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Synthetic jet actuator with two opposite
diaphragms
time mass flow rate through the orifice is zero during one
full operation cycle. SJ is also called as zero-net massflux (ZNMF). A typical synthetic jet actuator (SJA) is a resAbstract: The synthetic jet actuators are one of the most
onant cavity with an orifice or a nozzle and one of its
investigated types of actuators used in heat transfer and
walls is replaced by a movable element: loudspeaker diactive flow control. The energetic efficiency of actuators is
aphragm, piezoelectric, piston or others. During the expula key parameter determining the possibility of device use.
sion phase, the fluid steam moves away from the nozzle
The actuators with two or more diaphragms have higher
and edge vortices are generated on its edge. The environefficiency than the actuators with only one. The paper
mental fluid fills the SJA cavity during the ingestion phase.
presents the investigations of the acoustic synthetic jet acThanks to formation of the edge vortices, the SJs are used in
tuator with two opposite diaphragms. In the paper, synmany fields of technology including: aviation [1, 2], transthetic jet velocity, Reynolds number and the energetic efport [3, 4], heat transport [5–7], active flow control [7–9]
ficiency as a function of oscillating actuator frequency, for
and so on. Due to many applications, SJs are produced with
a different cavity, orifice configuration and one real input
the use of many types of different actuators (in terms of
power P0 = 2 W were studied. The possibility of theoretconstruction and type) so as to increase the SJ efficiency or
ical calculation of first and second resonance frequency
velocity.
were checked. The coupling ratio for actuators was calcuKordík and Trávníček [10, 11] studied the dependence
lated. The maximum energetic efficiency was η = 8.67%
between the integral quantities (volumetric flux, momenand Reynolds number Re = 8503. The possibility of using
tum flux and kinetic energy flux) of SJs and the nozzle gethe same dependencies and rules during the design of acometry. They demonstrated that the use of a nozzle with
tuators with two opposite diaphragms as in the case of
rounded edges increases the SJ characteristic velocity even
actuators with one diaphragm was demonstrated. The reby 18.5%, as compared to the same SJA with a sharp-edged
sults may be useful in the design of the actuators of the two
nozzle [10]. The results were even higher (43.3% for momembranes.
mentum flux and 70.8% for kinetic energy flux) for other
Keywords: Zero-net-mass flux, coupling ratio, two di- measured parameters. Kordík and Trávníček [11] investiaphragms actuator, efficiency
gated the optimal volume of the nozzle optimal diameter.
This issue is extended in [12]. Basing on experimental and
theoretical studies, the authors indicate the ratios between
diameters of the nozzle and the diaphragm for which effi1 Introduction
ciency of the SJA was the largest. The tests were performed
with the use of two loudspeakers, nine nozzle diameters
Synthetic jet (SJ) is formed by periodic expulsion and inand ten supplied power levels. The highest achieved effigestion of fluid at the exit of a nozzle so the average over
ciency was 15% and 11% for the tested loudspeakers [12].
Gil and Strzelczyk [13] presented the tests of seven different
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The second method used for an increase in SJ parameters, other than changing the actuator geometrical size,
was its construction changing. In studies of Greco et al.,
[14, 15] a twin and single SJ were compared. A twin SJA was
understood as an actuator with two cavities separated by a
diaphragm. This type of actuator generates two ‘single’ SJs
using nozzles placed mostly close to each other. Among
others, a twin SJ may be used in cooling systems due to a
higher turbulence level.
The other type of SJ is a hybrid synthetic jet (HSJ). The
HSJ actuator has the same layout structure as a classic SJA,
but it is additionally equipped with a fluidic diode, a specially shaped channel that has a significantly higher hydraulic resistance in one direction than in the other. The
diode works similarly to other nozzles. Kordík et al. [16]
compared the SJ and HSJ generated by similar actuators
according to the same input real power. It has been proved
that the use of HSJ can increase velocity by nearly 15–23%
and the energy efficiency by nearly 41–48%. The resonance
frequency of actuators was different – 87 Hz for SJA and
100 H for HSJ actuator.
Among others, the method for improving or changing
the SJ parameters can be improved by modification of the
actuator cavity shape [17], use of two or more actuators
operating together with the nozzle, placed next to each
other [18, 19], the use of double orifice [6, 20] or use of more
than one diaphragm [21–23]. The benefits of using two diaphragms, instead of one, are described in [24, 25]. Two
diaphragms are also used for the HSJ [16, 26].
Smyk [25] compared three SJAs with one and two diaphragms with the same input real power, frequency and
similar actuator arrangement. The first actuator with one
diaphragm operates in normal conditions, a small closed
cavity is placed behind the diaphragm of the second actuator with one diaphragm. The actuator with two diaphragms is a combination of the two previous ones – one
diaphragm with and one without a small closed cavity behind it. The use of two diaphragms increases the velocity
by 28.2% and electrical efficiency by 48.5% in relation to
the actuator with one diaphragm, which operates in normal conditions.
In the paper, the synthetic jet actuators with two opposite diagram will be investigated for different cavity height
and nozzle diameter. The results will be compared with the
theoretical features used in the design of classic actuator,
as resonant frequencies and coupling ratio.

2 Parameters
SJs generated using the fluid periodic pulsation are
most often characterized by non-dimensional parameters,
Reynolds number, Re, and stroke length, L* . The velocity
characteristic for Reynolds number and the stroke ratio
can be defined as:
1
U0 =
TS n

∫︁T E ∫︁
u(t) dS dt

(1)

0 Sn

where Sn is the nozzle exit cross-section area, dS is the differential element of Sn , u(t) is the velocity measured along
the nozzle axis, TE is the time of fluid extrusion from the
actuator, T = 1/f is the actuation period, f is the actuation
frequency. Parameters Re and L* are evaluated according
to the following definition [16, 27, 28]:
Re =

L
U
U0 D n
, L* = 0 = 0
ν
Dn f Dn

(2)

where Dn is the nozzle diameter, υ is the kinematic viscosity of the working fluid (υ = 1.82·10−5 m2 ·s−1 , air). Among
others, non-dimensional parameters used for the SJ description should be mentioned: Strouhal number St and
Stokes number S, defined as follows [26, 29]:
St =

π
, S=
L*

(︂
2π

Re
L*

)︂0,5
(3)

One of the most important parameters used for the
SJAs tests is energetic efficiency η. In the used model, energy efficiency can be understood as a ratio of the timeaverage kinetic energy flux E0 , calculated from the extrusion stroke with input real power PRMS . For the slug and a
sinusoidal model u(t), the energy efficiency can be calculated from [26, 30]:
η=

E0
=
P0

3
π
3 ρS n U 0
1
T

∫︀ T
0

(4)

i (t) e (t) dt

where ρ is the density of the working fluid (ρ = 1.18 kg·m−3 ),
i(t) is waveforms of the input electric current and e(t) is
waveforms of the input electric voltage.
Additionally, the stroke length will be used as a formation criterion of SJ. The paper [31, 32] demonstrated that
the formation criterion of the synthetic jet can be featured
as:
L* > 0.5
(5)
If this condition is not fulfilled, then SJ will be not generated.

Synthetic jet actuator with two opposite diaphragms

3 Experiment arrangement and
method
The actuator designed for the purpose of the tests is shown
in Figure 1. The actuator consists of two universal speakers
Monacor SP-6/4SQS with magnetic shielding (impedance
Z = 4 Ω, power rating P = 3 W, frequency range f = 3÷16000
Hz) – placed opposite each other; actuator body printed
using 3D technologies from polylactide (PLA) – the print
errors were additionally corrected. The loudspeakers were
fastened using four bolts and the speaker foam sealing
tape was bonded between speakers and the body – not
shown in Figure 1. Tests were carried out for three nozzle
diameters Dn = 5, 10, 20 mm, three cavity heights h = 15, 25,
45 mm and one nozzle length Ln = 5 mm. During tests, a
sharp edge nozzle was used. Additionally, in Figure 1, the
used coordinate system is presented – x is the axial and r
is radial coordinate.
The actuator was supplied with the harmonic electrical current that was generated by a Rigol DG4162 waveform generator and provided in SeoUm Pa-940/2 amplifier.
The actuator input real power was constant, P0 = 2 W with
maximal error 3%. The actuators were tested for frequency
range f = 10÷1000 Hz with frequency step value 10Hz. Velocity u(t) was measured in the nozzle axis at an approxi-
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mate distance 0.5 mm from the nozzle exit area. MiniCTA
55T30 Dantec Dynamics hot- wire anemometer with a single wire probe 55P16 and NI9215 data acquisition device
was used for velocity measurements. The anemometer was
calibrated within range 0.5÷25 m·s−1 . The velocity error
was less than 5% for velocity larger than 1 m·s−1 and was
15% for velocity lower than 1 m·s−1 . The number of samples was constant during all measurements, n = 512, and
the sampling frequency was evaluated as fs = n·f /6. This
standard is more demanding than Nyquist frequency and
velocity U 0 is always calculated on the basis of 6 operation
periods of the actuator.

4 Results
Figure 2 presents the selected parameters of SJ and SJA
as the function of the actuator operation frequency f. The
compared SJA had the same nozzle diameter, Dn = 10 mm,
and different cavity height h – case 1. Parameters of this
and other actuators are presented in Table 1. The dependence between velocity U0 and frequency f is shown in
Figure 2a. The resonant frequencies can be determined as
the local maximum of velocity. The natural frequency fn ,
as the first maximum and the Helmholtz frequencies fH , as
the second maximum. The natural frequency can be determined for each variant in case 1 and is fn = 240 Hz at the
cavity height h = 15 and 25 mm, and is fn = 260 Hz at the
cavity height h = 45 mm. The Helmholtz frequencies are fH
= 760 Hz at the cavity height h = 25 mm and fH = 520 Hz at
the cavity height h = 45 mm. At cavity height h = 15 mm, the
Helmholtz frequency is higher than the frequency range.
In the first case, the maximum velocity was registered
at natural frequencies. However, the smaller the difference
between the velocity at a natural frequency and Helmholtz
frequencies, the higher is the cavity. SJ velocity is U 0 = 12.15
m·s−1 at the cavity height h = 15 mm, U 0 = 10.53 m·s−1 at
Table 1: Actuator parameters and investigation conditions

Dn
mm

Figure 1: (a) Schematic view of the investigated synthetic jet actuator, (b) Photo of the actuators bodies

Case 1

10

Case 2

5
10
20

h
mm
15
25
45

Ln
mm

25

5

5

h/Dn
1.5
2.5
4.5
5
2.5
1.25

P0
W

f
Hz

2

10–1000

2

10–1000
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(a)

(b)

(c)

(d)

Figure 2: Velocity U0 (a), Reynolds number Re (b), eflciencies η (c) and stroke length L* (d) of SJ as the function of the actuator operation
frequency f – by different cavity height h (Case 1: h = 10, 25 and 45 mm, Dn = 10 mm, P0 = 2 W).

the cavity height h = 25 mm, U0 = 8.53 m·s−1 at the cavity 25 mm, and f < 780 Hz for cavity height h = 45 mm. For cavheight h = 45 mm.
ity height h = 15 mm, the stroke length is always larger than
Figure 2b presents the Reynolds number as a function 0.5; however, at frequency f > 800 Hz, the stroke length
of the actuator frequency. Reynolds number graph is simi- value is close to the limit value.
lar to the velocity graph – constant nozzle diameter Dn = 10
Figure 3 presents the selected parameters of SJ and SJA
mm and constant conditions of investigations (υ = const). as a function of the actuator operation frequency f. The
Reynolds number is Re = 7910 at the smallest cavity height compared SJA had the same cavity heights h = 25 mm and a
h = 15 mm, Re = 6856 at the medium cavity height h = 25 different nozzle diameter Dn – case 2 (Table 2). The velocity
mm and Re = 5558 at the biggest cavity height h = 45 mm – of SJ as a function of the actuator frequency is presented in
all results at natural frequencies.
Figure 3a. On the basis of velocity distribution, the charFigure 2c presents the electrical efficiency of the SJA acteristic frequencies of the actuator can be determined.
as a function of the actuator frequency. The obtained effi- The SJ velocity assumes the highest value of the first resciency is quite good and is even η = 8.67% at the smallest onant frequency (natural frequency) for nozzle diameter
cavity height h = 15 mm. The efficiency at the cavity height Dn = 10 and 20 mm and the second frequency (Helmholtz
h = 45 mm is almost equal for natural and Helmholtz fre- frequency) for nozzle diameter Dn = 5 mm. The Helmholtz
quencies – η = 2.91% and η = 2.90%, respectively. For other frequency cannot be designed for nozzle diameter Dn =
heights, this difference is more significant.
20 mm because it is outside the frequency measurement
Figure 2d presents the SJ stroke length as a function of range. Natural frequency is fn = 240 Hz for nozzle diamethe actuator frequency. The formation criterion of SJ is ful- ter Dn = 5, 10 mm and fn = 270 Hz for nozzle diameter Dn
filled when the frequency is f < 890 Hz for cavity height h = = 20 mm. Helmholtz frequency is fH = 520 Hz for nozzle di-
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(a)

(b)

(c)

(d)
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Figure 3: Velocity U0 (a), Reynolds number Re (b), eflciencies η (c) and stroke length L* (d) of SJ as function of the actuator operation
frequency f – by different nozzle diameter Dn (Case 1: h = 25 mm, Dn = 5, 10 and 20 mm, P0 = 2 W)

ameter Dn = 5 mm and fH = 760 Hz for nozzle diameter Dn =
10 mm. The maximal value of SJ velocity is U 0 = 16.26 m·s−1
for nozzle diameter Dn = 5 mm and Helmholtz frequency fH
= 620 Hz, U 0 = 10.53 m·s−1 for nozzle diameter Dn = 10 mm
and natural frequency fn = 240 Hz, U 0 = 6.53 m·s−1 for nozzle diameter Dn = 20 mm and natural frequency fn = 240
Hz.
Figure 3b shows the dependence between Reynolds
number and the actuator operating frequency. The maximal value of SJ Reynolds number is Re = 8503 for the
biggest value of nozzle diameter Dn = 20 mm. The nozzle
diameter is very important because the biggest Reynolds
number corresponds to a smaller value of SJ velocity – considering only natural frequency for nozzle diameter Dn =
10, 20 mm and Helmholtz frequency for nozzle diameter
Dn = 5 mm. Reynolds number is Re = 6856 for the medium
value of nozzle diameter Dn = 10 mm and Re = 5293 for the
biggest value of nozzle diameter Dn = 5 mm.
The electrical efficiencies of SJA are shown in Figure 3c. The maximal efficiencies are very similar for the

compared actuators if the previously mentioned frequencies are taken into account. The SJA electrical efficiency is
η = 5.26% for nozzle diameter Dn = 5 mm, η = 5.67% for nozzle diameter Dn = 10 mm and η = 5.42% for nozzle diameter
Dn = 20 mm.
Figure 3d presents the stroke length as a function of
frequency. The stroke length fulfills Eq. (2.5) for all cases
discussed in detail. However, the stroke length is smaller
than 0.5 for frequency f > 350 Hz and nozzle diameter Dn
= 20 mm, while it is f > 880 Hz for nozzle diameter Dn = 5
mm and f > 980 Hz for nozzle diameter Dn = 10 mm.

5 Discussion
SJA has two characteristic frequencies. First, natural frequency, fn , is the resonance frequency of the diaphragm
or piston used in SJA. Second, Helmholtz frequency fH , is
the resonance frequency of some volume of fluid in the actuator nozzle. The values of both frequencies are related to
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each other but there exist many ways to calculate them. In
the studies by Girfoglio et al., [33] natural frequency was
defined as:
√︂
1
Kd
fn =
(6)
2π m d
where Kd is the actuator diaphragm spring constant and
md is the diaphragm total mass. It is a basic dependence
and it does not include the influence of the fluid in the nozzle during the diaphragm operation. Kordík and Trávníček
[12] feature natural frequency as:
⎯
1 ⎸
Kd
⎸
fn =
(7)
(︁ )︁4
2π ⎷
m d + DD dn m n
where mn is the fluid mass in the actuator nozzle, calculated as mn = ρLe Sn and Le = Ln +8·Dn /(3π). Eq. (5.2)
takes into account the influence of nozzle shape on the diaphragm operation. Broučková and Trávníček[26] offer another method for natural frequency calculation:
(︂ )︂ √︂
Kp
1 Dn
fn =
(8)
2π D d
2ρL e
where Kp is the diaphragm spring constant defined by the
ratio of overpressure p, which caused a steady displacement of diaphragm ∆x, Kp = p/∆x.
The values of experimental and theoretical (Eq. (6), (7)
and (8)) natural frequencies fn are presented in Table 2 (ρ
= 1.18 kg·m−3 , Kd = 3050 N·m−1 , Kp = 1.3·106 N·m−3 , md =
2.763·10−3 kg – determined in an auxiliary experiment).
Absolute errors of theoretical data – respect to the experimental data – for values calculated from Eq. (6) and (7)
are similar for all actuators. It is about 30% for Eq. (6) and
about 40% for Eq. (7). The errors in the case of Eq. (8)
are the smallest but strongly dependent on ratio Dn /Dd . In
case of actuator of Dn = 5 mm and h = 25 mm, the absolute
error is nearly 61%; in other cases it is 27%. The natural
frequency experimental value and the natural frequency
theoretical value calculated from Eq. (8), presented in [26],
are the same (Dn /Dd = 0.15). In the present case, the theoretical value would be 240 Hz only if the ratio Dn /Dd = 0.37
(Dn = 19.42 mm).
All theoretical equations were calculated with LEM
method. The difference between them is the result of different simplifications of the physical model. All models included only one diaphragm, eventually, two diaphragms
operated in the same phase. Theoretically, it is enough but
in the real actuator with two diaphragms, they can operate with a small delay relative to each other and the used
loudspeakers may have different properties. The paper [24]
demonstrated the impact of phase shift between two diaphragms on the SJs parameters, but the impact of phase

shift on resonant frequencies probably isn’t yet investigated. It is similar for diaphragms operated in the same
phase but with other conditions, see [25].
The second frequency is the frequency of some part
of fluid oscillated in the actuator nozzle. Helmholtz frequency is featured as [34]:
√︂
𝛾 · S2n · p
1
(9)
fH =
2π
Vc · mn
where 𝛾 is the air specific heat ratio, p is the ambient pressure, Vc is the actuator cavity volume. Theoretical and
experimental Helmholtz frequencies are presented in Table 2.
In case of actuator at Dn = 10 mm, h = 15 mm and at Dn
= 20 mm, h = 25 mm the experimental value of Helmholtz
frequency is larger than 1000 Hz and is not experimentally determined. However, for the actuator operation frequency larger than 1000 Hz, the formation criterion of
SJ [31] is not met (Figure 2d and 3d).
de Luca et al. [34] presents a model of a piezoelectric
actuator operation, but some parameters can also be used
for acoustic actuators [13]. Especially, coupling ratio CR of
the two oscillator systems:
(︁ ω )︁2
ps
(10)
CR =
ωn
where ω ps is the frequency of pneumatic spring of the actuator cavity:
√︃
ω ps =

𝛾 · S2c · p

Vc · md

(11)

and
ω n = 2πf n

(12)

CR represents the ratio of air stiffness (air in the cavity of
volume Vc and cross-section area Sc ) to membrane stiffness. If CR << 1, the membrane dynamics is uncoupled
from the acoustic oscillator. For such an oscillation, the
natural frequency is higher than the Helmholtz frequency.
In other words, the bigger is the coupling ratio CR, bigger is
the difference between the value of natural and Helmholtz
frequencies. This relationship is clearly visible in Figure 2a
and 3a.
In Case 1, for cavity height h = 25 mm, the coupling
ratio CR = 0:85 and the distance between experimental
normal and Helmholtz frequency is 520 Hz, and for cavity
height h = 45 mm, the coupling ratio CR = 0:37, this distance
is 250 Hz (see Table 2).
de Luca et al. [34] observe that the difference between the two frequencies depends on the cavity height.
For fn <<fH , the difference between the two eigenvalues
(fn 2 −f H 2 )/fH 2 does not depend on the distance h/Dn (Figure 4a, directional coefficient close to zero), and therefore,

Synthetic jet actuator with two opposite diaphragms
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Table 2: Experimental and theoretical values of natural and Helmholtz frequency

Dn
mm
Case 1

10

Case 2

5
10
20

h
mm
15
25
45
25

exp. fn
Hz
240
240
270
240
240
270

fn , Eq. (6)
Hz
167
167
167
167
167
167

(a)

fn , Eq. (7)
Hz
144
144
144
122
144
155

fn , Eq. (8)
Hz
174
174
174
94
174
305

exp. fH
Hz
760
520
620
760
-

fH , Eq. (9)
Hz
882
683
509
431
683
1034

CR
1.41
0.85
0.37
0.85
0.85
0.67

(b)

Figure 4: The impact of the difference between the two eigenvalues of natural and Helmholtz frequencies on the cavity height, (a)
(fn 2 f−f H 2 )/fH 2 as a function of h/Dn (b) (fn 2 −f H 2 ) as a function of 1/(h/Dn )

(a)

(b)

Figure 5: (a) actuator eflciency η and (b) Reynolds number Re as a function of cavity height for natural fn and Helmholtz fH resonance
frequencies

(fn 2 −f H 2 ) depends on 1/(h/Dn ) (Figure 4b). It means that
the peak between two frequencies increases with the cavity decreasing (Figure 3a) and the diameter increasing (Figure 4a), like it was observed. It can be assumed that if fn <<
fH , then (fn 2 −f H 2 )/fH 2 depends on distance h/Dn [34].
Figure 5 shows the dependence of actuator efficiency
η and Reynolds number Re on the actuator cavity height
for natural fn and Helmholtz fH frequencies. Larger the effi-

ciency and Reynolds number, the smaller the cavity height
is in the case of natural frequency; in the case of Helmholtz
frequency, the dependence is opposite, but the parameters changes are negligible – the Helmholtz frequency is
the resonant frequency of some volume of fluid in the nozzle and the volume of cavity influence on the value of frequency but only slightly on fluid parameters (by so small
pressure, the air is almost incompressible).
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(a)

(b)

Figure 6: (a) actuator eflciency η and (b) Reynolds number Re as a function of nozzle diameter Dn for natural fn and Helmholtz fH resonance
frequencies

The maximum efficiency η = 8.67% is obtained for fn
at h = 15 mm. The maximum Re = 7900 is obtained for fn at
h = 15 mm.
Figure 6 presents the dependence of actuator efficiency η and Reynolds number Re on the actuator cavity
height for natural fn and Helmholtz fH frequencies.
The maximum efficiency η = 5.67% is obtained for fn
at Dn = 10 mm and it increases along with nozzle diameter
change. Kordík and Trávníček [12] demonstrated that the
dependence between nozzle diameter Dn and actuator efficiency η has the shape of a negative parabola. It is, therefore, necessary to accept that the optimal nozzle diameter
Dn investigated actuators is in the range 5 to 20 mm – in
case of natural frequency fn . In the case of fH , the biggest
efficiency is at Dn = 5 mm. The maximum Reynolds number
is obtained for fn at Dn = 20 mm.
The dependence presented in Figure 5 and 6 are similar to the same dependence presented by Gil and Strzelczyk [13], although in this case, refer to acoustic SJA with
two diaphragms rather than one.

The error ranges from 27 to 60% and it depends on the used
model and parameters of the actuators. The coupling ratio
was calculated and it can also be used with an acoustic
synthetic jet actuator with two diaphragms.
Efficiency and Reynolds number, as a function of the
cavity height and the nozzle diameter, have been determined. Larger is the value of cavity height, the smaller
is the value of efficiency and Reynolds number for natural frequency. The smaller is the value of nozzle diameter,
the larger is the value of efficiency and Reynolds number
for natural frequency. In the case of Helmholtz efficiency,
these dependences are opposite. A similar relationship is
observed for a synthetic jet actuator with one diaphragm.
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