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Abstract: The synthetic jet actuators are promising heat transfer
enhancement devices. They are used in active cooling systems and the future
may replace classic fan systems. Although the flow and the heat transfer
parameters are very important, these devices must be quiet enough to be used
in offices and other spaces. In this paper, the acoustic investigations of the
synthetic jet are compiled and discussed. The impact of actuators design on
generated noise and the possible ways to noise decreasing are presented. In
the end, the list of gaps and challenges are presented for laying down the
foundation for future research.

1 Introduction
The synthetic jet (SJ) is generated by periodic injection and expulsion of some volume of
fluid into the closed cavity. The expelled part of fluid moves away from the orifice and around
them the edge vortices are generated – synthesized. Then, the new volume of fluid from the
surroundings is injected into the cavity. The net mass flow in the orifice of the synthetic jet
actuator (SJA) is zero, and therefore this jet is called zero-net mass-flux (ZNMF). The change
of the volume of the cavity can be realized by the replace one [1] or more [2] walls of the
actuator with the movable or deformable element as piezoelectrics [3,4], loudspeaker [5,6],
or piston [7]. The schematic presentation of synthetic jet generation is presented in Fig. 1.

Fig. 1. Synthetic jet actuator a) the suction phase; b) the injection phase; c) the suction phase and the
moving away of the synthetic jet (1 – diaphragm; 2 – cavity; 3 – nozzle; 4 – jet sucked in from the
environment; 5 – edge vortices)

The turbulent nature of the SJ made that they found many applications. They are used for
the mixing enhancement [8,9], heat transfer enhancement [1,10,11], active flow control [12–
14], and underwater propulsion systems [15–17]. With such a wide range of applications,
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many parameters of SJ are investigated and should be taken into account during the actuator
design. For this reason, there are more and more review articles devoted to a specific aspect
of SJ, as LEM modeling [18], the impact of geometric parameters on SJ properties [19], or
due to the SJ application, like heat transfer enhancement [20–22] or other [23,24]. The
number of papers about the SJA used in the cooling systems shows that this area is expressly
interesting for researchers.
The SJs are used mainly as impinging jets in devices dedicated to electronics cooling
[25,26]. An often overlooked aspect is the sound pressure level (SPL) generated by SJA.
While the noise in the workspace is defined by the standards, eg. EN ISO 9241-6:2002 [27],
and therefore the possibility of the SJA application is limited by the SPL generated by this
device.
For this reason in dis paper, we want to present the knowledge about the acoustic aspect
of the SJ. Because the number of articles in this area is not large, we referred to each article
that we managed to find on this topic. We used the Web of Science, GoogleShoolar,
ReaserchGate, and Scopus databases for the search of the article.

2 Methodology of acoustic measurements
Table 1 was presented the all-found article, in which the SPL of the SJA was measured.
The year and the methodology of the measurements were also presented.
Table 1. Measured values.
Article

Year

Used method

Arik, M [28]

2007

Lasance et al. [29]

2008

Bhapkar et al. [30]

2013

Bhapkar et al. [31]

2014

Mangate and Chaudhari [32]

2015

Jabbala and Jeyalingam [33]

2017

Kanase et al. [6]

2018

Jeyalingam and Jabbala[34]
Smyk et al. [35]
Smyk et al. [36]
Smyk and Markowicz[37]
Smyk [38]
Gil et al. [39]
Ikhlaq et al. [40]

2018
2020
2021
2021
2021
2021
2021

Anechoic chamber
Reverberant chamber
(ISO 3741:1999)
Chamber without
other sound sources
Room(ISO 3746:2010)
Anechoic chamber
(ISO 3746:2010)
Anechoic chamber
(ISO 3746:2010)
Anechoic chamber
(ISO 3746:2010)
Semianechoic chamber
Room(ISO 3746:2010)
Room(ISO 3746:2010)
Room(ISO 3746:2010)
Room(ISO 3746:2010)
Room(ISO 3746:2010)
3 microphones around SJA

Actuator
type
Piezoelectric
Acoustic
Acoustic
Acoustic
Piezoelectric
Piezoelectric
Piezoelectric
Piezoelectric
Acoustic
Acoustic
Acoustic
Acoustic
Acoustic
Piezoelectric

Most papers used the ISO 3746:2010 [41] as a standard for the noise measurements. It
means that the SPL measurements were made in an anechoic chamber or in the room where
the SPL of the environment was at least 10 dB lower than the SPL generated by the SJA. The
methodology of the noise measurements was correctly described.
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3 The noise level in an SJA
Lasance et al. [29] compared the noise generated by the acoustic SJA to the noise generated
by the fan. Both devices were used for the flat plate cooling and at the same driving power
the SJA was quieter and more effective than the fan. The noise level was dependent on the
geometric parameters of the actuator body. Therefore in this section, the impact of the chosen
parameters of synthetic jet on the generated noise was described. The chosen noise level was
given to enable the comparison of the results to the other devices.
The SPL generated by the actuator strongly depends on the driving frequency and actuator
driving power. For example in the case investigated by Ikhlak et al. [40], the maximum SPL
range was from 48 to 97dB, and in the case showed by Smyk [38] the SPL was in the range
from 49 to 58dB at the power from 5 to 12 W. However, supply parameters are easy to modify
and have also impact on the flow parameters of SJ. Therefore in this paper will be taken into
account the only impact of the geometrical parameters on the generated noise. These
parameters can not be modified on the fly and must be selected at the design stage of the
actuator.
3.1 The impact of the orifice diameter
The diameter of the orifice has an impact on many SJ parameters, also on the noise generated
by the actuator. Kanase et al. [6] investigate the SPL as a function of acoustic Reynolds
number for different orifice parameters. They showed that the noise generated by the SJA is
inversely proportional to the orifice diameter. For example, the actuator with the orifice
diameter d = 8 mm generated the SPL = 68 dB and at d = 5 mm generated the SPL = 65 dB,
at the same driving power and the orifice length.
This dependence was not confirmed in another paper [29,30]. Lasance et al. [29] showed
that the smaller diameter the quieter actuator. However, the differences are caused also by
the orifice length to the orifice diameter ratio (aspect ratio, AR = l/d). The difference between
the SPL generated by the actuator with orifice diameter d = 3 mm and d = 4 mm is equal to
3,3 dB at the orifice length l = 30 mm, 4,9 dB at the orifice length l = 90 mm, and 12,1 dB at
the orifice length l = 120 mm (the power was not the same in these cases).
A similar conclusion was presented by Bhapkar et al.[30]. The smaller diameter the
quieter actuator. Bhapkar et al.[30] suggest that the noise is related to the volume of the air
oscillation in the orifice. On the other hand, the decreasing of the orifice diameter caused the
increase in the SJ velocity and turbulence of the jet, which is correlated with the noise
generation[42].
The results presented by Gil et al. [39] for the multiple-orifice SJA confirmed results
presented by Kanase et al. [6] and showed that the lower velocity in the orifices the lower the
noise level. However, the SPL has a local maximum, that is correlated with the optimal
diameter of SJ [43]. At this point, the velocity is maximal and the SPL is the highest. This is
in line with what is known about the relationship between turbulence and noise[42].
Based on the presented results and based on the methodology of these papers it must be
said that the SPL is inversely proportional to the orifice diameter. The measurements in both
papers [6,39] were made according to the standard ISO 3746:2010 [41] and the results are
unambiguous and consistent with other papers.
3.2 The impact of the orifice length
Already Lasance et al. [29] showed that the SPL depends on the orifice length. It was
confirmed by Kanase et al. [6]. The measurements were made by the actuators with the same
diameter (d = 3, 5, 8, 12, 14) and different orifice length (l = 3, 5, 8, 12). The results were

3

MATEC Web of Conferences 351, 01003 (2021)
https://doi.org/10.1051/matecconf/202135101003
20th International Conference Diagnostics of Machines and Vehicles

compared for the same diameter and different aspect ratio and in all cases the lower aspect
ratio the higher SPL. It means that the noise is higher, the shorter is the orifice. It is caused
by the decrease of acoustic energy due to multiple reflections in the orifice cavity.
Bhapkar et al. [31] obtained a reverse dependency. They compared the actuators with
different orifice diameters and lengths but with the same aspect ratio. Based on the research
presented earlier, it should be noted that Bhapkar et al. [31] made a mistake of inference
during their research. While maintaining the same aspect ratio, they assessed that it is the
length of the orifice that impacts the generated SPL, and not the orifice diameter, which in
this case turned out to be the decisive factor.
It should therefore be said that the SPL generated by SJA is inversely proportional to the
orifice length.
3.3 The impact of the orifice shape
The shape of the SJA orifice is one of the most frequently studied parameters. Although circle
and slot orifices are usually investigated, orifices with other shapes are also tested.
Mangate and Chaudhari [32] investigated the actuator with a circular, diamond, and oval
cross-sectional shape orifice. They showed that the highest SPL was generated by the actuator
with a round nozzle. This noise was even 5 dB higher than in the case of an actuator with an
oval orifice. The diamond orifice generated the lowest noise level at low acoustic Reynolds
numbers (Re ≤ 6,000, a difference from 1 to 5 dB compared to other orifices shapes).
At acoustic Reynolds number greater than 6,000, the actuator with oval orifice generated the
lowest SPL. In the case of Re = 10,000, an actuator with an oval orifice generated noise 8 dB
lower than that of an actuator with a diamond orifice, and 13 dB lower than the actuator with
a round orifice.
Bhapkar et al. [31] investigated the SJA with elliptical, slot, circular, and square orifice
for the same hydraulic diameter (d = 12 mm). Measurements were made for 4 different
frequencies. The results were not clear. It should be noted that the tested actuators had
different resonance frequencies and the noise generated at the resonant frequency was always
lower by 8-12 dB than the SPL for other frequencies. A similar relationship was noted by
Kanase et al. [6].
The other way was proposed by Smyk et al. [36]. They compared the SPL generated by
the actuator with circular, slot, and square orifices. The compared orifices do have not the
same aspect ratio but with the same area. The length of the orifice was equal to the
characteristic dimension of the orifice. The highest SPL was generated by the actuator with
the slot orifice and the smaller by the actuator with the square orifices. The differences were
significant and equal to about 8 dB (between the clot and rectangle orifice).
Base on these results, it should be said that the shape of the orifice has a significant effect
on the SPL generated by the actuator. The circular orifice has one of the worst impacts on
the generated noise. Despite the fact, the slot orifice is commonly used in research still the
impact of the slot orifice aspect ratio (height to length ratio) on the SPL was not investigated.
3.3.1 The chevron orifice
The use of the chevron orifice or nozzle can reduce the noise generated by the jet [44,45].
Smyk and Markowicz [37] and Smyk [38] investigated the impact of the chevron orifice on
the SPL generated by the SJ. They showed that the chevron orifice depending on the number
of chevrons and their height can reduce the SPL. The results were not unambiguous and it is
not possible to decide when the chevron orifice reduces or increases the generated noise,
based on theirs. The SPL differences between the classic circular orifices and chevron orifices
were small and not bigger than 1.5 dB. Bur in cases, when chevron orifices increase the SPL
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the difference was bigger and was even equal to 3 dB. Although the chevron nozzle was used
in SJA in [46,47] the impact of the chevron nozzle on acoustic parameters of SJ was not
investigated. We can only try to interpolate the results obtained for the continuous jet on the
SJ.
3.4 The other parameters
The impact of the other geometric parameters as a cavity shape or a cavity volume still was
not investigated. The significant impact on the SPL has an element used to the SJ generation
(piezoelectric, loudspeaker, piston). Smyk et al. [35] compared woofer and mid-range driver
with a similar specification. The noise generated by the actuator with the mid-range driver
was about 10 – 14 dB higher than in the case of the actuator with the woofer. Additionally,
they used the multiple-orifice actuator body with or without fins in the cavity (Fig. 2). The
lowest SPL was generated by the actuator with classic fins in the cavity. It is one of the many
special designs of SJ actuators and very difficult to use such results for other actuators.

Fig. 2. The actuator body with (a, b) and without (c) fins in the cavity [35].

Jabbal and Jeyalingam [33] investigated the twin and classic SJA with the circular and
lobed orifice. The classic oscillator (with one orifice) was made by the closing of one orifice.
The actuators with one orifice generated a higher SPL than the twin actuator. The authors
suggest that this is related to the anti-phase effect - in the case of two nozzles, the sound
waves are phase-shifted by about 180 ° and overlap each other, reducing the SPL.
Additionally, the actuator with the lobbed orifice was noisier by high frequency (above
2,000 Hz), and by low frequencies, the actuator with circular orifices generated lower SPL.
Similarly, as in the case of chevron orifice, the shape of the orifice was chosen because this
shape is used in aircraft.
Arik [28] investigated the piezoelectric actuator generating the SPL in a range of
60 – 70 dB. Therefore, to reduce noise, the researcher placed the generator in a small cube
with a side length of 3 inches. On one of the sides of the cube, there is a small silencer
connected by a 10 mm diameter hole with the chamber, and with a 1; 2; or 3 mm hole on the
opposite wall. The opening allowed free airflow between the atmosphere and the interior of
the silencer and the chamber.
Arik [28] showed that the damping efficiency decreases with the increase of the orifice
diameter in the muffler. Moreover, the most advantageous length of the silencer was
indicated, which was around 2 cm. It allowed reducing the noise from 65 dB to 25 dB.
Although the result is really impressive, it should be noted that this solution can be impossible
or very difficult to use in practical application (in the cooling system), because the generators
would have to be closed together with the object from which they receive heat or in which
they perform the function of active flow control. Additionally in this solution, the heat should
be removed from the cube.
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4 Conclusion
The paper presents a review of the papers that investigated the SPL generated by the SJA.
The discussed articles showed that:
• the SPL is directly proportional to the supply power;
• the SPL is inversely proportional to the orifice diameter;
• the SPL is inversely proportional to the orifice length;
• the shape of the nozzle has a significant impact on the level of generated sound,
and the SJA with a circular cross-section orifice generates the highest SPL;
• the lowest SPL generates the actuator with a square orifice, at the same crosssection orifice area;
• the chevron orifice can reduce the SPL generated by the actuator;
• the lobed orifice reduces the SPL generated by the actuator at high operation
frequencies;
• the twin SJA generated lover SPL than single-orifice SJA.
There is still a lack of comprehensive investigation of the acoustic aspects of SJA. Among
the biggest shortcomings and challenges that should be mentioned are:
• the investigations of the impact of the aspect ratio of slot orifice on the SPL;
• determining how much orifice diameter and length affect the SPL, so find the one
relationship between aspect ratio and SPL;
• the investigation of nonclassic SJA, as hybrid SJ, multiple-orifice synthetic
jet, etc.
• the investigation of the impact of cavity shape and volume on the SPL.
It must be noted, that even though the number of studies on SPL generated by SJ still
increases this number is still very low. Although noise measurements are relatively simple
and undemanding and can be performed additionally without affecting the main assumptions
of the other tests.
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