

these measurements are not shown. Mean and rms velocity profiles
were normalized by the mean centerline velocity of he jet, U,. Thus,
the mean velocity profiles show U’ =U/U,, where U’ is the nor-
malized velocity and U, is the mean centerline velocity. The total
rms profiles depict u; =u,/U,, where u, is the normalized total rms
value of the velocity fluctuation, and the rms profiles of the fun-
damental frequency depicts u’f =uys/U,, which is the normalized
rms value of the velocity fluctuation at the fundamental frequency
f. Phase profiles show the phase difference Agp =¢ — ¢, between
cross-stream Y positions and the jet centerline, where ¢ and ¢, are
the phase values at the measurement Y position and the jet centerline
position, respectively.

All mean velocity profiles collapse when plotted in the usual
similarity variables for turbulent jets in accordance with the results
of Refs. 7 and 8. The rms profiles show similar trends for both the
short- and the long-slit cases; however, the long-slit case shows some
scatter. This scatter was observed for other excitation frequencies
and amplitude for the long-slit case. The scatter may be attributed to
the fact that the wide span of the long slit produces jets with larger
spanwise variations in mean velocities and other characteristics as
discussed in the following sections. These variations are not present
for the more uniform short-slit case, and hence, the profiles collapse
better when plotted against similarity coordinates.

Measurements of the spanwise distributions of the centerline
characteristics of the issuing jets are discussed in the following sec-
tions. These measurements require accurate determination of the
mean centerline velocity and phase of the issuing jets as well as the
rms amplitudes of the velocity fluctuations. The profiles shown in
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Fig. 6 Frequency spectra of hotwire signal for long-slit cylinder at jet
centerline at Z/h =0 for excitation of 100 Hz and 4 V: a) X/h=0.67,
b) X/h =6.67, and c) X/h =13.33.

Figs. 7 and 8 show that the variations in the mean velocity and in the
phase angle are very small near the centerline of the jets. In other
words, the profiles are flat at the jet centerline. This fact, together
with the high accuracy of the traversing mechanism, 0.005 mm/step,
provided an adequate measurement procedure to ensure minimal
misalignment errors when determining the centerline values of the
jet.

B. Effect of Frequency Variation

For this set of experiments, the excitation amplitude was set at
4V and the excitation frequency was varied between 80, 100, and
120 Hz. The spanwise distributions of the averaged centerline ve-
locity, rms velocity fluctuations, and averaged phase of the velocity
fluctuations are shown for the long-slit jet in Fig. 9 and for the
short-slit jet in Fig. 10. The phase values in Figs. 9 and 10 are the
centerline difference in phase, A0 = ¢, — ¢.,, between each mea-
surement spanwise position and the midspan of the slit, where ¢,
and ¢, are the centerline phase values at the measurement spanwise
position and the slit midspan, respectively.

For the long-slit case, note in Fig. 9 that the emanating jetis almost
symmetric about the midspan position, which was to be expected
because the speakers are positioned symmetrically and activated in-
phase. Moreover, the mean velocity decreases as we progress toward
the midspan of the cylinder from either end. Also, the velocity of the
jet decreases and the deficit at the midspan increases with increas-
ing the excitation frequency. The value of the mean velocity at the
midspan decreases by about 14% from the value at 80 when switch-
ing from 80 to 100 Hz and by about 30% when switching from 80
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to 120 Hz. The deficit at the midspan, on the other hand, increases
from about 18% of the velocity at the slit terminations for the 80-Hz
case to 28% for the 100-Hz case and to 41% for the 120-Hz case.
This same trend exists for the phase change inasmuch as it can be
seen that large phase differences occur between the midspan and the
ends of the slit. These deficits vary from about 70 deg for the 80-Hz
case to about 113 for 120 Hz.

The short-slit case clearly displays a much stronger and more
uniform jet. For the same excitation, Fig. 10 shows that the mean

centerline velocity of the jet at the midspan increases by an average
value of about 79% from the value of the long-slit jet. The jets are
more uniform for the short slit, for which the values of the deficit
drop to an average value of about 14% in comparison to an average
of about 29% for the long-slit case. The phase, as well, is more
uniform along the span of the short slit, where the values of the
phase difference between the ends of the slit and its midspan drop
substantially. Values of phase change for the short-slit cylinder drop
to 8 deg for 80 Hz, 11 deg for 100 Hz, and 13 deg for 120 Hz. These
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Fig. 10 Spanwise distributions of mean centerline velocity, centerline rms velocity fluctuations, and centerline phase selected values of excitation
frequency and amplitude, short-slit cylinder: ¢, 80 Hz, 4 V; l, 100 Hz, 2 V; A, 100 Hz,4 V; X , 100 Hz, 6 V; and =, 120 Hz, 4 V.

are relatively small phase changes along the whole length of the
slit. Note, however, that care should be taken when comparing the
absolute values of phase because the short and the long slits have
different mean velocities, which causes differences in the phase that
are induced merely by the differences in the convection velocity.

C. Effect of Amplitude Variation
In this case, the frequency of excitation was fixed at 100 Hz and
the amplitude was changed between 2, 4, and 6 V for both slit cases.

Figures 9 and 10 show that, for the case of varying the am-
plitude of the exciting signal, similar trends, as with varying
the frequency, are observed for both the long- and the short-slit
cases. All cases show a deficit in both the mean velocity and
phase as the midspan of the jet is approached from either end.
In this case, however, changing the amplitude produces higher
changes in the mean velocity than changing the frequency, but
the deficit value stays almost unchanged for different excitation
amplitudes.
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Fig. 11 Effect of wavelength of sound field on a) ratio of spanwise ve-
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cylinder termination and midspan, 4-V excitation amplitude: ¢, short
slit and M, long slit.

The value of the velocity deficit for the long-slit case is about
25% for both the 4- and 6-V excitation, and the value of the phase
deficit is about 72 deg. Note, however, that the 2-V case shows a
slightly different trend, as will be discussed later.

For the short-slit cylinder, the same behavior exists as mentioned
for the long-slit cylinder where the deficit is about 7% for all of the
cases and the phase deficit is about 10 deg. The 2-V excitation for
the short slit, however, does not show a different behavior than the
other two cases.

V. Discussion

The preceding results show that both the amplitude and frequency
of excitation have a significant influence on the emanating jet. More-
over, the behavior of the synthetic jet is substantially different for the
long-slit case from that of the short-slit one. In general, the short-slit
case provided synthetic jets that are stronger and more uniform than
those formed for the long-slit case.

The effect of increasing the amplitude of excitation in both the
short- and long-slit cases is mainly to increase the velocity of the
issuing jet at all spanwise locations. Hence, the deficit in the span-
wise distributions of the mean velocity remains almost unchanged
when the amplitude is increased. The phase distributions, however,
do not show a simple relationship with amplitude because variations
in phase caused by different convection velocities of the jet have to
be taken into consideration, as well as the nonlinear behavior of the
orifices.

The case of the 2-V excitation in the long-slit case shows different
trends for the distribution of velocity and phase than the other cases
of the long slit. For this case, the deficit in the velocity was 63% as
compared to 25% for the other two amplitudes. For the phase, the
deficit is about 161 deg for the 2-V case as compared to 72 deg for
the other two. Moreover, the trend that the phase distribution fol-
lows appears to be different from the other two cases. These changes
in the behavior can be attributed to the fact that this amplitude of
2 V represents the lowest excitation level during the tests. It can
be expected that, at this low-excitation level, the jet is approaching
the formation limit below which the jet is not synthesized.”® % This

supposition is supported by the fact that the changes are more pro-
nounced near the midspan of the long-slit case, where the jet is at
its lowest mean velocity.

The excitation frequency variation, on the other hand, produces
a change in the deficit of the mean velocity distribution rather than
in the magnitude of the jet velocity. This variation can be attributed
to a stronger effect on the pressure amplitude inside the cylinder as
the frequency of excitation is changed. As the pressure wave, which
produces the jet by the pressure difference across the slit, is applied
at the cylinder terminations, its amplitude reduces as it travels along
the cylinder and its energy is partially dissipated through the slit.
As the excitation wavelength is decreased, by increasing the excita-
tion frequency, the cylinder length becomes a larger fraction of the
wavelength, which results in larger phase shifts as the sound wave
travel along the cylinder. Therefore, the synthetic jet becomes less
uniform in amplitude and phase as the ratio between the slit length
and wavelength is increased, 1/A. This can be further explained by
investigating the effect of the ratio between the slit length and the
wavelength of the sound field inside the cylinder, //A, on the am-
plitude ratio and the phase difference between the terminations of
the slit and the midspan as shown in Fig. 11. Data corresponding
to both the short- and long-slit cases are shown in Fig. 11. It can
be seen that, as the //A ratio increases, the difference between the
magnitude of the jet velocity at the end of the slit and the midspan
increases, as well as the phase difference becomes bigger.

The preceding discussion shows that the issue of how long a slit
should be to be useful as a control actuator is rather application de-
pendent. The optimal slit length depends on how uniform a synthetic
jet is required to be, as well as on the geometrical and operational
parameters of the actuator, which dictates the dimensions of the slit
and the range of frequencies of interest. Longer slits require lower
frequencies to maintain the uniformity of the jet, whereas shorter
slits can produce uniform jets at higher frequencies.

VI. Conclusions

The characteristics of two synthetic jets with high aspect ratios
are investigated experimentally. The jets are produced through axial
slits on the surfaces of two cylinders and are excited acoustically
by a pair of speakers mounted on the cylinder terminations. The
main objective of the experiments is to investigate the spanwise
characteristics of the synthetic jets for the prospect of their use as
actuators for active flow control. The characteristics of interest are
the spanwise distribution of the averaged mean centerline velocity
and the amplitude and phase distributions of velocity fluctuations at
the jet centerline.

First, the characteristics of the issuing jet at different spanwise
locations were investigated. Transverse profiles of mean and fluc-
tuating velocity and phase distributions were found to agree well
with those reported in the literature for synthetic jets. The effects of
varying the amplitude and frequency of the loudspeaker excitation
on the spanwise characteristics of the jet were then studied. It was
found that the nonuniform excitation causes the jet characteristics
to vary along the span of the slit. The large differences between the
characteristics of the jet in the long-slit and the short-slit cases can
be related to the much larger values of //X for the long-slit case.
These large values of //A indicate that the slit length constitutes
a substantial part of the wavelength of the sound field inside the
cylinder cavity, thereby, introducing larger variations in the magni-
tude and phase of the issuing jet. At the midspan of the cylinder,
deficits in the mean centerline velocity of the jet were as high as
40% for the long-slit case, but were much smaller, about 10%, for
the short-slit case. Similar dependence on the spanwise position was
observed for both the rms fluctuations and the phase distribution.
Phase deficits up to 113 deg for the long slit and 13 deg for the short
slit were recorded. The short slit, in general, produced a stronger and
more uniform jet than that generated by the long slit under similar
excitation conditions.

It can be concluded that synthetic jets issuing from slits on the
surface of cylinders and generated by loudspeakers attached to the
cylinder terminations can display large spanwise variations in their
properties. These variations are rather substantial if the ratio of /A
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is larger than 8%. In the present tests, for example, the short slit
produced virtually uniform jets for / /1 < 8%, despite its relatively
high aspect ratio, //h =273. This uniform synthetic jet is a more
favorable actuator for active flow control applications because small
phase variations of the jet are a desirable attribute of a control ac-
tuator. On the other hand, the long-slit jet studied here could be
useful for open-loop control applications, in which the inducement
of large phase variations along the slit is likely to produce beneficial
effects. For example, it may be used to preclude the synchronization
of vortex shedding from the cylinder.
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