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Abstract: - With the purposes of better understanding the phenomena associated with the synthetic jet operation
as well as identifying suitable design criteria to control boundary layer laminar separation, the aerodynamic
performance of a synthetic jet system has been experimentally investigated. Both device design and its
aerodynamic characterization are addressed in the paper, paying particular attention to the fundamental
parameters to be set for the synthetic jet design. The synthetic jet behaviour has been surveyed adopting
different measuring techniques. Power density spectra have been evaluated from jet velocity distributions
measured by means of a hot-wire anemometer. In order to investigate the instantaneous flow field and to allow
the identification of the jet organised flow structures, Particle Image Velocimetry has been adopted. Moreover,
to distinguish the different jet dynamics during the peculiar phases of the device (blowing and suction), phaselocked ensemble averaging technique has been applied.
The system has been successively tested with external cross-flow and the jet performance has been surveyed. In
particular, the device has been applied on a flat plate installed in a double contoured walls test section in order
to verify the capability of the jet in suppressing the boundary layer laminar separation induced by strong adverse
pressure gradients, typical of Ultra-High-Lift turbine pressure distributions.
Key-Words: - boundary layer control, synthetic jet, blowing ratio, Strouhal number, Particle Image Velocimetry,
hot-wire anemometry.
(suction phase) within the cavity. Through the jet
blowing phase, high momentum flux is ejected in
the boundary layer inner region, where it could be
requested to prevent separation. During this phase,
the formation of two counter-rotating vortices may
be observed. This vortex propagation is interrupted
during the ingestion phase, as the flow moves
towards the cavity. During the suction phase, the
flow coming from the boundary layer outer region is
forced to move towards the wall. Thus, also during
this phase, high momentum fluid is transferred from
the exterior to the near wall region. Furthermore,
two counter-rotating vortices generated during the
blowing phase allow to increase the mixing process
in the inner part of the boundary layer, and give a
further contribution to the boundary layer laminar
separation delay [4,5].

1 Introduction
The synthetic jet, an actuator commonly adopted
to control the boundary layer separation, consists in
a closed cavity with an aperture realized on its top
surface. As compared with the traditional
continuous [1] and pulsed jets [2], the synthetic jet
presents the attractive advantage of applying
momentum transfer from the outer to the inner part
of the boundary layer to be controlled, without the
introduction of mass flow rate. An account of
synthetic jet as well as of other devices applicability
for the boundary layer control has been given by
Gad-el-Hak [3].
The synthetic jet is characterized by two phases:
in the first one the flow leaves the cavity (blowing
phase) whereas in the other one the flow is sucked
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Cylinder capacity and rectangular slot
geometrical parameters have been fixed in order to
produce a jet with the prescribed aerodynamic
characteristics.
The
principal
aerodynamic
parameters of the jet have been found to be the
velocity ratio r, the momentum coefficient Cµ and
the Strouhal number St [9].

In the last years, several works focused on the
study of synthetic jet performance have been carried
out (e.g. [6-8]) and different criteria for the
geometrical and aerodynamic parameters selection
have been proposed [9-11].
These data have been considered as a starting
point for the design of a synthetic jet to be applied
to internal aerodynamics. The paper shows the steps
followed for the synthetic jet design, as well as the
results of the jet aerodynamic characterization in the
case without cross-flow, and a preliminary
evaluation of the effects induced by the jet on a
separating boundary layer. Once designed and
characterized the jet, the active device has been
installed within a double contoured test section,
designed to produce the desired adverse pressure
gradient, typical of Ultra-High-Lift pressure
distribution. The results of the interaction between
the synthetic jet and the separating boundary layer
which develops over the flat plate have been
reported in terms of static pressure coefficient
distributions along the plate.
Different measuring techniques, such as hotwire anemometry and Particle Image Velocimetry,
have been adopted to survey the jet behavior during
its different phases. In particular, the power density
spectra of the velocity fluctuations have been
evaluated from the velocity time traces measured by
means of the hot-wire anemometer. Moreover,
Particle Image Velocimetry has been adopted to
survey the flow vortical structures which
characterize the jet ejection. Phase-locked
ensemble-average technique has been applied to
survey the modification of the jet structures during
the different phases.
The work reported in this paper has been carried
out within a research collaboration between
University of Genova and Avio, in the framework of
the European project TATMo (Turbulence And
Transition Modeling for Special Turbomachinery
Applications).

slot
piston system
flat plate

PIV camera

Figure 1: Synthetic jet generation system.

The velocity ratio is defined as:
r=

u M , act

(1)

U0

Approximately we can consider the time
distribution of the jet velocity as a sinusoidal wave,
hence:
u j (t ) = u M , act sin 2πf act t

(2)

From the relation between the maximum and the
mean value of the sinusoidal wave, it is possible to
compute the jet mean velocity during the blowing
phase of the jet, once fixed the velocity ratio. That
is:
u M ,act =

π

u act

(3)

1 T /2
u j (t )dt
T /2 0

(4)

2

where:

2 Synthetic Jet Design

u act =

In order to provide the zero net mass flow rate
condition for the synthetic jet, a mechanical piston
which generates an intermittent mass flow rate has
been adopted. The piston has been connected to a
cavity created within a flat plate. A thin slot has
been realized on the flat plate for the purpose of
allowing both suction and blowing flow rate
exchange with the external flow. The synthetic jet
system is shown in Fig. 1.
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∫

By the mass conservation law a linear relation
between the cylinder capacity and the rectangular
slot exit section can be found:
bhu act = 2Vf act

(5)

Defining a Strouhal number of the device as:
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3 Jet aerodynamic characterization

f L
St = act
U0

(6)

3.1

where L is the flat plate length, equation (5) brings
to:
V=

bhu act bhL
=
r
2 f act
π St

(7)

This expression shows that the cylinder capacity
is a function of the slot geometrical parameters and
of the velocity ratio as well as of the jet Strouhal
number.
The momentum coefficient, which is another
fundamental parameter for the jet design, represents
the ratio between the momentum flux ejected by the
device during the blowing phase and the momentum
flux of the flow to be controlled. This coefficient
could be defined as follows:
Cµ =

Ij

(8)

1
ρ 0U 02 S
2

where:
1
Ij =
ρ jS j
T /2

T /2

∫u

2
j (t ) dt

(9)

0

Assuming the solidity of an equivalent high-lift
turbine blade row equal to 1 (σ = L/S = 1), the
momentum coefficient can be rewritten in the
following form:
Cµ =

2bu 2jrms
LU

2
0

=

bu M2 , act
LU

2
0

=

b 2
r
L

(10)

In order to fix the jet characteristics, one has to
take into account the specific main flow conditions,
which the device has to be applied to. Considering
the flow in a turbine cascade, the three key
parameters have been set as follows: r=1, Cµ=0.01
and St=1. These values are in agreement with the
typical ranges suggested in the works reported in
literature (e.g. [5]).
Once chosen these values, the slot width and
length, as well as the cylinder capacity and the
rotational speed of the piston system have been
determined from equations (1), (3), (6), (9) and (10).
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Measuring techniques

Hot-wire and PIV investigations have been
carried out to characterize the synthetic jet in
absence of cross-flow. A single-wire hot-wire probe
connected to a six-channel DANTEC streamline
CTA system has been adopted to survey the velocity
distributions at the cavity exit plane, during blowing
and suction phases of the jet, for different jet
frequencies.
To obtain the instantaneous velocity time traces
and the power density spectra, 140000 samples have
been acquired at a sampling frequency of 40 kHz. A
low-pass filter, set at 20 kHz, has been adopted to
avoid aliasing phenomena.
In order to survey the structures of the jet at the
different phases, the ensemble averaging technique
has been applied. Five piston revolutions have been
surveyed, collecting 250 samples for each piston
phase to obtain a reasonable statistical accuracy.
Acquisition frequency has been fixed to obtain an
angular resolution of 1° during the piston cycle. The
same acquisition parameters were utilized to
measure
the
phase-locked
total
pressure
distributions by means of a fast response pressure
transducer installed inside the flat-plate cavity. This
allowed the simultaneous measurement of jet
velocity and instantaneous total pressure.
Particle Image Velocimetry has been also
adopted to survey the behaviour of the jet during the
entire period of the piston. The instrumentation is
constituted by a double-cavity Nd:Yag pulsed laser
BLUESKY-QUANTEL CFR200 (energy 2x100 mJ
per pulse at 532 nm, pulse duration 8 ns, repetition
rate 10Hz), used for instantaneous imaging of the
seeded jet flow field. The laser generates a light
sheet of 1 mm thickness. The light scattered by the
seeding particles (mineral oil droplets with a mean
diameter of 1.5 µm) has been recorded on a Dantec
High Sense digital camera with a cooled CCD
matrix of 1280 x 1024 pixels (single pixel
dimension is 6.7 µm). The camera maximum frame
rate in the double frame mode is 4.5 Hz, and the
minimum interframe interval is 200 ns. The
magnification factor for the present experiments was
6.532, and time between pulses has been set at 40
µs. Once the PIV images have been captured and
digitized, the velocity field is obtained using a
Dantec FlowMap 2100 processor. The correlation
function is calculated over 32x32 pixels with 50%
overlapped interrogation areas, corresponding to
measuring areas of 0.723x0.723 mm2. The
experimental uncertainty for the instantaneous
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during the jet blowing phase is associated with
higher total pressure values inside the cavity. The
fact that the two peaks, of velocity and total
pressure, take place at the same time instant,
suggests that no significant compressibility effects
are present within the cavity.
Moreover, the velocity values, isentropically
computed from the total pressure distribution at f =
56.25Hz during the blowing phase, have been
superimposed to the velocities measured by the hotwire. The good fitting of the two data sets (red line
and dots, respectively) suggests that the flow may
be considered as isentropic in correspondence of the
jet axis.

velocity is estimated to be 2.5%. Phase-locked
ensemble averaging procedure was adopted to
survey the jet flow structures evolution during the
piston cycle. Acquisition onset has been triggered
by a signal emitted by an optical sensor. This signal
has been then delayed to change the phase of the jet.
To determine the ensemble averaged vorticity and
velocity vector maps 250 snapshots have been
collected.

Hot-wire investigations results

The power density spectra of the jet velocity
fluctuations (on the left) and the time traces of the
jet velocity (on the right), evaluated at a distance of
1.5 mm from the flat-plate slot in correspondence of
the jet axis, are reported in Fig. 2. Two different jet
frequencies are compared in the diagrams. Due to
the probe insensitivity to the flow direction,
negative velocity values, which characterize the
ingestion phase of the jet, have been obtained
mirroring the positive values measured by the probe
during this phase.
The jet frequency increase is clearly revealed by
the energy peaks arising in the power density
spectra, which occur at higher frequency values.
Moreover, the spectra show that the peaks,
associated with the jet period, grow in magnitude as
the frequency increases. On the contrary, the piston
rotational speed does not influence the high
frequency energy content of the spectra.
The time traces measured at both the two jet
frequencies reveal that the blowing phase is
characterized by larger velocity fluctuations, as
compared with the suction phase.
These fluctuations are removed by the ensemble
averaging technique.
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Figure 2: Power density spectra of the velocity
fluctuations (on the left) and velocity time traces (on the
right), at y=1.5mm.

The phase-locked mean velocity and total
pressure distributions, measured by means of hotwire probe and fast response pressure transducer
respectively, are shown in Fig. 3. For both tested
frequencies, the velocity peak increase taking place
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To survey the jet behaviour along its whole
transversal extension, time-space colour plots of the
phase-locked mean velocity and root mean square of
the velocity fluctuations have been also analyzed.
Results obtained at a distance of 1.5 mm from the
flat-plate slot are shown in Fig. 4, where the jet axis
is located in correspondence of x=0.
The jet blowing phase is characterized by a
positive velocity peak larger than the negative one,
which occurs during the suction phase. However,
the ingestion phase (light blue region in the colour
plot) involves a larger spatial portion of fluid sucked
within the cavity. That allows the zero net mass
flow rate condition, essential for the synthetic jet, to
be verified.
During the blowing phase, the jet presence could
be clearly recognized also in the velocity
fluctuations colour plot. The jet axis is characterized
by low velocity fluctuations, whereas in
correspondence of the jet boundaries two high
velocity fluctuations cores, probably associated with
the flow structures growing there, are detectable. On
the contrary, during the ingestion phase of the jet,
the flow sucked within the cavity is in a laminar
condition. The quasi null values of the velocity
fluctuations which characterize this phase do not
allow its identification in the correspondent colour
plot.
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Figure 3: Phase-locked mean velocity (on the left) and
total pressure (on the right) distributions, at y=1.5mm.
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could be observed on the right and left sides of the
jet, respectively.
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Figure 5: PIV flow visualization at the beginning of the
blowing phase, fact=56.25Hz.

4

Colour plots of Figs. 6-9 show the phase-locked
vorticity distributions inside the jet, with the
velocity vectors superimposed. At t/T=0.125 (Fig. 6)
the beginning of the ejection phase characterized by
the maximum vorticity peak can be recognized.
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Figure 4: Phase-locked time-space mean velocity and
velocity fluctuations colour plots, fact=56.25Hz, y=1.5
mm.
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Figure 6: Ensemble-averaged vorticity colour plot with
velocity vectors superimposed, fact=56.25Hz, t/T=0.125.

PIV investigation results

The clockwise and counter-clockwise flow
structures already revealed by the snapshot of Fig. 5
are here more clearly identified by the blue and red
regions close to the wall. These structures are those
responsible for the mixing increase next to the wall,
which is a fundamental mechanism of the synthetic

A visualization of the light scattered by the
seeding particles, acquired by the CCD camera
during the beginning of the jet blowing phase, is
shown in Fig. 5. Due to the flow vorticity, the jet
assumes the shape of a mushroom section.
Clockwise and counter-clockwise vortical structures
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wall tends to be sucked within the cavity, whereas
the structures generated during the ejection phase
are blown off far away from the wall. At t/T = 0.875
(Fig. 9) only the tail of the jet associated with the
previous blowing phase is still present in the
investigation area. During the whole ingestion phase
no particular vortical structures are generated in the
near wall region.

jet for boundary layer separation control [9]. As the
non-dimensional time (t/T) increases (Fig. 7), the jet
moves from the wall and the vorticity peak value
decreases, but still takes place in correspondence of
the jet head. Moreover, leaving the wall, the jet
spreads out and experiences an enlargement. No
other large-scale high-vorticity structures are
generated after the beginning of the blowing phase.
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4 Jet interaction with cross flow
In order to verify the synthetic jet performance,
the designed system has been installed in a plate
exposed to the external cross-flow.
This investigation has been performed in a test
section constituted by a flat plate installed between
two contoured walls that produce the desired
adverse pressure gradient, typical of an Ultra-HighLift turbine profile (Fig. 10). The flat plate is 200
mm long and 300 mm wide. The synthetic jet has
been applied to the upper side of the flat plate to
control the boundary layer separation provoked by
the adverse pressure gradient. The synthetic jet axis
is located at a distance equal to 30% of the plate
length from the leading edge, just behind the
velocity peak and upstream of the position where
separation begins in the uncontrolled case.

20

10

-20

0

x [mm]

Thus, it can be deduced that only a pair of high
vorticity cores, ejected at the beginning of the
blowing phase, is associated with the entire jet
period.
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-10

Figure 9: Ensemble-averaged vorticity colour plot with
velocity vectors superimposed, fact=56.25Hz, t/T=0.875.

Figure 7: Ensemble-averaged vorticity colour plot with
velocity vectors superimposed, fact=56.25Hz, t/T=0.375.
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Figure 8: Ensemble-averaged vorticity colour plot with
velocity vectors superimposed, fact=56.25Hz, t/T=0.625.

When the ingestion phase of the jet begins to
occur (Fig. 8), the surrounding flow close to the
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Figure 10: Double contoured test section.

2.5

Four different jet Strouhal numbers, and
consequently different velocity ratios and
momentum coefficients, have been tested in order to
search the most suitable jet condition for the
different Reynolds numbers. The main aerodynamic
parameters of the jet for the different jet conditions
tested are reported in Table 1.
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Figure 11: Pressure
Re=70000-200000.
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distributions
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Blade loadings measured under uncontrolled and
controlled conditions are plotted in Figs. 12 and 13,
for Re = 70000 and Re = 200000, respectively.
For the smallest Reynolds number tested (Re =
70000) without control applied, the pressure
coefficient distribution shows the presence of an
extended plateau (black curve in Fig. 12). This
plateau indicates the occurrence of a long laminar
separation bubble. Boundary layer separation begins
at x/L equal to about 0.39, whereas the reattachment
seems to be completed only at x/L = 0.69.
Consequently, the laminar separation bubble
involves about the 30% of the plate length.
The presence of the synthetic jet allows the
reduction of the separated area, as suggested by the
shape of the coloured curves in Fig. 12. The
separated region seems to be progressively reduced
as the jet Strouhal number is increased.

The flat plate has been instrumented at midspan,
along its rear part (downstream of the velocity
peak), with a total of 25 pressure taps connected to a
Scanivalve. The pressures have been measured by
means of high-sensitivity high accuracy low range
SETRA differential transducers. The instrument
accuracy is better than ±0.075% of the transducer
full-scale range (±620 Pa).
Before investigating the effects induced by the
synthetic jet on the boundary layer development, the
aerodynamic loadings of the blade when no control
is applied have been measured for Reynolds
numbers in the range 70000-200000. Blade loadings
measured in the rear part of the plate are plotted in
terms of the static pressure coefficient in Fig. 11.
Since the comparison of the aerodynamic
loadings shows a great dependency of the separation
bubble extension from the operating condition, the
lowest and the highest Reynolds numbers have been
selected to be more in depth investigated.
In particular, the influence of the synthetic jet on
the boundary layer which develops over the flat
plate has been analysed in the cases of the shortest
and of the longest bubbles.
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Table 1: Synthetic jet aerodynamic parameters.
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Figure 12: Pressure coefficient distributions for different
jet frequencies at Re=70000.

In particular, due to the very long laminar
separation bubble occurring when the boundary
layer is not controlled, the jet with St = 0.125 (f_1)
does not seem to be able to sensibly reduce the
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separation extension. The plateau in the Cp
distributions vanishes only for the green and the
orange curves, associated with St = 0.25 and St =
0.5, respectively. Consequently, the laminar
separation bubble seems to be completely
suppressed only for Strouhal numbers higher than
0.25.
As the Reynolds number increases, the
extension of the separated area in the uncontrolled
case (black curve in Fig. 13) is sensibly reduced. At
Reynolds number 200000 the boundary layer
separation begins at x/L equal to about 0.39, and the
reattachment seems to be completed at x/L = 0.49,
sensibly upstream as compared with the Re = 70000
case.

5 Conclusions
The present work has been focused on the
design of a synthetic jet system (zero net mass flow
rate jet), and on its aerodynamic characterization. A
mechanical piston has been adopted to generate the
intermittent mass flow rate requested by the jet
system.
For the synthetic jet design, velocity ratio,
momentum coefficient and Strouhal number of the
jet have been identified as the fundamental
aerodynamic parameters. They have been fixed in
the typical range reported in literature.
Hot-wire
anemometry,
Particle
Image
Velocimetry and a fast response pressure transducer
have been employed to survey the jet behaviour
during the suction and the blowing phases of the jet.
The hot-wire measurements showed that the jet
velocity positive peak, which occurs during the
ejection phase, is greater than the negative one
observed during the ingestion phase. On the other
hand, a larger spatial portion of near wall flow has
been found to be sucked within the cavity during the
suction phase. This is in agreement with the zero net
mass flow rate condition, which characterizes a
synthetic jet.
The phase-locked colour plot obtained by the
hot-wire investigations showed that the highest
velocity fluctuations take place in correspondence of
the jet edges, due to the flow structures embedded in
these regions.
PIV results, obtained by the ensemble averaging
technique, displayed strong clockwise and counterclockwise flow structures coming out at the
beginning of the jet ejection. These vortical
structures move away from the wall as the nondimensional time increases, up to the beginning of
the ingestion phase.
During this jet phase, the flow next to the wall
presents quasi null values of both velocity
fluctuations and vorticity, suggesting that the flow
sucked within the cavity is in a laminar condition.
The phase-locked results highlight that only a
pair of high vorticity cores, ejected at the beginning
of the blowing phase, is associated with the entire
jet period. Both velocity fluctuations and vortical
structures recognized during this phase of the jet
operation allow the identification of the regions
where flow mixing has been enhanced by the
synthetic jet, when it is applied to control the
boundary layer separation.
The measurements carried out by means of a
fast response pressure transducer led to some
interesting considerations about the designed
synthetic jet.
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Figure 13: Pressure coefficient distributions for different
jet frequencies at Re=200000.

In this case, the smaller laminar separation
bubble which characterizes the uncontrolled
condition seems to be completely suppressed by the
jet even with the smallest Strouhal number (f_1; St
= 0.125). For this Reynolds number, an increase of
the jet frequency does not introduce further benefits,
since the separation bubble of the uncontrolled case
is small. Thus, the higher energy expenditure
requested to produce the jet with a Strouhal number
larger than 0.125 is wasted.
Results extracted for both the Reynolds numbers
tested suggest that the momentum introduced in the
boundary layer by the synthetic jet to prevent the
laminar separation should be enhanced when the
Reynolds number decreases. This is the
consequence of the larger separation bubble which
takes place as the Reynolds number is reduced.
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The comparison of phase-locked total pressure
and velocity distributions revealed that the flow may
be considered as isentropic in correspondence of the
jet axis.
Moreover, the correspondence of velocity and
total pressure peaks, taking place at the same time
instant, suggested that no significant compressibility
effects are present for the designed system.
Preliminary results of the effects induced by the
jet on a separating boundary layer, reported in terms
of static pressure coefficient distributions, showed
the synthetic jet capability of reducing the boundary
layer laminar separation bubble. In particular, at Re
= 200000, where a small laminar separation bubble
in the uncontrolled case has been found, the jet with
the smaller Strouhal number resulted to be sufficient
to completely suppress the separation. On the
contrary, at Re = 70000, the jet with the highest
Strouhal number was requested to suppress the large
laminar separation bubble which occurs for the
uncontrolled condition.
Further investigations will be carried out to
better understand the phenomena associated with the
interaction between the jet and the separating
boundary layer.

The authors gratefully acknowledge the
financial support of the European Commission as
part of the research project TATMo, ‘Turbulence
And
Transition
Modeling
for
Special
Turbomachinery Applications’.

Nomenclature:
jet rectangular slot width

C

jet momentum coefficient

Cp

pressure coefficient =

fact

jet frequency

h

jet rectangular slot length

Ij

jet momentum flux during the blowing phase

L

flat plate length

p

static pressure

pt

total pressure

pds

power density spectrum
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velocity ratio

S

inlet test section

Sj

cavity exit area

St

Strouhal number

t

time

T

jet period

uj

instantaneous jet velocity

u act

jet time mean velocity

u M ,act

jet maximum velocity during the blowing
phase

v

velocity

v’rms

velocity root mean square

V

cylinder capacity

x

direction along the flat plate length

y

normal to the wall direction

σ

cascade solidity

ω

flow vorticity= (∂v y / ∂x − ∂v x / ∂y )
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