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Abstract. The goal of this paper is to find an optimal nozzle size of an axisymmetric synthetic jet actuator

based on a loudspeaker. The desirable maximized output quantities are: volumetric flow, momentum flux, and

kinetic energy flux. To evaluate these quantities velocity profiles were measured using a hot-wire probe at the

actuator nozzle exit. Six different nozzle diameters and three supplied real power levels were tested to find the

maxima of the quantities. The actuator operated always at resonance during experiments. It was found out that

the momentum flux and the kinetic energy flux reach distinguishable local maxima at particular diameters of the

nozzle. Besides, the maxima of the particular quantities do not coincide and the best nozzle size slightly increases

with the supplied real power to the actuator.

1 Introduction

Synthetic jets (SJs), or zero-net-mass-flux jets, are fluid
flows that are generated by fluid pulsations and are formed
in a free space behind a nozzle. The fluid is pushed and
pulled through the nozzle, whose inner part exits into a
cavity. The source of the pulsations is an oscillating di-
aphragm that bounds one side of the cavity. The nozzle is
the only inlet/outlet in/from the cavity, therefore time mean
mass flux through the nozzle is zero. The momentum flux
along the nozzle axis is, however, non-zero, therefore the
flow continues ahead downstream from the nozzle exit and
forms similar flow structures as a continuous jet.

Since the end of the last century, the topic of synthetic
jets has been intensively investigated [1,2] and many useful
applications of SJs have been developed. The applications
of SJs have been found especially in boundary-layer sepa-
ration control [3–10], jet vectoring [11–16], heat transfer
enhancement [17–22], and mixing [23–25]. A variant of the
SJ, namely a non-zero-net-mass-flux jet (or hybrid SJ), has
been investigated more recently [26–28,21,29–31].

It is a known fact that the most convenient operating
condition from the energetic point of view is a resonance
(if we consider the synthetic jet actuators based on elastic
diaphragms e.g. based on a loudspeaker or a piezoceramic
membrane etc.). Therefore, many authors concentrated their
efforts on location and prediction of the SJ actuator reso-
nances (see e.g. [32–44]). Having a SJ actuator operating
at a resonance frequency, there are still a lot of ways how
to enhance its exploitable outlet quantities such as volumet-
ric flow, momentum or kinetic energy fluxes. This will be
the topic of this work. Particularly, this paper investigates
the axisymmetric SJ actuator based on a loudspeaker and
working at the first resonance. Under these conditions the
goal is to find such a nozzle diameter of the SJ actuator
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to achieve a) the highest volumetric flow, b) the highest
momentum flux, and c) the highest kinetic energy flux. The
optimization is made here experimentally with the follow-
ing constrictions: the actuator works with an incompressible
fluid, the diaphragm (loudspeaker) properties and the noz-
zle diameter to length ratio are constant, and the diaphragm
excitation is sinusoidal (harmonic).

2 Observed Parameters

First of all we define a characteristic velocity of the SJ,
which is used in the present auxiliary experiments (includ-
ing measurements of velocity resonance curves):

U0 =
1

TS N

∫ TE

0

∫
S N

udS dt, (1)

where S N is the nozzle exit cross-sectional area (dS is the
differential element of S N), u denotes the velocity com-
ponent aligned with the nozzle axis, TE is the extrusion
stroke duration time, T is the actuation period, and the area-
averaged velocity 1

S N

∫
S N

udS has the origin at t = 0 (t is

time).
Now, we can define the observed quantities, whose max-

ima are desirable. The definitions of the quantities follow
in this order: the time-average volumetric flow (Q0), mo-
mentum flux (M0), and kinetic energy flux (E0):

Q0 =
1

T

∫ TE

0

∫
S N

udS dt = U0S N, (2)

M0 =
1

T

∫ TE

0

∫
S N

ρu2dS dt, (3)

E0 =
1

T

∫ TE

0

∫
S N

ρu3

2
dS dt, (4)
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where ρ is the working fluid density.
Note, that the interval (0,TE) can be a bit different

for each quantity Q0, M0, and E0. Generally, the interval
represents a time spans where the surface integrals from
Eqs. (2,3,4) are greater or equal to zero.

3 Experimental Setup and Methods

3.1 The Synthetic Jet Actuators

Fig. 1. Schema of the current actuator.

Figure 1 shows the schematic view of the tested SJA that
operates at standard room conditions (temperature 20 −
25 ◦C and barometric pressure 970 − 990 hPa) with air
as the working fluid. The present actuator is based on a
Aurasound NS3-193-8A loudspeaker, whose diaphragm
generates the fluid oscillations in the nozzle.

During all experiments, the loudspeaker of the actuator
was supplied by a harmonic electric current generated by
Agilent 33220A function generator and gained in Pioneer
A-209R amplifier. The experiments were performed with
the following set of replaceable nozzles: DN = 6, 8, 12,
15, 20, and 30 mm. The length of all nozzles was always
LN = DN.

Each nozzle was attached to the actuator body and the
velocities were measured by a hot-wire probe at the nozzle
outer exit. The measurements were performed at actuator
velocity resonance and for three input power levels: Pe =
0.05, 0.24, and 1.18 W. The desirable quantities Q0, M0,
and E0 were evaluated numerically from the velocity mea-
surements using corresponding Eqs. (2,3,4).

3.2 Data Acquisition and Hardware Setup

As was mentioned above the quantities Q0, M0, and E0

will be investigated at the actuator velocity resonance. To
locate the velocity resonances auxiliary experiments were
performed primarily. These experiments included the mea-
surements of velocity resonance curves. The curves are
represented by the characteristic velocity, U0, as function

of the actuating frequency, f , and were acquired at constant
power input into the actuator.

The velocities U0 for the resonance curves were evalu-
ated from a velocity waveform obtained at the centre of the
nozzle (r = 0 and x = 0, for the coordinate system see fig-
ure 1). The MiniCTA 54T30 DANTEC hot-wire anemome-
ter with a single wire probe 55P16 and the NI-PCI 6023E
data acquisition device were used for this measurement. The
hot-wire signal was sampled with a sampling frequency of
f · 64 and the number of samples was 16384. The tem-
perature of the working fluid (air) was measured using a
fast-response Pt100 sensor (PT100-SMD0805) at the same
time as the velocity samples. The measured temperature
was used for the temperature correction of the hot-wire data.
To evaluate and check the constant power input into the actu-
ator, the supplied electric current and voltage were acquired
concurrently with velocity and temperature samples.

After the identification of the velocity resonance fre-
quencies (for each combination of the nozzle diameter and
input power level), the velocity profiles were measured at
the resonances along nozzle diameter at the distance of
x = 0.3 mm. The velocity profiles were acquired at 14
discrete positions on the nozzle diameter. The same experi-
mental equipment and hardware setup as during auxiliary
experiments was used.

For all measurements the hot-wire probe was calibrated
in the velocity range of 0.2 – 53 m/s. The maximum relative
uncertainty of a single velocity sample was below 5% for
velocities in range of 0.4 – 53 m/s. For very small velocities
in the range of 0.2 – 0.4 m/s the uncertainty was 14.2%.
A more detailed description of the anemometer settings,
probe calibration method, and uncertainty evaluation is
available in [42].

4 Experimental Results

4.1 Auxiliary Experiments

The measured resonance curves for identification of partic-
ular resonance frequencies are shown in figure 2. The set of
curves in figure 2 was acquired at constant power input into
the actuator: Pe = 0.24W and for the full set of replaceable
nozzle diameters. Other power levels were tested, as well,
but the locations of the resonance frequencies for the same
nozzles did not change substantially.

Figure 2 reveals the fact that the resonance frequency
gets higher with the increasing nozzle diameter. Moreover,
we can notice that the resonance curve for the smallest di-
ameter (DN = 6 mm) is quite flat and the resonance peak
is hardly identifiable. This is caused by a strong damping
having an origin in local losses at cavity/nozzle or noz-
zle/ambiance transitions.

The experimentally located velocity resonance frequen-
cies, fres, are listed in table 1; they can be, however, evalu-
ated easily theoretically, as well. The appropriate formula
can be found e.g. in [44,31]:
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Fig. 2. Resonance curves and their maxima acquired at Pe =

0.24W.

Table 1. The parameters of experiments, found resonances.
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fres =
1

2π

√
KD

mD + D4
D
/D4

N
mN

, where :

mN =
ρπD2

N

4
(LN + 0.85DN),

(5)

and where KD = 704 N/m is the diaphragm spring constant,
mD = 3.9 g is its mass, and DD = 61.8 mm is the diaphragm
effective diameter (the values of these parameters were
identified in [43]). The fluid mass moving in the nozzle and
its vicinity is assigned mN. The evaluation of mN suggested
in Eq. (5) is taken from [45]. Comparing the experimental
and theoretical results in table 1 we can state that there is
an acceptable agreement.

4.2 Main Experiments and Discussion

The next results were obtained only at resonance frequen-
cies summarized in table 1. Figure 3 shows the results
evaluated for the volumetric flows, Q0. The flows, Q0, are
drawn here as functions of the ratio DN/DD. A monotonous
character of all curves in figure 3 implies the following: to
achieve the highest value of Q0 the optimal nozzle diameter
should be large as possible. By other words, the diameter for
maximal volumetric flows from the SJA probably does not
exist for the current configurations. This phenomenon can
be explained from the theory of linear damped harmonic

0.1 1.0
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Q0  (m
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0.05 W
0.24 W
1.18 W

Fig. 3. Volumetric flows.
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Fig. 4. Momentum flux.
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Fig. 5. Kinetic energy flux.

oscillator. An increasing damping of the forced oscillator
always decreases its displacements and velocities in the
whole frequency range (and especially at resonance fre-
quency). The narrower the nozzle is, the higher damping
is imposed onto the oscillating diaphragm. Therefore, due
to the incompressibility conditions the highest volumetric
flows can be achieved with the largest nozzles (or without
any nozzle and the actuator body, but in this case no SJ
would be produced, see [46]).

Results obtained for the momentum flux can be seen in
figure 4. Clear maxima were found for each input power
level at the ratio of DN/DD = 0.25 − 0.35. Moreover, we
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can notice that for a maximum momentum flux, the optimal
nozzle diameter slightly increases with increasing input
power, Pe.

Very similar results as for the momentum flux were
found for the kinetic energy flux – see figure 5. The local
maxima were found for each input power level at the ratio
of DN/DD = 0.14 − 0.25. Therefore, we can conclude
that smaller nozzle diameters are necessary to operate the
actuator with the maximal kinetic energy flux than with the
maximal momentum flux.

It is worth to note here that actuators working at reso-
nance and having the optimal nozzle diameters with respect
to the kinetic energy flux work with maximal energetic
efficiency defined by [47,31].

5 Conclusion

A synthetic jet actuator based on a loudspeaker was tested
with various nozzles and input powers at the first resonance
frequency. The nozzle diameter to length ratio was constant
(DN/LN ≈ 1) and operating medium was air at incompress-
ible conditions. Outlet velocity profiles were measured by
hot-wire probe at the actuator nozzle exit. The values of the
volumetric flow, momentum flux, and kinetic energy flux
were evaluated from the measured velocity profiles.

The maximal volumetric flow was found for the largest
tested nozzle diameter. The volumetric flow as function of
the nozzle diameter appeared to be monotonic and had no
local maximum. On the other hand, momentum and kinetic
energy fluxes had their local maxima at particular nozzle
diameters. An optimal geometry of the actuator, represented
by a ratio of the nozzle diameter to the diaphragm diameter,
slightly depended on the actuator input power. In both cases
(momentum and kinetic energy fluxes) the best nozzle diam-
eter slightly increased with the increasing power input and
was larger for momentum flux than for the kinetic energy
flux.
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43. J. Kordı́k, Z. Trávnı́ček, AIAA Journal 51, 2862 (2013)
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