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Abstract

The analysis of an axisymmetric synthetic jet
generated by an oscillating piston into a cavity
has been conducted experimentally. The study
has been performed in water using digital
particle image velocimetry for the instantaneous
velocity planar measurements. The near field
and the initial part of the region where the
velocity profiles start to exhibit a complete self-
similarity have been investigated for two
different actuation frequencies and stroke
lengths. The details of the flow field have been
described in terms of phase averaged flow
analysis and of triple decomposition of the
instantaneous velocity field. Depending on the
jet flow parameters, a single vortex ring or a
train of vortex rings characterizes the near field
during the blowing phase.

1 Introduction

The flow fidd produced by a periodic
oxcillation of a surface under a cavity generates
dternating phases of blowing and suction across
an orifice or a dot [1]. Thus, momentum can be
injected in the surrounding ambient athough the
mess flux in a peiod of osdllaion remans
equd to zero. The near fidd of a synthetic jet is
characterized by dominant vorticad dtructures
and periodic in- and out-flow a the exit plane of
the orifice. The far fidd, on the other hand, is
characterized by a motion aways directed in the
downgream direction in a fashion smilar to a
continuous jet. In between the two fidds a
saddle  point is present  which  divides
dreamlines directed toward the orifice and in
the downstream direction.

Axisymmetric and 2D geometric configurations
have been extensvey dudied experimentdly
and numericdly concerning basc gudies on the
flow fied or reaed with goplications for flow
control [4], [5], [6]. Smith and Glezer [1]
focused their attention on a 2D plane turbulent
gynthetic jet characterized by a very high aspect
ratio. They observed that each vortex of the pair
devdops a spanwise indability that eventudly
undergoes trangtion to turbulence, dows down,
loses its coherence and becomes
indiginguisheble from the mean jet flow. In the
faa fidd the gynthetic ja& is gmilar to
conventiond 2D turbulent jets dthough the
dreamwise decrease of the mean centreine
veocity of the synthetic jet is somewhat higher
and the dreamwise increese of its width and
volume flux rate is lower. Moreover, in contrast
with conventional plane jets, a synthetic jet
aopears to become fully turbulent closer to the
exit plane.

A compaison between two dimensond flow
fidds generated by continuous, pulsed and
gynthetic jets was performed by Béra et d. [3].
The mean dreamwise velocity profiles in the far
field region showed good sdf Smilarity for the
three different kinds of jets The rdative
intengty of both  veocty  components
fluctuations was shown to be higher for the
gynthetic jet with respect to the other two
configurations.

Numericd gmulation have dso been performed
to dudy synthetic jets in paticular for planar
configurations.

Krd et a. [7] presented results related with the
solution  of incompressble two dimensond
Reynolds-Averaged Navier-Stokes eguations for
laminar and turbulent conditions. Comparison
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of the gynthetic jet computations were made
with both pulsed and continuous jets assuming
andytica veocity profiles a the orifice exit.
Pairs of counter-rotating vortices were observed
near the exit plane of the synthetic jet; a the
same time the mean veocty profiles of the
three jets in the fa fidd showed a amilar
behavior.

An experimental and computational study was
peformed by Madlison e 4d. [9], who
invedtigated the average flow fiedd of a round
gynthetic jet in teems of veocity profiles and
turbulence  intengty. The flow  actuator
condged in a membrane firmly clamped at its
perimeter. The oscillaions were achieved
through a piezoeceramic disc that forced the
membrane in resonant conditions. The flow
dtaned <df dmilaity after agoproximatdy 12
orifice diameters, i.e. well before the case of a
deady jet for which sdf smilarity is reeched
after 40 diameters. This behavior was explained
by the turbulent disspation, which trgps a
vortex near the orifice, thus limiting the sze of
the turbulent core.

Recently Caer and Soria [2] investigated
experimentaly the dructure and the mean flow
quantities of a round synthetic jet, generated by
means of an ogdllaing pigon into a cavity.
Ingtantaneous velocity fidds were measured by
means of paticde image veocimery. They
andysed the sdf-dmilaity in the far fidd and
the radid entranment in the near fidd; phase
averaged measurements were a so performed.
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Fig. 1: Sketch of the experimental apparatus.

An exhaudive review on gynthdic jets is
presented by Glezer and Amitay [10]. The
authors describe the evolution of an isolated
gynthetic jet and the physics of the interactions
between a synthetic jet and a cross flow.

In the present paper the flow characteridtics in
the region up to x »7d, of a synthetic jet are
experimentdly andysed for two different
Reynolds numbers. Emphasis is given to the
formation and the evolution of the synthetic jet.

2 Experimental Set Up and Data Reduction

Experiments were carried out in an acrylic tank
520mm deep, 255mm wide, 255mm long. The
internd  nozzle diameter d, was 7mm. The

actuator system was condituted by a micro-
cylinder with an internd diameter d; of 20mm.

The dnusoidd oscllation of the pison was
produced by a tappet syssem cam mounted on a
depper motor sheft; the operating frequency
ranged from O to 5 Hz. The eccentricity could
be varied in order to modify the piston stroke
while the frequency of the actuator could be
changed by dmply vaying the sep motor
speed. The contraction ratio A, =d?>/d; of the

apparatus was held congtant at 8.16.

The water was seeded with sphericd solid
particles, 2nm nomind diameter; this dimenson
is smdl enough to dlow the tracer to follow the
flow fathfully. The concentration of the seeder
is high enough to permit the tracking of the
paticde images motion usng corrdation
dgorithms. A Nd-YAG laser source with 200mJ
of energy per pulse and a duration of 8ns
provided double-pulsed light sheets.

PIV measurements were taken in a (x,y) plane
X and y represent the streamwise and the radia
coordinates respectively. The physica
(rjrirrrn]zeﬁsion of the PIV images were of 44 x 44

The laser beam was expanded by a cylindrica
lens and focused by a sphericd lens s0 as to
form a light sheet that was gpproximatey 0.5
mm thick. Images were recorded using a 1008 x
1012 pixels CCD videocamera Kodak Megaplus
ES 1.0. The camera lens had a foca length of
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105mm. The locd particle-image displacement
was determined by usng a cross correation
based adgorithm proposed by Adrian et d. [12]
and Willert e d. [13], dructured as an iterative
multigrid method [14]. The image andyss
dated with an interrogation area of 64x64
pixels and the vector field obtained a this step
was used for approprigidy  shifting  the
interrogetion  windows during the sSuccessve
andyss a 32x32 pixds providing a spatid
resolution of 0.625 mm x 0.625 mm. In the last
iteration the interrogation cels were 50%

overlapped.

3 Resultsand Discussion

Measurements were carried out for two different
cases. Case 1 refers to measurements taken for
an ocillation frequency of 3Hz (corresponding
to a period T=333ms) and a piston stroke equal
to 20mm. The Reynolds number based on the
mean centerline velocity a the exit section,
defined by u0=$ 0" wdt, and on the
nozzle diange d,, is equa to 6860. The
nondimensona droke length Lo/d, is equa to

46.6, where L, = QT/Z Uy (t)dt . Case 2 refers to

measurements taken a a much lower frequency
and pison droke. In paticular, the oscillation
frequency is 0.78Hz (corresponding to a period
T=1280ms) and the piston gtroke is 7.5mm. The
Reynolds number is 668 and the
nondimensonad droke length Lo/d, is equa to
8.74.

Fig2 reports an example of ingantaneous
velocity vector map for the case 1. For this
paticular indant the near flow fidd is
characterized by a vortex ring formed a the
nozzle exit and developing downstream.

Plots in fig3a and 3b show the mean
longitudind velocity profiles, as functions of the
radid digance y, a different distances from the
jet exit plane, in the region up to about 2d,.
Velocity and radid digance ae made
dimensonless udng the centrdine veocity a
eech digance from the nozzle and the radid
disance where the vdocity is hdf the vaue on
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the jet axis. These plots dso show, for distances
x/do<1, regions of negative longitudind veocity
due to the presence of vorticd motions
gengrated a the nozzle exit during the blowing
phase. These peaks of negative velocity are aso
present for the case 2 but are much less intense
than in the case 1. For x/d,<2 each veocity
profile exhibits a flaa behavior around the jet
centreline, thus evidencing the presence of a
potentid core, typica of continuous jets near
the exit plane.
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Fig.2 Instantaneous vector velocity map. Dimensionsin
millimeters. Case 1.

In figda and 4b the mean veocity profiles are
represented for 3.8dy<x<6dp. It can be seen that
in this range a ocomplege <df gmilaity
characterizes the velocity profiles for the case 1.
It has to be observed that sdf amilarity for the
present synthetic jet appears to be reached
dready a about four jet nozzle diameters
downstream the exit, well before the distance a
which a turbulent continuous jet becomes sdf
gmilar (typicdly 40dy). This digance is dso
much lower with respect to vaues reported in
bibliography: actudly Malison e d. [9], for a
round jet, give a vaue equd to 12d,, nearly the
same vaue reported by Cater and Soria [2]. In
cae 2, i.e for lower ostillation frequency and
pison groke, the sdf smilarity does not seem
to be fully reeched, a least in the region closer
to the jet exit.
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Fig.3 Nondimensional mean velocity profiles in the near

field for x/d,<2. @) Case 1, f=3Hz, C=20mm, Red,=6860,

Lo/do=46.6; b) Case 2, f=0.78Hz, C=7.5mm, Red,= 668,
L,/d,=8.74

In 1998, Gharib, Rambod and Shariff [15]
dudied experimentdly the formation of vortex
rings generated through impulsvely darted jets.
They experimented a wide range of piston
gsroke to diameter (L/D) ratios. Ther results
indicate that the flow fidd generated by large
L/D condgs of a leading vortex ring followed
by a traling jet. Convesdy, flow fidds
generated by smdl droke ratios show only a
gngle vortex ring. The trangtion between these
two digtinct states occurs a a dtroke ratio of
goproximady 4, which is cdled “formation
number”. Also, they found tha the maximum
creulation that a vortex ring can dtan during
its formation is reeched a this non-dimensond
formation number.

J-.
U/Uq ! "2 x/d0=3 8340)
8 x/d0=4.2600)
\?’ [ & x/d0=4.6860)
P 4 @ x/d0=5.1120)
B-6 A = x/d0=5.5380|——
; S 4 x/d0=5.9640)
L)
f U s
j ) 3\
U
-p -4 -2 2 4 y/b
6-
5
UiUg , &! 4 X/d0=3.8340]
e * x/d0=4.2600)
i . * xId0=4.6860
K 1‘. x/d0=5.1120)
6 # x/d0=5.5380)
ki Y x/d0=5.9640)
3 ?
64
§ ¥
A Y
30 &
,.J M
& -
3 4 2 2 4y
o

Fig.4 Nondimensiona mean velocity profiles for x/dy >3.
a) Case 1, f=3Hz, C=20mm, Red,=6860, L,/d,=46.6; b)
Case 2, f=0.78Hz, C=7.5mm, Red,=668, L./d,=8.74

A dmilar gtuation can be found during the
blowing phase of a synthetic jet. In figures 5a
and 5b two ingantaneous vector fidds are
represented for case 1 and case 2 respectively.
The colour maps represent the  vortex
identification function D. Many techniques are
avalable in bibliography for the vortex
identification. One efficient method has been
proposed by Jeong & Hussain [16]. This method
involves the andyss of the egenvdues
corresponding to the locd velocity gradient
tensor. In the present gpplication, the 2-D form
of this tensor is computed in the PIV planes.
The deeminant (D) of the -characteridtic
equation of the veocity gradient tensor is
evauated and it bounds vortex cores when equd
to zero (D = 0). In case 2, for a low Reynolds
number and nondimensiond groke length Lo/do,
we can see that there is only a sngle vortex
ring, while in case 1, for an higher Reynolds
number and nondimensond droke length Lo/do,
there is a leading vortex ring followed by a train
of smaller vorticad gructures.



Fig.5 Near field jet evolution. @) Case 1, f=3Hz,
C=20mm, Red,=6860, L,/d,=46.6; b) Case 2, f=0.78Hz,
C=7.5mm, Red,=668, L,/d,=8.74

According to the two Stuations showed before,
we can observe different jet behaviors. The
nondimensond jet hdf width b/d, is displayed
in fig6 as a function of the digance from the
orifice. For both cases two regions, each of
them characterized by an dmost condant
goreading rate db/dx, are clearly identifiable. In
case 1the fird region, extending up to x/d,=3, is
rdated to the near fidd incduding the saddle
point. The growth rate do/dx in this zone is
equal to 0.017. The second region takes place
from x/dy»3 and goes on up to the last
measurement  section in the flow fidd, hence
involving dso the sdf gmilaity region. The
growth rate is equa to 0.090, somewhat smaler
than the spreading rate of conventiond turbulent
jets, which is nomindly 0.1. The present result
is in good agrement with what reported by
James et al. [8] (db/dx=0.085), and Cater and
Soria [2] (db/dx=0.096). In case 2 the spreading
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rate is much lower in the firg region, while in
the second region it is more or less the same as
incase 1.

0.9
bid,

* f=0.78Hz, C=7.5mm

0.8 T «f=3.00Hz, C=20.0mm
s,
db/dx = 0.085
0.7 A
0.6 //(
0.5 *

4 db/dx = 0.090

I-"'/—.
db/dx =0.008
0.4 T T
0 1 2 3 4

6 7
x/do

Fig.6 Jet half width evolution along the distance from the
nozzle exit.

The triple decomposition proposed by Hussan
and Reynolds [11] has been applied to the set of
recorded images in order to describe the details
of the flow fidd. By usng this technique the
flow fidd is decomposed in three contributions,

namely the long time mean component term
— . 17
U=l =¥ (t)dt

|mT®¥TdJ()

0

the coherent component

G=Ut)-0

and the random or incoherent component
u)=U-{U(t)).

(U(t)) is the phase averaged part of the flow
field evaluated as

(U (1)) =limyey %au (t+nT)

where T isthe period of the oscillation.
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Fig.7 Mean vector velocity field. Dimensionsin
millimeters. Case 1

In fig.7 the mean vedocity flow fidd cdculaed
over 450 images, covering gpproximatively
sven nozzle diameters dong the dreamwise
and the radid directions, is reported for case 1.
The growth rate of the synthetic jet is admost
linear, as discussed before.
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Fig. 8 Phase averaged velocity vector map for the same
instant t of figurel. Dimensionsin millimeters. Case 1.

Figure 8 reports the phase averaged velocity
vector map computed for the same indant t asin
figure 2, when the vortex ring is wel formed at
the nozzZle exit and is being convected
downgream. From the figure it is evident that
the dominant dructure characterizing the

ingantaneous flow fidd is a classca vortex
rng.
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Fig.9 Random component at the sameinstant of figure 8.
Dimensionsin millimeters. Case 1.

The contribution of the random component to
the total fidd is reported in figure 9, for the
sane indant corresponding to the phase
averaged flow fidd reported in figure 8.

As it is possble to see the incoherent
contribution is characterized by random motions
superimposed to gmdl scde  orgenized
structures.

The colour mgp of the longitudind veocity
turbulence intensity umdUq , which can be put
in relaion with the random contribution, is
reported in fig.l0. The random turbulence
component  behaves  dmilaly to  the
corresponding quantity in a continuous jet, with
pesks of turbulence intengty that in the near
fidd are shifted radidly with respect to the jet
axis with a dgnificait minimum in the centrd
portion of the flow. In the far fidd the pesk of
turbulence is located on the jet axis smilaly to
a deady jet. It should be noticed that these
amilarities cannot be observed if the periodic
component U is not taken out by means of the
triple  decompostion because of the dgrong
contribution to fluctuations due to the pulsdile
nature of the flow generated by the actuator.
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Fig. 10 Longitudinal velocity turbulence intensity.
Incoherent contribution. Case 1.

4 Conclusions

The flow fidd of an axisymmetric synthetic jet
generated by the dternating movemert of a
pison indde a cavity has been experimentaly
invesigated by means of paticde image
veocimetry. The invedigaion includes the near
fidd and the firg pat of the region where sdf
amilarity starts to take place.

In case 1 (f=3Hz, C=20mm, Rey,=6860,
Lo/d,=46.6) the mean velocity profiles exhibit a
df  dmilar  behavior typicd of continuous
turbulent jets for which the sdf dmilaity is
reached at larger distances. In case 2 (f=0.78Hz,
C=7.5mm, Req4o=668, Lo/d,=8.74) Hf amilarity
does not seem to be fully reached, a least in the
region of the flow fied here investigated.

A dngle vortex ring (case 2) or atrain of vortex
rings (case 1) characterizes the near field during
the blowing phase according to the jet flow
parameters. These two different behaviors
present strong analogies with the formation of
vortex rings generated through  impulsvely
darted jets. Also, the two cases show different
growth rates in the region closer to the nozzle
exit.
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