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Design of a Pulsed Jet Actuator for Separation Control 

ABSTRACT 

A pulsed jet actuator for separation control has been developed for application in a real-scale wind 
tunnel experiment with focus on separation behind the pylon-wing junction. The concept of the 
actuator bases on fluidic technology and applies pulsed blowing without the help of moving parts. 
Design parameters are given by numerical simulations of the experimental application case and are 
validated in ground test. Results of these ground tests are presented and parameters for wind tunnel 
test settings are derived. The further evaluation of ground test results yields a relation of momentum 
coefficient, supply mass flow and wind tunnel velocities. It is shown that for the given wind tunnel 
experiment levels of constant momentum coefficient approximately coincide with levels of constant 
velocity ratio. All requirements with respect to flow control parameters and model geometry can be 
satisfied with the presented design. 

KEYWORDS: active flow control, separation control, pulsed jet actuator 

NOMENCLATURE 

Acronyms 
AFC  Active Flow Control 
CFD  Computational Fluid Dynamics 

Latin 
   momentum coefficient 

   chord length 
  duty cycle 
  normalized frequency 

  frequency 
  momentum flux 
  mass flow 
  MACH number 

  dynamic pressure 
  specific gas constant 
  surface area

 
  temperature 
  velocity 

  velocity ratio 

Greek 
  ratio of specific heats 
  density 

Subscripts 
  AFC system property 

  AFC jet property 
  maximum value 

  reference property 
  stagnation property 
  ambient/free-stream condition 
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1 INTRODUCTION 

Separation of air flow over an aerodynamic surface is usually undesirable. The functional limit of an 
aircraft wing is given by separation on large sections of the wing, commonly known as stall. Active 
Flow Control (AFC) is a trending technology that can potentially enhance the performance of aircraft 
and was recently demonstrated in flight test with separation control applied to the vertical stabilizer of 
an airliner [1]. Previously, the potential of AFC has been proven in wind tunnel tests with a variety of 
different control systems [2, 3, 4].  

This paper describes the design and development of a pulsed jet actuator intended for separation 
control at the pylon-wing junction. The theoretical background is given followed by a summary of the 
actuator development. Results of ground testing are shown and evaluated with respect to settings 
required during wind tunnel testing. 

2 SEPARATION CONTROL 

The technology of AFC can target many different aspects of aerodynamics, but in this publication the 
focus is put on separation control. The aim of the presented actuator design is to delay or even 
suppress separation. Separation control was investigated by Prandtl as early as 1904 in the form of 
boundary layer control [5] and has since been further researched and improved. This publication 
further focuses on an  separation control approach which means that external energy in the 
form of pressurized air is required.  The basic principle of active separation control can be 
summarized as adding momentum to the boundary layer to increase its resistance against adverse 
pressure gradients. It has been shown in numerous publications, that local surface-tangential blowing 
is successful in adding momentum to the boundary layer and providing the necessary resistance 
against separation. The momentum addition is further increased by entrainment of surrounding high-
momentum flow [6]. Advancing to oscillatory blowing, commonly applied in a periodic form, further 
increases the effectiveness of separation control through the generation of vortical structures [7]. 
These additional vortices increase the momentum transfer from high-momentum flow towards the 
boundary layer. The presented work applies unsteady forcing with high amplitude that reaches 
beyond the boundary layer, a mechanism that was thoroughly investigated and tested for example by 
Bauer [8].  

Different applications of active flow and separation control depend strongly on local aerodynamics, 
specific conditions of the boundary layer state and the underlying separation mechanism. A direct 
comparison is therefore usually difficult but three prominent parameters are commonly used to 
compare the actuation amplitude, air jet velocity and actuation frequency. The momentum coefficient  

 (1) 

relates the momentum flux added by the actuation system  to the momentum flux of the free-
stream. The latter is calculated as the product of the incidence dynamic pressure  and a reference 
area, i.e. the projected model surface . The velocity ratio is defined by [9] as 

(2)

where  is the velocity of the jets produced by the AFC system and  is the incidence velocity. 
The third parameter relates to the frequency of actuation and is calculated in analogy to a STROUHAL 
number as the nondimensional frequency 

(3) 

where  is the actuation frequency of the system and  is the chord length. Previous numerical 
investigations within the framework of this publication have shown a neglectable effect of  on the 
aerodynamic effectiveness of the AFC system [10].  
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3 ACTUATOR DESIGN 

Pulsed air blowing with net mass flow is exerted with the help of a two-stage flow control system. For 
safety-driven industries like ours this concept is attractive due to the lack of moving or electrical 
components. The present flow control system employs a two-stage design with a fluidic oscillator 
acting as the driving (or 1st) stage and an array of fluidic diverter elements acting as the outlet (or 
2nd) stage. Fluidic oscillators make use of the possibility to switch a primary jet between two stable 
states by applying a much weaker control jet. Fig. 1a depicts a single diverter element of the outlet 
stage at an instant in time where the left outlet is active. This instant corresponds to a flow state of 
the driving stage where the right port is active and therefore pushes the primary mass flow towards 
the left outlet. At an instant half a period later, this flow state will be reversed, and the right outlet 
will be active. ls. The span-wise 
structure is the driving stage, based on the principle of a fluidic oscillator. Behind it, seven diverter 
elements as shown in Fig 1a are aligned that together form the outlet stage.  For a more detailed 
description and application of a similar two-stage system refer to Bauer  [2]. 
The possibility to provide unsteady airflow with only one stage of fluidic oscillators has previously 
been shown in several publications, e.g. with sweeping jets in [11]. The design effort of the two-
stage actuator concept significantly increases in contrast to single-stage oscillators like sweeping jets. 
The reason for choosing the two-stage design regardless is given by three aspects of interest for 
future application of the technology on an aircraft: 

 Increased efficiency  the conversion of total to dynamic pressure is more efficient due to 
the application of several diverters driven by only one oscillator that produces the most 
losses due to its internal complexity 

 Improved compactness  driving multiple diverters with one oscillator reduces the required 
installation space, as only the driving oscillator requires feedback lines 

 Improved variability  the two-stage actuator design allows for an independent setting (and 
tuning) of actuation amplitude and frequency 

Requirements with respect to flow control parameters, geometry and the test environment are 
collected in Table 1. These requirements are the basis of a successful design of the actuator. As the 
functionality of the flow control system relies purely on its internal shaping, it is not possible to design 
an actuator with any given combination of parameters  e.g. low switching frequencies require a 
sufficiently large feedback structure, therefore defining a minimum size of the overall AFC system. 
The design of the two-stage AFC system is undertaken in a three-step process with increasing design 
fidelity. A theory based approach is used to define the basic features of the flow control system, 
including its approximate dimensions, the number of elements in the second stage, and the 
dimensions of critical flow cross-sections. Based on these formulations the design for the second 
stage elements is derived. The workflow is concluded by the development of the driving stage and 
the integration of the two stages with experimental testing and refinement of parameters. Employing 
further experimental testing, the design is modified until all specifications and requirements - i.e. with 
respect to modulation, frequency and spatial jet homogeneity - are satisfied. 

Rapid prototyping and 3D printing are used whenever a prototype is necessary  approximately once 
per iteration loop. CFD simulations are used mostly to analyse the internal flow topology of the 
actuators, while the practical experiment-based approach provides information on the flow conditions 
at the outlet and consequen  

Table 1: Potential requirements for actuator design 
Flow control / physics Model / geometry Environment / wind tunnel 

 jet velocity / MACH number 
range  

 pulsation frequency range  
 mass flow rate or outlet slot 

dimensions 
 number of slots 
 geometric jet exit angle 
 jet quality criterion (jet 

velocity homogeneity) 

 location of AFC system 
integration: span-wise 
extent, chord-wise location, 
local surface curvature 

 installation space: bounding 
box for the AFC system, 
model-internal obstacles  

 interfaces for structure and 
pressure supply 

 loads on the AFC system 
 temperature of ambient and 

working fluid  
 security factors issued by 

the wind tunnel operators 
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Figure 1: (a) Final design of a second stage diverter element; 
streamlines colored according to Mach number [13]; 

 

The flow control parameters as well as geometrical constraints both collected in Table 1 are derived 
from CFD simulations of the wind tunnel model [10, 12]. The resulting system is designed as an 
insert integrated at ten percent relative chord length inboard of the engine pylon. The outlets of the 
system are inclined at 30 degrees to the local surface. In total, 14 slots are integrated into the design 
which produces pulsing jets with a 180 degree phase-shift between adjacent outlets. The total span-
wise extent of the insert is approximately one meter. The flow control insert is equipped with a 
number of pressure sensors to monitor its function and performance. Three major functions have to 
be monitored: if each of the outlets is supplied with pressurized air; if the fluidic oscillator is providing 
the necessary control flows and if overall performance is achieved, i.e. if pressure levels are met. In 
addition to the pressure sensors, a mass flow meter is installed in the supply pipe outside of the wind 
tunnel model.  
The flow control system including all monitoring sensors was optimized in preceding ground-tests. 
First results of these ground tests show that the system is fully functional (full modulation of jets) and 
that the desired parameters are possible within given mass flow and pressure limits [13]. In the next 
chapter the ground tests are revisited and further results are presented. 
 

4 GROUND TESTING OF THE PULSED JET ACTUATOR 

After theoretical and numerical development of the pulsed jet actuator, a series of ground tests is 
performed to optimize and finalize the design. Three stages of ground testing are used to acquire the 
necessary data. Preliminary results of the first and second test stage, which cover an optimization of 
the actuation frequency and an investigation of the manufacturing method, are discussed in [13]. In 
a third stage of the ground test, the final actuator for integration into the wind tunnel model is 
investigated. All necessary hardware including the monitoring system is included in this final test. 

An important step of the actuator design is the integration of the two stages and the following testing 
of the first complete system prototype. This step of the design process is focused on a final tuning of 
the actuation frequency by varying the length of the . For easy variation 
and tuning of the actuation frequency, a modular system with flexible tubes is incorporated into this 
first prototype. From this data the required feedback length structure can be directly inferred. In 
addition, such an experiment on a full system prototype allows validating the prediction of the system 
limits with respect to lower and upper working mass flow rates. The size of the full AFC system as 
well as the number of permutations of feedback length and mass flow rates of interest (here: approx. 
100 data points) makes the use of CFD for this task uneconomical. Experimental results of this stage 
of testing are presented in the next section. 
  

(a) (b) 

outlet/2nd stage element 

driving/1st stage 

feedback lines 
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Figure 2: Test setup of the pulsed jet actuator (1) with corrugated pipes (2) 
and three-hole-probe on a three-axis traverse (3) [13] 

Fig. 2 depicts the final pulsed jet actuator (1) during the last stage of ground testing, which focused 
on a final characterization of the system. The actuator is manufactured from four separate Aluminium 
layers that incorporate the flow channel geometry (c.f. Fig. 1b). Two layers together form the shell of 
the outlet and driving stage respectively whereas the inlets are manufactured separately with 3D-
printing of Aluminium. The supply air is delivered through eight individual corrugated pipes (2) to the 
actuator (1). During ground testing, the produced jets are investigated with the help of a three-hole 
probe (3) on a three-axis traverse. With this setup, the jet MACH number was measured on a field 
spanning all 14 outlets. In addition, the supply mass flow was logged as well as data of the 
monitoring sensors. From this data, it can be stated if the corresponding outlet is active, in correct 
phase with its partner, and if the desired working point is achieved. The three-hole probe was moved 
across the outlets at a height of 1 mm above the actuator with approx. 2500 measurement points per 
diverter. Phase-averaging of data logged over one second was used to evaluate and condense the 
measurements to one  Further evaluations based on this time history of the phase-
averaged pulsed jet are presented in the following chapter. 

5 GROUND TEST RESULTS 

During ground tests with the first prototype, frequency data was logged together with a variation of 
feedback length and mass flow rates. In Fig. 3 the resulting normalized frequencies are plotted versus 
the mass flow rate normalized with respect to the design point. The dashed lines correspond to 
several different feedback length settings, where the top line marked with circles represents the initial 
design. As expected, the actuation frequency decreases with longer feedback lines and increases at 
higher mass flow rates due to increased flow velocities and therefore shorter switching times. The 
collection of frequency data is only possible starting at settings of approx. 40% of the design mass 
flow. At lower mass flow rates, the driving stage (a fluidic oscillator) does not function properly. In 
the data corresponding to the prototype measurements (dashed lines), the upper limit at approx. 
80% is not given by the system but is rather a result of the testing facility. During these first 
measurements, no higher mass flow rates were available. 
The measurement data of nine different feedback lengths was used to extrapolate the desired 
actuation frequency at the design point and to consequently choose the corresponding feedback 
length. Due to the given bounding box of the AFC system, the resulting feedback lines were 
incorporated in the upper layer of the driving stage in a meander-like fashion. The internal flow 
channels are depicted in Fig. 1b and indicate the final layout with refined feedback lines. The solid 
black line in Fig. 3 corresponds to data measured with the final actuator as shown in Fig. 2.  At the 
design point, a normalized actuation frequency of  is reached which perfectly satisfies this 
requirement. 
 

1 

2 

3 
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1 

Figure 3: Actuation frequency in relation to mass flow; dashed lines resulting from 
prototype at variable feedback lengths, solid line resulting from final actuator 

 

Figure 4: Contours of jet MACH number at time of peak values in each slot with 
time history of two selected points over two pulses 

MACH number data evaluated from the three-hole probe measurement during the last stage of ground 
testing is presented in Fig. 4. The MACH number contours of one diverter element are shown 
exemplarily. The data is taken from two instants during one phase-averaged period, with each instant 
corresponding to the time were peak MACH numbers are reached in the respective slot. It can be 
noticed, that both outlets produce similar MACH number patterns, while reaching values of  
across large sections of the slots. In significant sections of the slots, values of  are 
evaluated, only limited by the calibration range of the three-hole probe (yellow contour). In addition 
to the contour plot, the MACH number histories of two selected points are plotted over two pulses. 
This plot clearly indicates, that full modulation of the jet is achieved, with MACH numbers dropping to 
zero during the active cycle of the opposite slot. This evaluation shows, that two of the design targets 
are satisfied: The peak MACH number of  is reached and full modulation of jets is achieved 
at the design point. 

Resulting from measurements with the three-hole probe, a correlation between the jet MACH number 
 and the supply mass flow  can be extracted, see Fig. 5. This correlation is the most important 

result of the ground test and is required during wind tunnel experiment, because no velocity or MACH 
number measurements of the jets can be performed during these tests. An installation of any kind of 
measurement would interfere with the flow and would distort the actual aerodynamics in the area of 
interest. In Fig. 5, the mass flow is normalized with respect to the design mass flow. Measurement 
data starts at approximately 40% because a minimum mass flow through the driving stage is required 
for the fluidic oscillator to function properly. A cubic polynomial is used to fit a curve in the plotted 

- 100% mass flow. As introduced in 
section 2, the momentum coefficient  and the velocity ratio  are of major interest. 
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Figure 5: Peak jet MACH number versus mass flow; 
curve fit based on cubic polynomial 

Proceeding from Eq. 1, the momentum coefficient for pulsed blowing can be expressed as 

 (4) 

where  is the duty cycle of the actuation, here fixed at 0.5 with periodic blowing, and where 
 is the maximum jet velocity achieved during one cycle. The factor  together with 

the peak jet velocity  represents the root mean square of the periodic pulse. Multiplying this 
value with the mass flow yields the effective momentum introduced into the flow, c.f. Eq. (1). The 
peak jet velocity can be calculated from the measurement data and the corresponding fit in Fig. 5 
according to 

 (5) 

Here,  is the static jet temperature calculated according to isentropic flow relations with the jet 
MACH number  and the total temperature of the supply air . With the assumption of constant 
values for ,  and  Eq. 4 together with Eq. 5 is reduced to . With the cubic fit 
plotted in Fig. 5 and the definition in Eq. 2 the velocity ratio can also be expressed as a function of  
and  as . This allows plotting a multitude of curves within the operation range of the 
actuator  and the possible range of incidence velocities . 

Fig. 6 depicts seven of these curves, with three of them plotted at constant incidence velocities (solid 
lines) and four of them plotted at constant velocity ratios (dashed lines). Three defined incidence 
velocities are used for visualization purposes. The levels with  are set equidistantly 
between the maximum and minimum VR at the highest plotted incidence speed.  
What is remarkable in Fig. 6 is that levels of constant velocity ratio  approximately coincide with 
levels of constant momentum coefficient . This reduces the number of independent variables and 
therefore facilitates the analysis during wind tunnel experiments. Only at higher  and  do the 
curves with  deviate from levels with constant momentum coefficient. Given the 
assumptions of this evaluation based on isentropic flow the error is minor in comparison and 
therefore allows for  points of 

selected according their expected aerodynamic effectiveness and a realistic application 
of the system. First, the maximum possible   and  are of interest (lowest incidence 
speed at highest mass flow), which represents the point of maximum energy the AFC system can 
introduce with respect to the incidence flow. This setting should achieve the highest aerodynamic 
effect but is unlikely to be applied in a realistic scenario (low incidence velocity means low REYNOLDS 
number,  limited by onboard air supply). In addition, all intersection points on the curve 
representing the highest incidence speed are of interest because in this case a realistic REYNOLDS 
number of approx. 11 million is represented. 
realistically possible aerodynamic effect and provide the basis of an analysis in terms of 
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Integration and testing of the AFC system are successfully performed in a large-scale wind tunnel 
facility. Due to the focus of this paper on the actuator design, no further results of the wind tunnel 
campaign are discussed. The successful installation of the actuator into the wind tunnel model 
concludes the actuator development with its designated application. Model and geometrical 
requirements are satisfied and no issues with respect to the test environment are present. 

  

Figure 6: Evaluation of momentum coefficient at several incidence velocities; 
dashed lines indicate levels of constant velocity ratio 

6  CONCLUSION 

A pulsed jet actuator for separation control at the pylon-wing junction has been designed, optimized 
and manufactured for application in a full-scale wind tunnel test. Benefits of the applied two-stage 
concept are described and the corresponding design work flow is introduced. Design parameters are 
presented that are based on requirements with respect to flow control physics and performance as 
well as to the actuator and model geometry. The design target for these parameters is derived from 
CFD simulations of the wind tunnel model. 
Two important steps of the design process are described in more detail, namely the testing of a first 
full system prototype and the characterization of the final actuator. The first ground test of the 
prototype is focused on a tuning of the actuation frequency with the help of variable feedback lines. 
Results of this ground test stage are used to refine the geometry of the fluidic oscillator. A 
comparison of frequency data of the prototype and the final actuator proves that this design step was 
successful and that the target actuation frequency range is reached with the final actuator. An 
evaluation of the three-hole probe data shows that the required peak MACH numbers are reached and 
that full modulation of the jet is achieved. Jet MACH numbers logged during the last ground test of the 
final actuator are used to further evaluate the most important parameters of flow control, i.e. the 
momentum coefficient  and the velocity ratio . For the presented actuator it is shown that levels 
of constant velocity ratio approximately coincide with levels of constant momentum coefficient. This 
reduces the amount of independent variables and allows for a simplified identification of interesting 
settings during wind tunnel testing. 
Results of the ground test conclude that all parameters with respect to flow control are within their 
design limits. The first successful installation of the actuator proves that all geometrical requirements 
are satisfied. Wind tunnel test are performed as planned with flow control settings and parameters 
derived from the presented evaluation. 
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Design of a Synthetic Jet Actuator for Separation Control 

ABSTRACT 

This paper describes the development of a piezo-electric Synthetic Jet Actuator (SJA) in the AFLoNext 
project. AFLoNext (Active Flow  Loads & Noise control on Next generation wing) is a project within 
European th Framework Program. One of the main goals is the application of Active Flow 
Control (AFC) techniques, such as SJAs and Pulsed Jet Actuators (PJAs) in two different application 
scenarios to evaluate the potential benefit for retrofit of current aircraft and also for future aircraft 
designs. For large-scale wind tunnel testing, an actuator panel with 85 SJAs including the drive 
electronics system was designed and pre-tested in a laboratory environment. The performance 
exceeds 100 m/s with outlet nozzles of 2.5 mm diameter and a span wise clearance of 10 mm. A 
second actuator design was prepared for the application on the outer wing region and was 
investigated in an environmental test campaign.  Two rows of 5 actuators were integrated in a panel 
with 10 x 0.5 mm² slotted outlet nozzles. With this design also velocities exceeding 100m/s can be 
measured. The actuators withstand different harsh environmental conditions including extreme 
temperature, rain, mechanical vibration and shock. With the results of the project, a Technology 
Readiness Level (TRL) evaluation will conclude the maturity of the technology. Depending on the final 
test and evaluation results, achievement of TRL4 is expected. 

KEYWORDS: 
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1 INTRODUCTION 

1.1 AFLoNext technology streams 

AFLoNext is a project within the European th Framework Program. One of the main goals is 
the application of Active Flow Control (AFC) techniques, such as Synthetic Jet Actuators (SJA) and 
Pulsed Jet Actuators (PJA) in two different application scenarios to evaluate the potential benefit for 
retrofit of current aircraft and also for future aircraft designs. An overview of the different Technology 
Streams (TS) in the project is depicted in Figure 1. In TS2 the application of Synthetic Jet Actuators 
on outer wing region is evaluated. For the actuator development in TS2 the focus was on the 
robustness of the system. A detailed test campaign for the assessment of the system in different 
harsh environmental conditions was performed. A second application scenario is evaluated in TS3. 
The actuators are applied on the wing/pylon junction to counter the lift losses caused by the closely-
coupled integration of Ultra High Bypass Ratio (UHBR) turbofan engines. The other Technology 
Streams within the project deal with other approaches for reducing emissions for future aircraft, such 
as hybrid laminar flow control or noise and vibration mitigation.  

 

1.2 State of the Art review 

It has been known for two decades that Synthetic Jet Actuators) are able to manipulate an air flow. 
This effect can be used for fluidic active flow control, especially for aerospace applications. Apart from 
this this, their possible application field is very wide. SJA can be used for cooling of small surfaces, jet 
vectoring, pumping, mixing enhancement and for many other purposes. The device consists of a 
small cavity which is closed on one side by a vibrating transducer element. On the other side of the 
actuator a nozzle connects the cavity with the external environment. The vibration of the transducer 
element leads to a periodic suction and exhausting of the surrounding fluid through the nozzle. Due 
to the pulsed blowing a synthetic jet is formed in front of the nozzle, even if the net mass-flow 
through the actuator is zero. The advantages of SJAs are that they do not need an external 
compressed air source, are relatively small and have a low power consumption. Challenging is their 
limited performance with respect to possible peak velocities and the interdependence of the 
resonance behaviour and environmental conditions. The development in AFLoNext aims on a progress 
towards feasible actuators for future aircraft integration. The identified drawbacks of the actuators 
are addressed and the designs focus on both aspects - high performance as well as high robustness - 
to meet the industrial requirements. 
 
The majority of the described actuators in literature use piezo-electric transducers (1 6), but also 
actuators with shape-memory alloy based transducers (7) or mechanical piston actuators (8, 9) are 
used to drive SJA. Next to this kind of transducers, also actuators with electro-dynamic transducers 
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are described (10). The normal velocity range of the described actuators lies below 50 m/s. The 
different geometrical parameters of the actuators make an overall benchmark of different prototypes 
difficult, because the peak velocity depends on drive frequency, nozzle geometry, cavity volume and 
even the used clamping method for the transducer element. A review of the current state of the art 
has identified four main aspects for further optimization: 
 

 Transducer element optimization calculations and simulations; 
 Modelling and optimization calculation for geometrical parameters for the fluidic resonator; 
 Clamping and electrical contact for transducer element integration; 
 Increased robustness against harsh environmental conditions. 

 
The requirements given by the industrial partners cover constraints of the following aspects: 
 

 
 
 Energy consumption 
 
 Operability 
 Redundancy 
 
 Weight 

 
Not all requirements apply to the hardware system which is evaluated in wind tunnel tests. The focus 
has been the bold marked aspects above to keep the effort in line with the available time. All other 
aspects will be addressed in further developments of the actuator system towards a future flight test. 

2 ACTIVE FLOW CONTROL ON THE WING / PYLON JUNCTION 

2.1 Concept for Wind Tunnel Evaluation 

The main goal of the system design was the compliance with the requirements that apply to the 
integration in a 1:1-scale wind tunnel model. Because of the limited budget and time, a cost 
optimized solution is designed with the option to further miniaturize and integrate the system in 
future design iterations. The final specification of the actuators was not available during the design 
phase of the system, so certain assumptions had to be made. This led to the modular approach of the 
system. Changes on the system can be made more easily than with fully integrated systems. 
 
An overview of the complete system design for the SJA AFC system is shown in Figure 2. It consists 
of three main parts: 

 The SJA Insert for the housing of the actuators and the integration in the wind tunnel model; 
 Signal conditioning, actuator excitation and monitoring equipment, located as close as 

possible near the wind tunnel model (Drive Electronics subracks); 
 The HMI (Human Machine Interface) computer for control, data recording and visualisation. 

 
The Drive Electronics system consists of two High Voltage (HV) Amplifier  subracks that are controlled 
by a Measurement & Control (M&C) subrack. It provides high-voltage excitation signals for the 
actuators and monitors the current status of the system and the individual actuators. 
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2.1 Wind tunnel test actuator design 

The Synthetic Jet Actuators developed in AFLoNext are based on piezo-electric transducers. They are 
equipped with a two-pin electrical connector for the HV input signal and have a 45° inclined circular 
outlet with a diameter of 2.5 mm on the upper side of the housing. The outlet has a sealing for an air 
tight connection with a common top cover plate. The actuators have a polymeric housing. 

 

The electrical parameters of the piezo-electric transducer determinegovern the design of the drive 
electronics system. The following parameters were used to calculate the required amplifier power: 

 Capacitance of transducer element: 200 nF 
 Drive frequency in mechanical resonance: 2.0 kHz 
 Maximum excitation voltage: 200 Vpp (unipolar) 

The typical performance of three actuators is shown in Figure 4. Velocities up to 100 m/s are possible 
with a current consumption of 0.15 A to 0.2 A.  At the resonance frequency the power consumption 
of an actuator can be calculated using the average current . With 200 V excitation voltage 

the power consumption of one actuator is 9.6 to 12.7 W. 
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2.2 Drive electronics design 

The initial aim of the market survey was to focus on the use of Commercial Off-The-Shelf (COTS) 
equipment as a complete solution to drive all required actuators. The leading specifications were the 
ability to drive large capacitive loads (100 SJAs of 200 nF each) in combination with sinewave 
excitation voltages of at least 150 Vpp and a frequency of 3 kHz. Because of the required high full 
power bandwidth with the associated high slew rate, this leads to HV amplifiers that must be able to 
deliver a current of about 28 Ap in total. COTS products with such specifications (total power 
exceeding 2 kVA) were not found on the market. Only high voltage power amplifiers that are 
specifically designed for driving reactive loads are suitable for this application, as regular amplifiers 
would suffer from stability issues and have difficulty to cope with the high dissipation in the power 
stage.  Also, flexible grouping of actuators is desired with the option to drive various groups with 
different signals. The high total power demand and the grouping requirement called for a more 
flexible custom solution based on smaller COTS HV driver amplifiers.  
Various desktop and modular amplifiers were evaluated from such manufacturers as Trek, Physik 
Instrumente, Sonitron, Tegam, Piezo Systems, and PiezoDrive. The most appropriate amplifiers with 
regard to technical performance, compactness, and price are manufactured by PiezoDrive. The 
selected amplifier module is a fan-cooled OEM module from PiezoDrive, type MX200 (11). This 
module can be configured for a maximum amplitude of 100, 150, or 200 Vpp. Maximum output 
current depends on the selected voltage mode. For the 200 V setting, the maximum output current is 
220 mARMS and 1 Ap. This corresponds to driving 250 nF at 2 kHz at 200 Vpp. The output is current 
limited and tolerates overloading and short circuiting, making it a robust solution.  
 
An Amplifier subrack (Figure 5) is designed and manufactured that contains twelve MX200 amplifier 
modules and the DC power supplies for the amplifiers. Three amplifier modules are combined on one 
carrier board; four carrier boards and two COTS power supply modules (12) are incorporated in one 
amplifier rack. The subrack is a 19" unit with perforated top and bottom panels. They allow 
ventilation while at the same time shielding the dangerous voltages that exist on the amplifier 
modules. A fan tray is fixed to the bottom of the rack, in order to remove the heat that is dissipated 
in the amplifier modules.  
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Monitoring of the actuators is necessary to have a feedback on the actual behaviour during the tests. 
Different approaches for the monitoring can theoretically be used, but have to be feasible in terms of 
integration, costs and handling. A characterization of the performance with conventional air speed 
measurements with hot-wire anemometry is not possible during the tests. Due to the dynamic 
alternation of the suction and blowing phase in one cycle, a very fast system is needed. Pitot tube 
systems have the drawback of low-pass filtering the velocity signal due to fluidic capacitance in the 
tube and therefore can only be used at low frequencies. Also, the integration in the small nozzle 
structures would be very challenging. A second solution would be to monitor the pressure in the 
cavity of the actuators and the outer pressure to calculate the velocity through the nozzle based on 
the pressure difference with common analytical equations. Small pressure sensors which can measure 
the cavity pressure fast and accurately are however too expensive for integration in each actuator. 
Therefore only the possibility of measuring the electrical characteristics of actuator voltage and 
current consumption is available to provide feedback of the actuator behaviour. The dynamic 
behaviour of the actuator can be observed by measuring the frequency-dependent current 
consumption and the phase angle between voltage and current signal.  
 
Figure 6 shows the connection between the Amplifier subracks, the Measurement & Control (M&C) 
subrack and the actuators. The HV signal of the amplifiers is routed through the M&C subrack. In this 
subrack a measurement circuit monitors the voltage and current signal. From the M&C subrack the 
HV signal is connected to the actuators. Up to four actuators can be connected in parallel to a single 
output of the M&C subrack. 
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The M&C subrack has integrated microcontroller-based data acquisition circuits. The microcontrollers 
measure the signal  current and voltage. Moreover, they provide an analogue input signal for the HV 
amplifiers. The subrack is only functional when it is connected to a remote measurement computer. 
On this computer a software application provides a user interface to control the subrack and setup 
the drive signals as well as collect the data measured by the microcontrollers. 

 

Cable harnesses were manufactured for the signal exchange between the M&C subrack and the two 
Amplifier subracks, and also for connecting the actuators to the M&C subrack. The latter cables are 
five meters long. They carry potentially lethal signals and are manufactured using high-voltage wire in 
twisted pairs. Sets of these twisted pairs are contained in braids that provide a protective shield that 
ensures safety even in case a cable is damaged mechanically. Inductance of the long cable needs to 
be kept below a specified value, in order to avoid resonance with the SJA capacitance at a frequency 
in or close to the signal bandwidth.  
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The windows software for control of the M&C subrack is implemented in C# programming language. 
It can be used to set up the drive parameters for every amplifier and measure the voltage and 
current on every channel out of the total of 24. Furthermore, it monitors the overload status of the 
amplifiers and gives the possibility to enable or disable individual amplifiers. To identify the resonance 
behaviour of the actuators and track if there are changes related to the different outer flow 
conditions, the software is capable of performing a frequency sweep and providing data for peak 
current versus frequency plots. This data can be used to check if the resonance frequency has 
changed and drive parameters can be adapted accordingly. For the wind tunnel test a common time 
synchronization signal will be provided by the wind tunnel system via the UDP protocol. Therefore the 
software monitors and logs also the UDP ports so that the acquired data of the measurement system 
can be easily linked to the specific experiments during the test campaign. Figure 8 shows the 
software user interface with the different sections: 
 

(1) Enable/Disable of amplifier boards with overload signal indicators; 
(2) Setup of drive signal amplitude and frequency; 
(3) Setup of Measurement file path and sweep parameters; 
(4) Setup of Range for plots; 
(5) Current and voltage plots for every amplifier with setup block for; 

a. Drive signal and frequency 
b. Enable 
c. Overload indicator 

(6) UDP monitoring. 

 

 

2.3 Laboratory testing of the system 

The Drive Electronics system was tested with the SJA Insert that is used for the wind tunnel tests. 
Figure 9 shows the setup for the laboratory tests.  
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Due to manufacturing tolerances the performance of the actuators is not identical. The panel was 
characterized by means of a hot wire anemometer. The results are shown in Figure 10 including the 
scattering of the performance. The drive electronics system was capable of driving all actuators 
without going into overload state. The capacitance of one actuator is approximately 85 nF. Up to four 
actuators are connected to one amplifier in parallel, which this corresponds to a capacitive load of 
340 nF. 
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3 ACTIVE FLOW CONTROL ON THE OUTER WING 

3.1 Concept for Robustness Test Campaign 

  

For the robustness test campaign a panel with ten actuators in two rows was designed and 
manufactured. The panel integrates two different nozzle geometries. One row has 10*0.5mm² with 
30° nozzle inclination. The second row basically has the same geometry, but with a 45° inclination 
with respect to the surface. All actuators within the panel are connected to one common 25-pin D-
Sub connector. Twenty pins are used for connecting every single actuator with a 2-pin electrical 
interface. The remaining five pins are used for grounding the panel to protective earth, when the 
drive electronics system is connected. For driving the actuators with a proper HV signal an amplifier 
system with attached measurement circuit for current and voltage monitoring is used. In contrast to 
the system described above, this system has only two HV amplifiers (in-house development by 
Fraunhofer) integrated. The peak output voltage is 150V. Ten channels  five per amplifier output  
for voltage and current monitoring are available. The system is connected via USB interface to a 
control computer and a LabVIEW software is used to set up the drive signal and monitor the actuator 
signals and their current consumption. 
 
 

3.1 Robust Actuator design 

The actuators are designed with an aluminum housing. The same transducers as for the actuators for 
wing-pylon integration are used. The interface to the top cover is a circular hole with 4 mm diameter. 
The within the nozzle the geometry changes to inclined slots of 10*0.5mm² with 30° or 45° 
inclination. The choice to use aluminum as the housing material was based on the extreme 
environmental conditions the actuators had to withstand during environmental DO1060 tests. 
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3.2 Results of test campaign 

Before starting the tests campaign the performance of every single actuator in the panel was 
characterized using a hot-wire anemometer. To verify the influence of the harsh environmental tests 
on the actuator panel the characterization was repeated after every test. The results showed whether 
the actuators still worked properly or whether the performance had changed. The different tests are 
an indicator of any critical weak points of the current design and will be detailed to exactly identify 
the individual failure mechanisms and derive adaptions of the design out of them. 
 
Most of the tests are performed using the EUROCAE ED-14G (RTCA DO-160G) environmental test 
standard for airborne equipment. More detailed information can be found in (13). 
 

4 OUTLOOK 

The goal of the test campaign was the technology evaluation and assessment of the Technology 
Readiness Level (TRL). With the current results of the environmental test campaign the actuator 
system is classified as TRL 3. With positive results out of the wind tunnel test TRL 4 may be achieved. 
The further development on the actuators will focus on aircraft integration and addresses the 
identified drawbacks of the current design to find more robust solutions. The results of the project 
AFLoNext will be transferred to future projects to mature the technology towards higher technology 
readiness levels. This will include a miniaturization of peripheral electronic systems and a further 
optimization of the actuator performance with integration of additional internal sensors for enhanced 
monitoring and control. 
 
  

Page 81



CEAS 2017 paper no. 180 Page | 
12 
P. Weigel, M. Schueller, T. ter Meer, M. Bardet Copyright © 2017 by author(s) 

Aerospace Europe
6th CEAS Conference 

 References 

[1] OYARZUM, Matias A., and Loius CATTAFESTA. Design and Optimization of Piezoelectric Zero-Net 
Mass-Flux Actuators. 2010. 

[2] DENG, Jinjun, Weizheng YUAN, Jian LUO, Dandong SHEN, and Binghe MA. Design and 
Fabrication of a Piezoelectric Micro Synthetic Jet Actuator. 2011. 

[3] GIRFOGLIO, Michele. 
2015. 

[4] BHATT, Shibani, Vladimir V. GOLUBEV, and Yan TANG. Design, Modeling and Testing of Synthetic 
Jet Actuators for MAV Flight Control. 

[Reston]: [American Institute of Aeronautics and Astronautics - 
AIAA], 2014. 

[5] GALLAS, Quentin, Ryan HOLMAN, Toshikazu NISHIDA, Bruce CARROLL, Mark SHEPLAK, and 
Louis CATTAFESTA. Lumped Element Modeling of Piezoelectric-Driven Synthetic Jet Actuators 
[online]. 2003, 41(2), 240-247. Available from: 10.2514/2.1936. 

[6] LUCA, Luigi de, Michele GIRFOGLIO, and Gennaro COPPOLA. Modeling and Experimental 
Validation of the Frequency Response of Synthetic Jet Actuators [online]. 2014, 1-
16. Available from: 10.2514/1.J052674. 

[7] LIANG, Yuanchang, Minoru TAYA, and Yasuo KUGA. Design of diaphragm actuator based on 
ferromagnetic shape memory alloy composite. In: Eric H. Anderson, ed. 

SPIE, 2003, p. 45. 

[8] ASHRAF, Hamad Muhammad, Karthika Murugan ILLIKKAL, Francis D'SOUZA, Mohamed Alsayed 
MAHMOOD, Suhail Mahmud MOSTAFA, Young Hwan KIM, Petra VÍT. 
Design & Development of a High Mass Flow Piston Synthetic Jet Actuator [online]. 

2015, 92, 2002 [viewed 24 August 2015]. Available from: 
10.1051/epjconf/20159202002. 

[9] GILARRANZ, J., and O. REDINIOTIS. Compact, high-power synthetic jet actuators for flow 
separation control. 2001. 

[10] AGASHE, JANHAVI S. 
2009. 

[11] PIEZODRIVE.  [online].  [viewed 17 July 2017]. Available 
from: https://www.piezodrive.com/wp-content/uploads/2016/01/MX200.pdf. 

[12] SCHROFF.  [online].  [viewed 20 
September 2011]. Available from: https://schroff.pentair.com. 

[13] BRINZA, Ionut, Johannes KIRN, and Perez WEIGEL. Testing of Active Flow Control Actuators at 
Harsh Environments. . 

Page 82



Page 83



CEAS 2017 paper no. 2207                                                                                                                                Page | 1 
Paper Title: Testing of Active Flow Control actuators at harsh environment Copyright © 2017 by authors 

Aerospace Europe 2017
6th CEAS Conference 

Testing of Active Flow Control actuators at harsh environment 

ABSTRACT  

During the last two decades active flow control technologies have been developed and matured, and 
the results showed that this concept has a highly potential for achievement a reduced impact on the 
environment foot-print, and so, to have a greener future aircraft transportation. [1,2]. One of the goals 
of AFLoNext (Active Flow Loads & Noise control on Next generation wing) project is to design, 
manufacture and test two different architectures of actuators Synthetic Jet and Pulsed Jet- in order to 
evaluate the benefits of this type of hardware and to secure the path for higher Technology Readiness 
Level. The present paper presents the results of the harsh-environment testing campaign on the 
mentioned actuators which was performed in INCAS (Romania National Institute for Aerospace 
Research) laboratory, based on a testing matrix and standards requirements (environmental conditions 
and test procedures). Tests on extreme temperature (hot/cold), mechanical vibrations and shocks, 
artificial rain, solid elements contaminations including dust and sand exposure were performed in order 
to demonstrate the robustness of the actuators tile.  

KEYWORDS:  

NOMENCLATURE  

Acronyms  
AFC  Active Flow Control  
CFD  Computational Fluid Dynamics  
TRL  Technological Readiness Level 
 
Latin  
g  Gram 

 Frequency  
 Mach number  

 Dynamic pressure  
 Mass 
 Temperature  
 Velocity  

 
 
 
 

Page 84



CEAS 2017 paper no. 2207                                                                                                                               Page | 2 
I. BRINZA, P. WEIGEL, P SCHLOESSER  Copyright © 2017 by authors 

Aerospace Europe
6th CEAS Conference 

1 INTRODUCTION 

1.1 General  

Testing of the SJ and PJ actuators in the framework of AFLoNext project (Active Flow  Loads & Noise 
control on Next generation wing) in the harsh environment conditions were performed in INCAS 
Laboratory on individual test rigs according to a test strategy agreed by the hardware developers. The 
ground tests are intended to evaluate the actuators robustness in extreme environment in order to 
open their way to a mature TRL. Given the actuators panels manufactured by Fraunhofer (Synthetic 
Jet Actuators Panel) and Airbus Group Innovation (Pulsed Jet Actuators), INCAS defined a test strategy 
which consists of a series of ground tests: External control of the actuators panel; Testing of functional 
parameters at normal temperature; Testing at extreme temperatures (-55, +70 Celsius Degrees);  
Testing at mechanical vibrations exposure; Testing at mechanical shocks exposure; Testing of 
operational parameters at icing exposure; testing under artificial rain conditions; Testing for exposure 
to solid elements contamination and Testing at dust and sand winds exposure. All the tests specified 
above were performed, noting that after each of these tests, the measurements of the actuators 
functional parameters for nominal operation conditions were again performed for comparison purposes 
with base line measurements.  
 

1.1 Brief description of the work performed  

To allow the mounting of the actuators tiles on the testing equipment it is necessary to design a 
mechanical interface-testing rig. Design of these testing rigs was carried out, for which a modal analysis 
was performed for the all three fixing positions on the vibration and shock machine. The air flow 
measurement methods were reviewed, thus the airflow at exit slots of the actuators panels were 
measured by hot wire when the air temperature is at ambient temperature, while for the high 
temperatures (up to 100°C or more) a method based on Pitot tube was used. The mechanical interfaces 
have to be stiff enough to avoid any influence into vibration and shock test results. Because each 
actuator panels has a different positioning (arrangement) of the air supply and/or electrical supply 
outlet(s), additional mechanical machine works (millings) are necessary. This may leads to inadvertent 
panel-test rig-vibration machine interaction due to weakening of the mechanical strength of the rig.  
Design goal: to minimize the test rigs resonant frequencies in testing domain (5 Hz-3000 Hz for SJ, 5 
Hz  1400 Hz for PJ)  
The test rig designs are presented in Figure 1. (CAD model and manufactured object) 
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2 SYNTHETIC JET ACTUATOR 

For the harsh environmental test campaign a panel with ten actuators in two rows was designed and 
manufactured. The panel integrates two different nozzle geometries. One row has 10*0.5mm² outlet 
area with 30° nozzle inclination. The second row basically has the same nozzle cross section geometry, 
but with a 45° inclination with respect to the surface. All actuators within the panel are connected with 
a two-wire electrical interface to one common 25-pin D-Sub connector in the panel housing. Beside the 
twenty pins for the electrical connection to the actuators, the remaining five pins are used for grounding 
the panel to protective earth, when the drive electronics system is connected. For driving the actuators 
with a proper HV signal an amplifier system with attached measurement circuit for current and voltage 
monitoring is used. The drive electronic system has two HV amplifiers (in-house development by 
Fraunhofer) integrated. The peak output voltage is a 150V. Ten channels  five per amplifier output  
for voltage and current monitoring are available. The measurement system is connected via USB 
interface to a control computer and a LabVIEW software is used to control the drive signals and monitor 
the actuator signals and their current consumption. 

             

 
3 PULSED JET ACTUATOR  

The pulsed jet flow control actuators tested under harsh environment conditions are based on fluidic 
oscillator technology. Their concept eliminates any moving or electrical parts which make the design 
appealing for safety driven industries like aeronautics. The actuators are comprised of connected fluidic 
elements; a fluidic oscillator with interface to an array of fluidic diverters. The fluidic oscillator acts as 
the driving stage which provides pulsing control jets to the fluidic diverters. With the help of the control 
jets, a primary jet is switched between two stable states, each connected to a separate outlet. Figure 
3a depicts a schematic of this two-stage design which was already proven in wind tunnel experiments 
[3]. A flow control system based on the same concept has been tested in wind tunnel experiments 
within the AFloNEXT project framework. Please refer to [4, 5] for a more detailed presentation of the 
two-stage actuator concept. For testing at harsh environment, the actuators are reduced to sizes that 
fit inside the outer wing section, see Figure 3b. The driving stage is wrapped around five diverter 
elements to reduce the spanwise extent of one actuator segment.  
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4 DESCRIPTION OF TESTING APPROACH AND TEST SET-UPS 

Based on a list of requirements identified at aircraft scale, the most relevant cases for testing in harsh 
environment were extracted and addressed into the testing campaign. Some of these requirements are 
described hereafter: the flow control performance shall be robust and predictable; Outside parking at 
the gate should not be a problem for the AFC device (e.g. minor sand ingestion, rain, ice); Ambient 
temperature;  Fluid through actuator system at high temperature; Vibrations and shocks; Exposure to 
non clean fluid; Operation under artificial rain (water exposure). In the following all these test are 
presented. 

4.1 External Control of Actuator Panel  

The external control of the actuator panel consist in dimensional verification (Overall size; operational 
size) and weighing of the aggregate.  Actuator panel (1 row of 5 slots with 30° exit angle and 1 row of 
5 slots with 45° exit angle) in total mass of 1665.1 g 
 

       

  
4.2 Testing of functional parameters at normal temperature (baseline measurements) 

 For the ambient (cold) baseline measurements, the hot wire probe was calibrated at room temperature 
using the method described below and the Streamware Pro software. The program features an assisted 
calibration method that allows for data input along with temperature and voltage readouts to ease 
lifting the calibration characteristic. The DISA M55 calibration system comprising M55D45, M55D46 
together with the tubing and 10 bar approx. air supply. The pressure regulator is supplied from the 
compressor that generates approximately 10 bar and then the regulated output is ran through the 
miniature wind tunnel M55D45 with the appropriate nozzle to generate air velocities typically between 
8 and 300 m/s. Using the pressure indicator with Mach compensation M55D46 we ensure precision 
through compressible flow conditions. Using the 120, 60, 24 and 12 mm2 nozzles we generate a range 
of air velocities that are needed for calibration. Mach compensation is used from 50 m/s onwards so to 
account for the air compressibility. A typical calibration encompasses velocities from 8 to 300 m/s. The 
calibration for the Pitot tube is also made using the same method for generating the velocities but data 
will be recorded using the data acquisition system and processed.  
The dynamic calibration follows: we expose the probe to the maximum expected flow velocity, we apply 
a calibrated step signal to the input, and we adjust the CTA bridge amplification and filtering so that 
the system response is stable. Sensors: Hot-wire and Hot-film Probes (StreamLine Pro CTA / Dantec 
Dynamics); Kulite pressure-sensors; Mass-flow rate; Thermal resistances. Once the calibration is made, 
the StreamLine Pro system is ready to measure the airflow velocities at high temperatures. Using the 
above-mentioned traverse system, we keep the probe and the thermal compensator at the specified 

distance (4 mm) from the slot. Then we begin to investigate the 
flow angularity by angling the probe support. Measurements were 
made for each slot individually, taking into account the system 
performance and spatial resolution, in a continuous pass across 
the length of the slot. In order to account for the flow geometry, 
we placed the probes at a starting position of 4 mm from the slot 
and 8 mm above it, and take a pass at room temperature, and 
then modifying the distance we find the most interesting flow 
profile (maximum speed or maximum speed variation).  
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4.2 Testing at mechanical shocks exposure  

For mechanical shock the test was performed on a dedicated testing-machine TIRA SHOCK 4110. The 
actuators panel was fitted with the same gripping as on the aircraft, in 

shock exposure manifests in one of the 6 directions derived from 
movements in planes parallel to the coordinate axes planes of the 
airplane. This test is based on EUROCAE ED-14G standard, Section 7. 
The device on which the actuators panel is fitted shall be so rigid that 
it does not have resonant frequencies in the 0-3000 Hz range to avoid 
distorting of the shock transmitted by the mechanical shocks testing-
machine. The input shock is measured by an accelerometer, placed as 
close as possible to the actuators panel attachment point, with an 
accuracy of ±10% of standard reading.  
 

 

The drive electronics will be supplied with 230V AC and provide a sinusoidal HV input signal for the 
actuators with a specific frequency and voltage up to 150V. Also, the actuators panel shall be 
operational during the mechanical shock event. The actuators panel is subjected to 3 successive saw-
tooth pulses of 6 g amplitude, 11 ms for each pulse. The direction of the imposed mechanical shock is 
reversed and the same tests as mentioned in the previous paragraph are performed. The experiments 
for the other Y and Z directions of imposed mechanical shocks are repeated. 
 

4.3 Testing at extreme temperatures (+70 Celsius Degrees) 

High Temperature: The actuators panel is installed on the specialized test bench. The entire assembly 
is placed into an enclosure where the working temperature is established at +70°C (EUROCAE ED-14G, 
Section 4.5.4). Nominated temperature levels will be maintained for 1 hour to stabilize the temperature. 
The actuator was visually inspected and weighted before its placement in the climatic chamber test rig 
and equipped with temperature sensors to monitor its surface temperature  
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4.4 Testing under artificial rain conditions 

Testing of operational parameters under artificial rain conditions aims to verify if there is any risk of 
water penetration inside the actuators panel. The test is performed according to EUROCAE ED-14G 
standard, Section 10.3.3. The actuators panel is installed on a suitable holder in a similar fitting position 
and with similar mechanical connections as on the aircraft. The actuators panels are supplied with 230 
V AC for electronical components. Showerhead is positioned no more than 2.5 m from the actuators 
panel and provides 450 l/hour water flow.  Mass of the actuator before the test  mi1= 1665.94g mi2= 
1665.93g mi3= 1665.94g 

     
 
 
 
 
 
 
 
 
 
 
 

 
4.5 Testing of operational parameters at icing exposure  

The icing test aims to determine to what extent the actuators panel is affected by the ice formation 
and it is performed according to Section 24.4.2, EUROCAE ED-14G standard; The actuators panel is 
thoroughly cleaned in order to remove the elements that affect adhesion between ice and its surface 
(such as oil, grease, dirt). The electrical powered actuators panel is installed on a suitable holder in a 
similar fitting position and with similar mechanical connections as on the aircraft. Test procedure is 
described hereafter: a.The actuator is installed in the climatic test chamber; b.The temperature inside 
the climatic test chamber is lowered and the actuators panel temperature is stabilized to -55ºC, at 
ambient room pressure and humidity. The AFC actuators panel is not operating; c.The temperature 
inside the climatic test chamber is raised to 30ºC and the environmental humidity is set at least 95%, 
as quickly as practicable, while the surface temperature of the actuators panel is monitored; d.The 
environmental conditions of 30°C and 95% humidity in the climatic test chamber are maintained until 
the surface temperature of the actuators panel reaches 5ºC. After this surface temperature is achieved 
the environmental conditions in the climatic test chamber are changed to -55°C and to ambient pressure 
and humidity, as quickly as practicable. e. Tests . to . to are repeated 2 times (in total, 3 cycles are 
performed); f. At the end of 3th cycle, the temperature of the actuators panel is stabilized to -55ºC, 

then the temperature in the climatic test 
chamber is set (and maintained) to -10°C, 
until the surface temperature of the 
actuators panel reaches -10±5ºC when the 
actuators panel is put into operating state.  
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4.6 Testing for exposure solid elements contamination 

The actuators panel is installed on the specialized test bench and will be supplied by a HV signal from 
the drive electronics. For this experiment the solid elements used are non-uniform quartz (A), spherical 
steel (B) and spherical glass (C). One of the output windows of the actuators panel is completely 
blocked and the actuator is powered up. 2. Step 1 is repeated successively blocking up to half of the 
actuators panel windows. 3. Then, blocked windows in steps 2 and 3 are released. 4. Bodies of A type 
are placed in all active rooms of the actuators panel final stage through the exit slots. Then the actuators 
panel is supplied by pressure or voltage. It is kept running for 30 minutes or until the complete 
elimination of the elements inserted into the actuators panel. The time at which bodies are removed 
from the actuators panel is recorded in the report attached to the experiment. 5. Step 4 is repeated by 
replacing Type A bodies with Type B bodies. 6. Step 4 is repeated by replacing Type A bodies with Type 
C bodies.  
 

       

 
 

4.7 Testing at dust and sand winds exposure  

Testing at dust and sand winds exposure aim to determine the actuators panel functionality in an 
atmosphere filled with sand and dust. These tests are based on EUROCAE ED-14G standard, Section 
12. The actuators panel was installed in a climatic testing chamber of the facility. The length of the 
chamber section and the position of the equipment under test within it, should be such as to avoid the 
turbulent flow upstream and if possible also downstream the actuators panel. The characteristics of the 
environment in the climatic test chamber are: Temperature: +25±2 ºC, First Cycle, +55±2 ºC Second 
Cycle and Relative humidity no more than 30%. The dust used during the test is Silica Flour, 97% to 
99% silicon dioxide, and is maintained in the chamber at a concentration of 3.5 to 8.8 g/m³. Size 
distributions of 100% by weight less than 150 µm, median diameter (50±2% by weight) of 20±5 µm. 
Dust/Sand Test Procedure: The first cycle parameters are stabilized in the climatic test chamber: 
Temperature, +25±2 ºC; Relative humidity, no more than 30%; Airflow speed along the +x direction, 
between 0.5 and 2.4 m/s - DUST and between 18 and 29 m/s - SAND. These parameters are maintained 
for an hour, along each of the three orthogonal axis, in succession. 
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4.8 Testing at mechanical vibration exposure 

The actuators panel was installed on the vibration machine table ensuring a gripping as on the aircraft. 
Control accelerometers were fixed in the attachment points of the actuators panel. Fastening of the 
actuators panel on the vibration machine table was made using a device which allows its successive 
positioning so that the vibrations direction changes along three orthogonal axes x, y, z which are parallel 
to the airplane ones. The actuators panel was mounted in aircraft configuration and was supplied with 
230V AC as specified by the supplier. Figures below show the mounted actuator panels on vibration 
machine and the accelerometers positioned for Z axis test setup.  
 

         

 
 

4.9 Testing de-icing fluid 

This test determine whether the materials used in the construction of the equipment can withstand the 
un-wanted effects of fluid contamination. This test was based on EUROCAE ED-14G standard, Section 
11.  The actuators panel was installed on a specialized test bench and the equipment was not required 
to operate during this test and the test was performed at ambient temperature.  
The actuators panel is sprayed for minimum 15 minutes to the entire surface with De-Icing fluid 
Safewing MP II FLIGHT, a propylene glycol based SAE type II aircraft deicing / anti-icing fluid, which 
meets or exceeds the current revision of SAE specification AMS 1428. The flow of De-Icing fluid for 
spraying the actuators panel was Q = 200g/min.  
The surfaces were maintained in a wetted condition for 8 hours followed by a drying period of 16 hours 
at 65°C. 
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5 RESULTS AND SOME DISCUSSIONS 

 
Synthetic Jet Results and discussions after the testing campaign: 

 During the solid elements contamination test, we observed changes in the air velocity of the 
actuator panels. After the contamination with the first two elements type (1 - quartz, 2 - 
spherical steel 0.6-1.18mm), representing pictures, video of power up after filling the slots and 
velocities measured with the Pitot tube. For the 1st slot of the 45º row, the measurements in 
the center of the slot didn't record any air flow, and by passing on a grid of 1mm starting at 
3mm left to the center we achieved a velocity profile for the respective slot. Because of the 
change in velocities for all slots we conclude that some of the elements remained in the slot 
channel and blocked/modified the normal air flow of the actuator; 

 After the sand test, there has been observed the following changes in actuator panel behavior:  
 For the 1st row, 45° slots - the 3rd and 4th actuators are not working; 
 For the 2nd row, 30° slots  only the 2nd actuator is working but in poor 

conditions compared to baseline measurements 
 The dust contamination test was carried out in good conditions, following the requirements of 

the test procedure, according to the EUROCAE ED-14G Standard. By weighing of the actuators 
panel has been noticed a negligible mass compared to its initial, of 0.67 g, this meaning that 
this quantity of dust was remained inside the actuators. This, however, did not influence the 
subsequent operation of the actuators panel, the values of air velocity measured after the dust 
test being comparatively similar to the initial ones.  

 The vibration test on Z axis was performed under normal conditions, according to the procedure 
and EUROCAE ED-14G standard. At the beginning of the test the noise produced by the 
actuators panel was sensed by 
mm. To avoid this problem, the actuators panel started at 1200 Hz and stopped it at 820 Hz, 
during sweep-down. 4 critical frequencies were identified and the actuators panel was tested 
for 30 min on each ones. After air velocity measurements at the end of the vibration test on Z 
axis, one of the D-Type electrical connector was broken.  

 
 
 
Pulsed Jet Results and discussions after the harsh environment testing campaign: 

 As a general note, the Hybrid Jet Actuators worked OK, except the Sand & Dust test (which 
has failed - some of the actuators stop or worked with very small velocity). Formlabs HT row 
were broken and this fact influenced the velocity measurements  

 After high temperature test the slots of Bluestone row increased the values of velocity, up to 
66.44 m/s; 

 After vibration test on X axis for PerFORM row, the slot number 9 indicated a reduced air 
velocity. The reason was a deformation in slot geometry due to changes of inner profile. This 
fact did not influenced the measurements for this row.  

 After the sand test all slots of Formlabs HT row were broken. This fact influenced the air 
velocity measurements; 

 After vibration test on Z axis the velocity measurements of Formlabs HT row have undergone 
a change, in the sense of decreasing values toward the baseline; 

 After artificial rain tests, contamination with solids elements, de-icing, and sand & dust tests, 
the contaminants were removed during the actuators panel operation, having insignificant 
amounts inside of the samples at the end of the tests.  

 Contaminating elements do not affect the actuators panel operation -only on a small scale- at 
the beginning of their operation  and after 15-30 minutes of testing, the remaining elements 
were exhausted.  
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6 SUMMARY  TRL EVALUATION - CONCLUSIONS AND FUTURE DEVELOPMENT 

In general the harsh environmental testing went well, some problems were encountered during the 
sand and dust tests, but the more critical conditions were intentionally positioned in the test matrix 
towards the end of the campaign, so this was not critical. After an inspection of the hardware, the 
aerodynamic baseline (actuator prior to exposure to harsh conditions) was measured (hot wire, Pitot 
tube), this defines the reference. After each test (and for some tests also during the test), the 
measurements of aerodynamic properties were repeated in order to detect any deficiencies of actuator 
performance caused by the harsh conditions. In addition some specific tests were made (e.g. weight) 
in order to derive e.g. mass increase due to ice formation inside the hardware. [6] 
 
One can conclude in general that the harsh environmental testing provided very valuable and detailed 
data sets, to compare the SJA properties before and after exposure to harsh conditions. These 
conditions are representative enough for aircraft applications, that conclusions regarding TRL3 (area 
Operations) are possible [7]. 
 
The recommendation out of these tests is to further improve the current design concepts of HJA and 

sand and dust conditions, since the essential feature of the active flow approach is a powerful control 
jets expelled out of a small orifice. Any blocking and/or remaining material inside the chamber could 
impact the functionality.  
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