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Abstract  
High Power Synthetic Jet Actuator (SJA) based on compact piezoelectric actuators, have been developed and tested by 
CEDRAT TECHNOLOGIES (CTEC) and ONERA, under French National funding RAPID from DGA. This publication 
presents the modelling approach with early breadboarding results, the final design chosen for integration onto an aircraft 
airfoil mock-up, the performance test results on the SJA device prior integration, and the final aerodynamic performance 
test demonstration achieved at ONERA wind tunnel test facility.  
 
 
1 SJA System Modelling in frequeny 

domain  
In order to improve knowledge about SJA, a SJA model 
implementation and validation has been performed as part 
of the SYNJET3C Cleansky2 project. On the one hand, a 
1D system modelling based of lumped element method was 
performed. On the other hand, a test campaign was per-
formed on an existing SJA. Then, the results from tests and 
simulations were compared to fit and validate the model. 
The resulting final modelling approach allows a better pre-
dicting of the SJA behaviour, providing data about the elec-
trical consumption, output jet velocity, and efficiency. 
Thus, by modifying the set of parameters, it is possible to 
predict the performance of various SJA design with the tar-
get of optimising performance.  

1.1 SJA description 
The SJA is a mechanical device aiming at reducing the aer-
odynamic loss of an aircraft air foil, by supressing or re-
ducing boundary layer detachment phenomena. Based on a 
piezoelectric actuator for very high frequency bandwidth 
and compactness, the SJA generates a high-speed mass 
flow wave into a thrust nozzle. The piezoelectric actuator 
is moving a reciprocating piston, which compresses a small 
gas volume, and generates the required high frequency os-
cillatory air flow on the exhaust nozzle. Under actuation, 
the cavity alternatively sucks and blows an air thrust 
through the nozzle. 

 
Figure 1  SJA breadboard based on APA® actuator  

For the generating of a jet with high speed and mass flow, 
the characteristics of the piezo actuator and also the dimen-
sions of the fluidic components have to be carefully de-
fined. Precise modelling is required to achieve this target.   

1.2 Lumped element model 
A lumped element model is built. The approach consists in 
considering each component as a layout of spring, mass 
and damping. That is presented on Figure. 
 

 
Figure 2 Scheme of the SJA model 

The modelling of the piezo actuator is obtained knowing 
the movable mass of the actuator, its stiffness and quality 
factor. Representing the behavior of the fluidic is more 
complex. Indeed, in the SJA mechanism, the cavity is cou-
pled to a moving piston. So the cavity volume varies during 
a cycle. That creates non-linearities in the behavior and a 
dissymmetrical stiffness. Then, based on Helmholtz reso-
nance theory effective for a fixed cavity a dissymmetric 
stiffness matrix representing the cavity behavior is imple-
mented. The nozzle is then defined as a damping and a ra-
diation mass.  
In order to predict the current and power consumption it is 
useful to consider the model in terms of electrical ap-
proach. Figure 3 shows this model where the mechanical 
components are replaced by equivalent electrical compo-
nents. Then the fore factor and piezo capacitance allow to 
predict the required current and input power.  
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Figure 3   SJA electro-mechanical approach 

1.3 System model validation 

1.3.1 Test bench description 
A first prototype of SJA has been designed and manufac-
tured based on CTEC APA® piezo actuators and a cylin-
drical piston. A test bench has then been built to measure 
the main characteristics of the actuator. The piston dis-
placement is obtained using an accelerometer and laser dis-
placement sensor and the output jet velocity is estimated 
using a hot wire probe. The actuator is driven by a sine 
swept at constant voltage amplitude to detect the resonance 
frequency and compare the frequency curves given by the 
model. Figure 4 shows an overview this experiment.   

 
Figure 4 Test campaign on existing SJA prototype 

1.3.2 Results comparison 
The tested prototype has been modelling using the system 
model with the corresponding parameters of piezo-actuator 
and fluidic design. The test results at 0-20V pk-pk are 
available on Figure 5.  

 
Figure 5 Test results on the SJA at 0-20V 

The output of the model are reported on Figure 6.  
 

 
Figure 6 Modelling results at 0-20V 

The first element of comparison is the value of the reso-
nance frequency. Both test and model give a resonance 
about 230 Hz. Then the current value is about 1A RMS at 
the resonance, a little bit higher in the model but that is 
conservative. The piston displacement curves are also very 
closed.  
Finally, the model developed in this study allows to predict 
the behavior of a SJA based of APA piezo actuators. Some 
difference between tests and results could be explained by 
the assumptions made to build the model, for example the 
reduction of the fluidic model by a 1D approach.   

2 SJA prototype 

2.1 Actuator manufacturing and test 
Based on the results of the first SJA prototype, the ASPIC 
actuator has been designed. The actuator housing has been 
optimised to be implemented on a reduced scale model of 
an aircraft fin, in order to evaluate the improvement of the 
aerodynamic performance of an airfoil equipped with the 
SJA, on a wind tunnel test facility. 
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2.1.1 Actuator design 
The actuator’s design was optimised w.r.t to several inte-
gration aspects shared with the project partners, such as the 
thermal dissipation, the volume optimisation, the available 
speed and stroke and the power consumed.  

 
Figure 7 Thermal optimisation of the actuator 
 
One key factor was to manage the self-heating of the piezo 
actuators to sustain the full test duration in the wind tunnel. 
 
The design has then been validated and the integration in 
the fin has been modelled. 

 
Figure 8 CAO scaled model of the fin with ASPIC actua-
tors 

2.1.2 Actuator manufacturing  
Once the design phase validated, the MAIT phase began. 
The actuators have been duplicated in order to fill the fin 
with the required SJA.  

 
Figure 9 MAI of the SJA duplication 
 
Nine actuators have then been manufactured and assem-
bled with the collaboration of ONERA and CTEC. 
As the actuator is equipped with several sensors (accel-
erometer, thermocouple, strain gages), the wires manage-
ment is a non-neglectable task to be performed. The good 
sizing and securing of the cables are key elements to have 
reliable actuators usable in a wind tunnel test campaign. 

2.1.3 Actuator test campaign  
A first characterisation focused on the actuators has been 
performed to evaluate the achievable mechanical perfor-
mances. 

 
Figure 10 Mechanical characterisation test bench 
 
The characterisation approach was to identify the reso-
nance frequency of the actuators thanks to low levels sinus 
sweeps. 

 
Figure 11 Actuator displacements (µm) VS Frequency 
(Hz) for low level sweeps 
 
Once this resonance found, the voltage has been increased 
progressively up to 150V, to obtain the maximal perfor-
mances of the SJA actuators in term of mechanical dis-
placement. The measurements of the piston displacement 
have been done through accelerometers, which have been 
calibrated with a laser velocimeter in the first place. 

 
Figure 12 SJA stroke(µm) VS Input voltage(V) 
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The performances measured of the nine actuators realised 
are found to be above 3mm pk-pk. 
The amplification factor found by these characterisation 
tests between the APA actuators displacement and the pis-
ton is higher than 60. 
 
Thermal tests have also been performed and validated the 
good behaviour of the actuators after the required duration 
that will be tested in the wind tunnel. 
 
2.2 Wind tunnel test campaign 
Once the actuators mechanically validated, the integration 
on the fin, placed in the wind tunnel is performed. 

 
Figure 13 SJA actuators embedded on the fin, inside the 
wind tunnel (left) and on the strength measurement balance 
(right) 
 
The impact on the Cy coefficient is observed thanks to a 
strength measurement balance, but also pressure sensors 
placed on the fin. 

 
Figure 14 Effect of the fin rudder angle on the Cy coeffi-
cient for the upper section of the fin (left) and lower section 
(right) 
 
The gains obtained are in between 10 and 32 %, depending 
on the localisation of the measurements on the fin. The nu-
merical models predicted a Cy gain higher than 10 %, 
which is validated by the performed tests. 
 
 
 
 
 
 
 
 
 
 
 

3 Literature 
[1]  Gallas Q., Holman R., Nishida T., Carroll B., Shep-

lak M., Cattafesta L., Lumped Element Modeling of 
Piezoelectric-Driven Synthetic Jet Actuators. AIAA 
J. 2003;41:240-247. 

[2]  Cattafesta L., Sheplak, M., Actuators for active flow 
control., Annual Review of Fluid Mechanics, 2011, 
43, 247-272.  

[3]  Raju R., Cattafesta L., Mittal R., Simple Models of 
Zero-Net Mass-Flux Jets for Flow Control Simula-
tions, International Journal of Flow Control, 2009, 
18: 179-197. 

 
 
 

ACTUATOR 2021 ∙ 17. – 19.02.2021 ∙ Online

ISBN 978-3-8007-5454-0 © VDE VERLAG GMBH · Berlin · Offenbach41




