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he purpose of this paper is to present an overview of existing actuators at Onera for

active flow control. These actuators are used for various applications in wind tunnel
tests, from 2D models to half-wing and helicopter models, for external or internal aero-
dynamics subjects.

Depending on the available volume in the models and on the aerodynamic require-
ments in terms of actuation magnitude and bandwidth from subsonic to transonic
conditions, various technical solutions have been retained.

There are many ways to classify actuators between mechanical/fluidic, zero-net-mass-
flux/nonzero mass flux/plasma, etc. The first part of this paper is devoted to mechani-
cal actuators (moving aileron, mini trailing edge devices and deployable vortex genera-
tors). Fluidic actuators are presented in the second part, which deals with pulsed fluidic
vortex generators, pulsed blowing slots and synthetic jets. The third part is focused on

the characterization of the fluidic actuators.

Introduction

The field of flow control has witnessed an explosive growth of the
number of publications over the last twenty years. It is now a well-
accepted fact that flow control is a key technology to improve aero-
dynamic performance beyond actual aerodynamic design. To actively
control the flow around an aircraft or a rotorcraft, one necessarily
needs efficient actuators compact enough to be integrated inside the
vehicle, taking into account the structural aspects. There are nume-
rous types of actuators in the active flow control literature, but the
most popular ones, and this is not an exhaustive list, are the pulsed
blowing actuators [1], the zero-net-mass flux actuators [2], the plas-
ma [3,4], the combustion driven device [5], the sparkjets [6-8], the
vibrating flaps [9-11], the Hartman tube [12-15] and the fluidic oscil-
lators also called sweeping jets [16]. A review of existing actuators
for active flow control can be found in ref. [17] and [18]. The purpose
of this paper is to present an overview of existing actuators at Onera
for active flow control.

Tools for flow control ...

Studies dealing with load control or flow control carried out by the
actors of aeronautical research has led for many years to experiments
on scaled wind tunnel models. By definition, these demonstrators are
in general equipped with integrated actuators, controllable remotely
and whose characteristics depend on the physical phenomenon to
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be controlled. There is a tremendous amount of types of actuators in
the active flow control literature, and they can be classified in various
ways. One possible classification is to organize them as mechanical
and fluidic actuators.

Mechanical actuators are aimed at modifying the shape of a vehicle,
S0 as to act directly on its aerodynamic coefficients. They can be
devices allowing the control of components, such as an aileron or
a mechanical vortex generator, or systems able to deform the wing
locally in an elastic way, for example to modify the twist of a wing.

Fluidic actuators modify the main flow around the vehicle by injecting
a secondary flow on its surface. It is, in this case, the interaction of
this secondary flow with the main flow that leads to a modification of
the aerodynamic performance of the vehicle.

... and simulation devices

For simple cases, commercial off-the-shelf devices are directly
usable in the wind tunnel models, without modification, or after minor
adaptations. However, it is clear that many studies require complex
solutions to be implemented, often starting from existing technologi-
cal bricks, in terms of control, motorization or regarding the kinema-
tics of the devices. A strong constraint in the specifications of such
actuators is the compatibility with the volume available in the model,
taking into account, not only the vehicle shape, of course, but also
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the constraints related to safety criteria, in terms of mechanical resis-
tance or of the integrated services and the problems of accessibility
to these elements. When the physical principle to be simulated by the
actuator already led to the realization of “large scale” actuators, the
passage on the small scale model, with the respect of the similarity
rules, generally means the review of the existing design from zero.

Today, in most cases, numerical simulations allow the evolution of
all flow variables to be followed, including those inside the fluidic
actuators. Nevertheless, it is necessary to validate these unsteady
numerical simulations with flow and load control, with the experi-
mental approach using such advanced actuators. These tests allow
the phenomena to be investigated taking into account all of the fluid
physics parameters.

The aim of these studies being the fine characterization of the pheno-
mena, precision on the actuators (geometry, position, output velocity,
signal shape, etc.) remains essential.

Mechanical actuators

Largely used on commercial aircraft, this type of actuator is naturally
the subject of many developments within the framework of indus-
trial model projects for wind tunnel tests. In most cases, their only
purpose is to increase the test productivity, by avoiding any human
operation on the models at each configuration change. However,
some studies on aerodynamic control are interested in an unusual
operation of known control surfaces, or in the integration of comple-
tely innovative control surfaces. It is in this case requested to design,
manufacture and develop adapted motorizations.

Remote controlled aileron by hydraulic system
Context

Within the framework of the French program “DTP Modéles 3” (see
ref. [19] for more details), which is aimed at validating numerical
methods for aircraft configurations featuring control surfaces, the
goal is to design, manufacture and operate an actuator that allows a
remotely controlled aileron to be integrated into a modern half-wing
model, to be tested under transonic conditions (figure 1). The actua-
tor must be compatible with high loads at high frequencies.

Figure 1 - DTP Modéles 3 — half-model in the S2MA wind tunnel (left) and
detailed view of the R/C aileron (right)

The approximate dimensions of the aileron are 47 mm mean chord
and 256 mm span, and the requirements in terms of displacements
and efforts to sustain are:
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« Static characteristics:

- Positioning to static positions in the range [-15°; +159];

- Operational over the whole total pressure range [0.5; 1.9 bars];
- Operational over the whole Mach number range [0.70; 0.89];

- Operational up to the maximum lift coefficient;
* Dynamic characteristics:

- Total pressure 0.5 bar (for pure aerodynamic purposes);

- Unsteady aileron setting around an aileron average setting (sinu-
soidal type or step);

- Average aileron setting in the range [-12°; +12°];

- Dynamic movements up to 200 Hz;

- Movement amplitude from =1° (200 Hz) to =3° (lower
frequencies).

Technical solution

Due to the magnitude of the loads on the aileron (12 Nm maximum
hinge moment), a hydraulic servo valve is used to provide the neces-
sary power. The hydraulic pressure is driven to the aileron through the
wing span in a cavity shared with the instrumentation wires (figure 2).

Figure 2 - Hydraulic pipes inside the wing main cavity

An innovative mechanical system is developed to transmit the move-
ment to the aileron in the limited volume available in the aileron region.
The solution is based on a multi-cylinder hydraulic system. Each cy-
linder pushes a stinger attached to the aileron at a certain distance
from the aileron hinge, to allow for rotation. One stinger is equipped
with a LVDT (Linear Variable Differential Transformer) sensor used as
control sensor in the closed loop system. A second LVDT sensor is
installed in the root area of the aileron and allows the surface deflec-
tion to be measured directly on the part. The aileron motorization is
designed as a separate device, so that it is possible to test it first on a
bench before integration into the wing.

Figure 3 - CAD view of the aileron structure (above: without external compo-
site skin)
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The design takes into account the wing’s deflection under aerodyna-
mic loads, which is estimated by FEM analysis so that the behavior of
the actuator is not modified because of the bending of the model. The
aileron structure (steel structure and carbon skins) is a compromise
between robustness, moment of inertia and internal stress, resulting
in a surface with low deformation distortion over its span. To reduce
its stiffness, the structure of the aileron is partially split over its chord
following a « V » shape slots filled with adhesive silicon (figure 3).

Characterization

During the design phase, the response of the system is estimated
analytically. Since the functioning with several cylinders in parallel is
innovative and challenging, several tests are performed on the system
to identify and adjust its response over the complete amplitude and
frequency domain. The closed loop control is tuned by the analy-
sis of successive Black diagrams, obtained with frequency sweeps
between 10 Hz and 200 Hz. The response of the system is improved
by using two electronic correctors.

Tests are first performed on a bench. For these tests, the aileron is
replaced by a simple part, identical in terms of inertia. Three frequen-
cy cases are tested (figure 4). The system response to a step is also
tested (figure 4d). The aileron position accuracy is improved by using
an additional high frequency signal on the main input, which reduces
the threshold effect of the servo valve. A loading test is also perfor-
med to check the stiffness of the system.
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Figure 4 - Test bench (top) and response measurement for 4 cases (yellow:
input signal - purple: input corrected with additional high frequency signal -
blue: control sensor)
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A second run of tests is performed after actuator integration into the
wing and before the wind tunnel entry. The position of the aileron is
recorded through the inner sensor and 2 Keyence systems located at
the inner and outer part of the aileron (figure 5).

Sinusoidal signal - 195 Hz
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Figure 5 - Integrated actuator and final response analysis
Remote controlled piezoelectric mini trailing edgede vices
Context

This study was performed within the EC funded AWIATOR project
managed by Airbus (see ref. [20] for more details). The aim is to test
technologies applicable to future airliners and to study new control
surfaces that could improve the wing performances during takeoff
and landing operations.

Figure 6 - Detailed view of the RC mini-TEDs (close-up view of the trailing
edge on the lower side)
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The work carried out by Onera consists in integrating a trailing edge
equipped with mini-deflectors into the wing of an existing A340 1/19th
scaled model. These mini-deflectors, called “minis-TEDs” (mini Trai-
ling Edge Devices), whose chord is equal to 5mm, are controlled in
frequency and amplitude. The bandwidth is 180 Hz for an amplitude
of 10°. Electronic control allows piloting the deflectors using sinusoi-
dal or step laws.

Technical solution

Contrary to the previous hydraulic actuator, the lower aerodynamic
loads allow the use of a piezoelectric motorization. The model has
2 movable surfaces (mini trailing edge devices with a chord length
equal to 2% of the profile) actuated by the piezoelectric actuator via
a kinematics based on a lever and rod devices. The actuator is an
amplified piezoelectric actuator designed especially for this model
(dimensions: 10*49*141mm — max displacement: 0.5mm — max
force: 700N).

This piezoelectric actuator has very short displacement amplitude,
so it is necessary to amplify it to obtain a significant movement of
the TED by using lever and rods integrated inside of the model. The
kinematics converts the translation into a rotation of about 60° for
the TED. The proposed design allows the relative angle of the 2 mini-
TEDs to be adjusted accurately.

All of the articulations of the mechanism are obtained with “joint
blades” to avoid any gaps that would lead to problem for the dyna-
mical response of the system. Each part of this mechanism is opti-
mized, in terms of mass and mechanical resistance, in order to obtain
the specified bandwidth.

The joints, between mini-TEDs and rods on the one hand and between
mini-TEDs and wing on the other hand, are obtained with very accu-
rate shafts and bores, in order to decrease the mechanism gaps as
much as possible.

Characterization

The mechanism is driven by an electronic control system. There are
4 position sensors installed in the mechanism: the first one measures
the lever displacement, two sensors on outboard TED measure the
angular position of the outboard TED via specific measurement rods
and the last one directly measures the angular position of the inboard
TED.

As for the dynamic aileron case, the response of the system is esti-
mated analytically. The closed loop control is tuned by analysis of
successive Black diagrams obtained with frequency sweeps between
10 Hz and 200 Hz. To make this actuator compatible with the specifi-
cations, the response of the system is improved by using two electro-
nic correctors and adjustments are done following the results of lab
tests performed first on bench.

Deployable mechanical VGs
Context

Helicopter rotor blades encounter a wide range of aerodynamic condi-
tions during cruise flight, varying from transonic flow, with moderate
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angles of attack on the advancing blade side, to low subsonic flow
with large angles of attack on the retreating blade side. With increa-
sing cruise speed, angles of attack above static stall are reached on
the retreating blade side. The cyclic pitching motion of the blade then
leads to dynamic stall that induces large unsteady loads. In particu-
lar, large negative (nosedown) pitching moments are observed during
dynamic stall and induce large impulsive pitch-link loads that can
damage the control command of the helicopter. Dynamic stall may
appear under several flight conditions, such as high-speed forward
flight or maneuvers, and it strongly limits the flight envelope of the
rotorcraft. The pitching moment alleviation of the dynamic stall will
lead to an extension of the flight envelope, by reducing the unsteady
loads on the blade, limiting the blade aeroelastic response and de-
creasing the vibratory loads for high-speed forward flight. Therefore,
dynamic stall-related topics have been studied, in order to improve
the understanding of the complex physical phenomena involved when
the flow separates during the pitching motion of the blade. Dynamic
stall control using dedicated actuated devices has also been studied.
This was the main goal of the Onera-DLR "SIMCOS" research project
(see ref. [21] for more details). In this project, the pitching moment
is reduced by generating vortices with numerous (120) small blades
located at the very leading-edge of a bi-dimensional “0A209” airfoil
model.

Technical solution

Theses blades are spaced by 11.5 mm and oriented on an angle of
18 degrees with respect to the freestream (figure 7 and figure 8). With
this orientation, each blade produces a vortex that will expand along
the upper surface of the airfoil.

In order to reduce the pitching moment while avoiding drag and lift
penalties outside the aerodynamic stall conditions, an active device is
designed and, at the same time, the blades fit the airfoil leading-edge
shape so that, when retracted, the airfoil is clean. The blades, named
"DVGs" (Deployable Vortex Generators) are displaced with a forward-
backward translation motion.

\ Variable

height

18° > -
X
Flow trajectory 1.5 mm: Flow trajectory
Front view Side view

Figure 7 - Sketch of the vortex generator system

Figure 8 - Leading edge of the wind tunnel model
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Facing the required amplitude (up to 3 mm), the control motion sys-
tem makes use of two hydraulic jacks located in the airfoil body. The
blades are fitted to the control system with the aid of a transverse
carbon fiber bar, which goes through each blade heel (figure 9).

Blades: vortex
generators

Leading edge model

Transverse carbon
fiber bar

Blade heel

Figure 9 - Bottom view of the leading edge without its lower surface

A Teflon treatment is applied on each DVG, in order to limit frictions
during the deployment. The clearance between the DVG, the model
and the bar, is judiciously applied in order to insure the functioning
and the control even with the model distortion caused by aerodyna-
mic loads.

The test campaign has shown the efficiency of such a device and also
shown that the size, the density and the maximum displacement of
the blades should be reduced, with up to 55% reduction of the nega-
tive pitching-moment peak for height displacements between 1.5mm
and 1.7mm [21], offering the possibility of using a more compact
motion control system, like a piezo-hydraulic system, for example.

The effect of VGs was also evaluated numerically, showing that thin-
ner blades could be more efficient (see ref. [22] for more details).

Actuator Characterization

Lab tests were performed and showed that the DVGs can be actuated
at operational frequencies from 1-per-rev (approx. 3.5 Hz) to 10-per-
rev (approx. 35Hz) for the full range of height deployment (3 mm),
with @ mean accuracy of 0.05mm (figure 10).

square input - hDVG=1.5 mm
square input - hDVG=1.7 mm

--------- sine input - hDVG=1.5 mm

hDVG (mm)

Figure 10 - Displacement response under square and sine excitations at
1 per-rev
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The reliability of this simple device has been proven by a huge num-
ber of functioning hours (up to 150 functioning hours without control
accuracy loss).

Fluidic actuators

In addition to the studies conducted on the mechanical actuators,
the main current axis of research in the active flow control actua-
tor community is the development of fluidic actuators. The goal is to
address several external aerodynamics subjects (lift increase, drag
reduction, buffet control) and internal aerodynamics ones (advanced
air intakes). The development of these techniques and corresponding
methods of CFD analysis requires wind tunnel tests. Two types of
fluidic actuators are developed at Onera.

Pulsed blowing actuators are valves controlling the mass flow rate
from an air feed whose characteristics (temperature and pressure) are
generally fixed. These actuators can be used at various frequencies
and duty cycles, the continuous blowing case being only a particular
case where the forcing frequency is null. Today, many developments
are made, not only by industrials specialized in the field of valves, but
also by research institutes, to develop devices able to generate pulsed
jets; however, the characteristics of these actuators remain limited.
The main interests of the developed devices, compared with state of
the art devices, are that they offer in a very small volume a high mass
flow with the possibility to adjust it progressively for a large frequency
bandwidth.

Synthetic jet actuators are different from the previous ones, due to
the fact that they do not require any external air feeding. They work
in the manner of syringes: the piston movement is alternate and a
small quantity of fluid is successively sucked and expelled through an
orifice, or a slot, in the main flow. Spark-jets which are not presented
in this paper are a particular case of synthetic jets, for which the alter-
nate fluid motion is obtained by a discharge from the cathode to the
anode. The rapid gas heating generates an increase of the chamber
pressure. Then, the high-pressure gas exhausts through the chamber
orifice at high velocity. In the next stage, the initial conditions are
recovered through the sucking of fresh air from the outside. For the
synthetic jets actuator a brief analysis of the state of the art is given
hereafter.

Such studies are at a very low Technology Readiness Level and also
require the development of a suitable methodology, in order to cha-
racterize the gas jets in a fine way, and to make the wind tunnel test
measurements exploitable.

Pulsed fluidic vortex generators
Context

Within the framework of the Onera internal project PRF BUFET'N CO
[23,24], wind tunnel tests with fluidic actuators were carried out un-
der transonic conditions. The objective of the project is the closed
loop control of the buffet phenomenon to delay its onset on a wing.
The reader interested in a summary of the results can refer to ref. [24]
in the same volume of Aerospace Lab. One of the solutions tested is
based on the use of pulsed fluidic vortex generators (VGs), requiring
the development of specific actuators whose characteristics are the
following:
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« Orifice shape: circular section with diameter equal to 1mm;
«Fluidic VGs locations, spacing and blowing angles: located at
25% of chord, spacing equal to 10 diameters, pitch angle between
the jets and the local wall tangent equal to 30° and skew angle
between the jets and the freesteam direction equal to 90°;

* Maximum Mach number (nozzles): Mach 2;

Frequency bandwidth: 1 kHz;

*Maximum mass flow: 1 g.s" per hole.

The wing in which these devices are integrated has a span equal to
1.2 m. Itis based on the OAT15A profile with a chord length equal to
300 mm in the equipped area.

Technical solution

The actuator is composed of a tight case in which the active
devices are placed. The jet exit holes are located in the inner
top face. The external face receives an interchangeable cover
(in green on figure 11) in which the nozzles are milled, making
it possible to create the desired jets (form, speed, direction).
The general principle consists in controlling a valve actuated
by an actuator. The generator is composed of a series of cells,
each comprising one actuator (figure 12). The active elements
are piezoelectric stacks amplified mechanically. These actuators
lengthen proportionally with the tension applied to them. With
such active elements, the frequencies can be higher than 1,000
Hz and the ratio between the volume and the product force by
displacement is particularly interesting (volume=500mm? — max
force*max displacement = 0.4N*mm). The stroke of the valve,
which remains limited, is compensated by the length of the exit
section, which is at its periphery.

Figure 11 - CAD views of the model and the actuator clamped on its cover

To obtain a supersonic jet at the exit, it is necessary to have a high
relative pressure. The maximum force that can be delivered by the
piezoelectric actuator limits the diameter of the valve. Indeed, the lat-
ter is pressed on its seat when the valve is closed. The mechanical
amplification system allows sufficient force to be kept available to
move the valve under these conditions.
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Figure 12 - Pulsed jet actuator (global view, leftt: detailed view of the orifices)
Actuator command and characterization

The actuator can be either controlled in an all-or-nothing way, or in
a proportional way. In the case of a proportional valve opening, the
command requires the use of an off-the-shelf commercial amplifier.
If the actuator is used in an all-or-nothing way, the device having only
two states (open or closed), a binary command of the actuators is
sufficient and specific electronics are developed for the power sup-
ply. The actuators are either electrically fed or short-circuited. Since
the electric behavior of these actuators is similar to a capacitance,
the current becomes very important at high frequencies. Since the
supply voltage is high also, the power needed can become very high.
Depending on the operating time and the commutation frequency of
the electronics, the protection resistances, as well as the cooling sys-
tem, are dimensioned to limit the electronic temperature.

Visualizations by Schlieren photography are performed to check whe-
ther the jets are supersonic (figure 13). The mass flow measurements
also allow the capacities of these actuators to be validated, to fulfill
the specifications.

Figure 13 - Schlieren photography of the supersonic jets

Figure 14 shows the mean mass-flow for the 50 actuators with a sinu-
soidal excitation signal at various frequencies from 10 Hz to 700 Hz.
It points out that the mean mass flow is rather uniform over the 50
actuators (~0.15g.s-1 +/- 0.03g.s" except for actuator number 8)
and that the actuator response is rather flat over the entire frequency
range [10 Hz; 700 Hz] (delta max = 0.04g.s™).

Figure 15 shows the excitation signal (in black) and the measured
velocity by hot-wire for various frequencies between 100 Hz and
700 Hz at a supply pressure of 2.7 bars. The peak velocity decreases
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from 320 m.s-1 to 250 m.s™' when the forcing frequency increases
but the shape of signal is well preserved and there is no leak at high
frequencies as it is often observed for other actuators.

0.2 Mass ﬂmfv (9.5)
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Figure 14 - Mean mass flow for the 50 actuators and a sinusoidal excitation

signal at various frequencies
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Figure 15 - Excitation voltage signal (in black) and hot-wire velocity signals
for various frequencies at a supply pressure of 2.7 bars (red: 100 Hz, green:
300 Hz, blue: 500 Hz, purple: 700 Hz)

Pulsed blowing TED
Context

Within the project PRF BUFET'N CO, another kind of pulsed blowing
actuator was integrated and tested on the wing described in the pre-
vious chapter. The reader interested in a summary of the results with
this actuator can refer to ref. [24] in the same volume of Aerospace
Lab. Specific tests were performed on fluidic TEDs (Trailing Edge
Devices) whose characteristics are:

* Orifice dimensions: slot width equal to 0.2 mm and length equal
to 490 mm in the spanwise direction (between 45% and 85% of
the wing span);

» Slot location and orientation: located at 95% of the chord on the
lower side of the model; normal blowing with respect to the
local wall tangent;

* Frequency bandwidth: 200 Hz;

» Maximum mass flow: 140 g.s™' per meter span in this configu-
ration.

Technical solution
The actuator is based on the same principle as that used for the pulsed
vortex generators, adapted for large mass flow or large scaled model

applications. Indeed, it meets specifications that are less restricting
in terms of bandwidth and volume availability, but more restricting
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concerning the high mass flow to produce. The actuator is installed in
a large cavity in the model and feeds the slot via holes connected to a
plenum integrated in the trailing edge of the model (figures 16 & 17).

actuator
cavity

air chan-
nels

Figure 16 - CAD views of the model and section view of the air channel area

Figure 17 - actuator before integration (left) and integrated inside wing’s main
cavity (right)

The actuator employs piezoelectric stacks elements whose displace-
ment is amplified mechanically by using kinematics based on steel
joint blade articulations. The valve is made of aluminium to minimize
its mass and reduce the response time of the system. To improve the
behavior of the actuator at high frequencies, additional mechanical
absorbers can be added between the valve and the tight case of the
actuator. The air supply is connected directly onto the main body of
the actuator. Its geometry is designed to ensure a good homogeneity
between the 3 holes at the exit of the actuator.

Actuator command and characterization

As for the pulsed fluidic vortex generator, the actuator can be either
controlled in an all or nothing way or in a proportional way, by using
of a commercial amplifier or with a specific electronic developed for
the power supply.

16 0

" A A
/

— 0.5bhar

-3 _ 1hbar
. 1.5bar

_ — 2bar
\ 3 bar
’_\/ — 4 bar

-5 5 bar

—_ command (V)

o
L]
/'
-—.!\‘

SN
Voltage (V)

Mass flow (g.s™")

o i~

/f//i 7£
VIR
Figure 18 - Mass flow evolution vs. time for a triangular voltage signal and
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Figure 18 shows the time evolution of the mass flow for a triangular
voltage excitation and different air feeding relative pressure from 0.5
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to 5 bars. It shows that it is possible to control the mass-flow in a
proportional way and that the maximum mass flow is equal to 14 g.s™
for a relative pressure of 5 bars, for 10 cm slots length in the span
wise direction.

Application of active flow control at the leading edge

Within JTI Clean Sky Smart Fixed Wing Aircraft Integrated Technology
Demonstrator (SFWA-ITD) European project, a study was made in or-
der to evaluate how compact a valve should be to be compatible with
the equipment of a scaled 1 business jet wing tip. This actuator was
proposed for integration and the outcome is a representative insert
equipped with a large scale valve which blows through a tangential
slot with a width of 0.5 mm located at 1% of the local chord (figure
19). In this configuration, the actuator is able to generate a pulsed
blowing of 200 g.s' per meter span at 200 Hz.

Figure 19 - Picture of the actuator integrated in a part representative of a
scaled 1 wing tip

Synthetic jets by piezoelectric actuators
Context

Within the framework of the JTI Cleansky Smart Fixed Wing Aircraft
(SFWA-ITD) and Green Rotorcraft Integrated Technology Demons-
trator (GRC-ITD) European projects, many developments are carried
out on the synthetic jet actuators. One of the objectives of SFWA-ITD
is to increase Technology Readiness Level of this kind of devices.
Onera is involved in this work and develops actuators which could be
integrated and tested in wind tunnel models for both SFWA-ITD and
GRC-ITD projects.

Figure 20 - GRC helicopter fuselage in the Onera L1 wind tunnel (left) and
detailed view of the rear fuselage equipped with actuators (right)

Within GRC-ITD project, it was asked to integrate eight synthetic jets
in the fuselage of a helicopter’s wind tunnel model (figure 20 and [25]
for the results). The specifications are the following ones:

« orifice shape: slots with dimensions 0.67mm*30mm;

* blowing angle: 45° with respect to local wall tangent;

* Peak velocity: 80 m.s™;

* Frequency bandwidth: 200 Hz.

The object of the study was to propose an actuator for which the
speed of jets remains relatively constant on a large frequency
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bandwidth and for which it is possible to modify speed for a given
frequency.

Comparison with state of the art

Many studies are dealing with synthetic jets devices. There are 2 main
developments which are the subject of patents or publications.

The first one is the generators of synthetic jets operating piezoelectric
technologies via the use of membrane type actuators, as it is the case
forthe following patents: US 2010/0044459A1, US 2010/0045752A1,
US 2010/0043900A1, US 2008/0197208A1, US 2008/0087771A1.
Contrary to these devices, the solution described in this paper does
not imply the deformation of a membrane but the displacement of
one (or several) piston(s), increasing the force and stroke available
for the compression of the gas in the chamber of ejection. On the
other hand, because of the actuator characteristics, the use of the
membrane synthetic jets is limited to an optimal frequency generally
based on the resonance of the active part and the cavity where is
compressed the gas before ejection.

A second development deals with piston technology, as described in
[5]. The main difference compared with Onera’s design is that this so-
lution is based on the movement of a piston actuated by a cranck/rod
system which does not allow the adjustment of the piston stroke, and,
as a consequence, does not allow the regulation of the jets speed for
a given frequency.

Technical solution

Figure 21 shows a picture of one synthetic jet actuator. The synthetic
jet comprises a cavity delimited by a fixed wall and a mobile wall.
The fixed wall contains a sleeve and a head provided with an orifice
through which the fluid is sucked from and expelled to the main flow.
The mobile wall is opposite to the head. The actuator comprises a
rigid piston which slides into the slegeve.

Figure 21 - One synthetic jet before integration into the model

The synthetic jet is based on a piezoelectric stacks actuator, mecha-
nically linked with the piston and able to drive it with an alternating
movement having a variable amplitude and frequency. Once again,
since the stroke of the piezoelectric actuators is very short, the sys-
tem comprises a mechanism for the mechanical amplification of dis-
placements up to 0.6 mm, based on steel joint blade articulations in
order to have a significant variation of the cavity volume. The fact that
this amplification is not obtained by forcing of the piezoelectric at the
natural resonant frequency allows a constant output velocity to be
obtained over the entire actuator frequency range.
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The solution applied here does not imply the deformation of a mem-
brane, thereby increasing the force and the stroke available for the
fluid compression inside the chamber. To modify the output velo-
city of the synthetic jet, the stroke of the piston is simply varied. The
frequency bandwidth of this actuator is approximately 200 Hz.

Figure 22 shows the hot-wire velocity signal at the synthetic jet exit for
three voltages at a frequency of 200 Hz. For this measurement, the hot
wire is located in front of the slot. As expected, the higher the voltage is,
the higher the output velocity is. The maximum output velocity is about
80 m.s™'. The highest peaks correspond to the blowing phase and the
lowest ones to the suction phase. Since for a synthetic jet the velocity
vector is straight during the blowing phase and the flow coming into the
actuator chamber is sucked in from all directions, the hot-wire location
slightly above the actuator exit rather into the slot induces a difference
in theggmplitude of the velocity peaks between blowing and suction.
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Figure 22 - Hot-wire velocity signal for three voltages at =200 Hz
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Figure 23 - Peak velocity as a function of voltage at f=200 Hz

The evolution of the peak velocity with the voltage applied to the actua-
tor is plotted in figure 23 for a frequency of 200 Hz. As expected, since
the piston stroke evolves linearly with the voltage, the peak velocity
also evolves linearly with the voltage, since at the first-order (without
viscous and compressibility effects), the peak velocity is given by:

eak pzrton Sorlﬁ(e Aw (1 )

where U, is the peak velocity, S . is the piston area, S, is the
exit orifice area A'is the piston half stroke and o is the pulsatlon

The evolution of the peak velocity with the forcing frequency for
a constant voltage equal to 150V is shown in figure 24. The peak
velocity is nearly constant and equal to 80 m.s' between 170 and
240 Hz. Equation (1) shows that the peak velocity should increase
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linearly with the frequency but in fact, the rise time of the piston is
constant and does not depend on the frequency. This is the reason
why the peak velocity is constant between 170 and 240 Hz. In fact,
in this case, it is the duty cycle, which varies with the frequency.

100 Peak velocity = f(frequency) (150 V)
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70 ‘{i R s o o

60 i \\ /
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20
10

0
50 100 150 200 250
frequency (Hz)
Figure 24 - Peak velocity as function of forcing frequency for 150 V

peak velocity (m/s™)

Actuator command

The input signal takes into account the mechanical behavior of the
actuator and allows the piston displacement to be controlled accor-
ding to the characteristics of the desired output velocity, by using
gauge sensors installed on one steel joint blade of the kinematics.
The input signal applied to the mechanically amplified piezoelectric
actuator makes it possible to control the frequency and amplitude of
the actuator. The difficulty with regard to the electric drive of such a
device is how to take into account the mechanical response of the
system to very short time pulses. To reduce the parasitic phenomena
of oscillations, the input signal is adjusted (time-constant and duty
cycle) according to the output signal. Sensors installed inside the
actuator allow the piston displacement to be controlled by adapting it
to the desired output velocity signal.

Application of active flow control at the leading edge

A study was carried out within the JTI Clean Sky Smart Fixed Wing
Aircraft Integrated Technology Demonstrator (SFWA-ITD) European
project, in order to evaluate the compatibility of this technology with
the leading edge of a wing in a large scale model.

The outcome is a representative prototype equipped with a large scale
synthetic jet actuator that blows through a tangential slot with a width
of 0.2 mm and a span of 145 mm, located at 1% of the local chord
(figure 25). In this configuration, the actuator is able to generate a jet
whose velocity is equal to 110 m.s™' [+/-10 m.s™'] for a frequency
range of [50 Hz; 200 Hz] (figure 26).

Figure 25 - Picture of synthetic jet actuator in a part representative of a large
scale wing leading edge
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Large scale SJA - Velocity vs Frequency
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Figure 26 - Large scale SJA characterisation

Fluidic actuator characterization

The detailed knowledge of the performance of a fluidic actuator is a
decisive input for its design and manufacturing process. The qualifi-
cation of such an actuator is required, not only during the prototype
optimization steps, but also for its reception as an isolated component
of a wind tunnel model (figure 27) and once integrated into the model
(figure 28). The qualification concerns all kinds of fluidic devices:
continuous, pulsed and synthetic jets.

Figure 27 - Hot-wire qualification of an actuator as a wind tunnel model com-
ponent

Figure 28 - Actuator qualification once integrated into the helicopter fuselage
model
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The objective of the qualification operations (referred to as “cha-
racterization”) is to measure the performance of the actuator under
quiescent air conditions, or exceptionally in interaction with an acade-
mic incoming flow, typically a turbulent boundary layer. Most often,
the characterisation is performed on a specific bench, in quiet air.
Thus, the characterization does not necessarily allow the identifica-
tion of the actuator behavior under actual working conditions (wind
tunnel tests once integrated in the model or flight conditions), which
can be different from quiescent air conditions. However, it yields
inputs for set parameters, such as input voltage or pressure, type of
input signal shape, etc.

Generally, the characterisation consists first in determining the ope-
rational frequency domain in which the jet accurately responds to the
desired input signal. Second, it consists in measuring the jet veloci-
ties (peaks or even entire shape of the velocity profile) in the operatio-
nal frequency domain. Sometimes, it may include the assessment of
the homogeneity of the exit velocities.

Velocity signal (Pi=1.6 bar)
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Figure 29 - Pulsed jet velocity obtained from hot-wire measurement with a
square shaped input electrical signal — Specific in-situ calibration has been
applied to HW before the measurement in order to catch an estimate of the
instantaneous velocity (here 300 m.s™")

In practice, the excitation frequency ranges from ten hertz to one kilo-
hertz and the jet velocity level can be low (incompressible flow) or
high (supersonic compressible flow). For such conditions, the Hot-
Wire Anemometry (HWA) is the preferred measurement technique:
it is particularly well suited to derive (or at least get a good estimate
of) the instantaneous velocity, or to identify velocity signal shapes
(figure 29). For the latter, the velocity signal can be compared to other
signals, such as electrical input, location of the moving component
of the actuator or internal cavity unsteady pressure; this allows the
transfer function, including amplitude and phase shift, to be derived.
According to the results, the actuator will be (or not be) improved.

A key factor for the HWA is the calibration procedure. As a matter of
fact, for most of the actuators, the classical calibration procedure in
a calibrated, uniform flow does not apply. This is due to the diameter
of the jet to be measured, which is of the order of magnitude of the
hot wire length (figure 30). In such a case, the hot-wire active sen-
sor sees the strong transverse gradient jet velocity profile, and is not
uniformly cooled.

In order to take into account the jet velocity profile, a procedure has
been developed to calibrate the hot-wire in-situ, i.e., without moving
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Figure 30 - Hot-wire in front of a supersonic jet actuator exit
(here, a nozzle)

the sensor for its calibration. This allows the hot wire to be calibra-
ted with respect to well-known upstream conditions, either the total
pressure of the air supply or the mass flow measured in the air supply
circuit. In both cases, a theoretical velocity in the actuator exit section
can be derived and thus, the relation between this theoretical velocity
and the hot wire tension can be established for a range of upstream
conditions. This procedure can directly be applied to continuous and
pulsed jets, which require a pressurized air supply.

However, its application to synthetic jets is more challenging. For such
devices, the notion of upstream conditions does not apply. In order to
get such conditions, the actuation mechanism is temporarily replaced
by a substitution nozzle, without any active mechanism, but with an
upstream connection to the air supply. Once the relation between the
hot-wire signal and the theoretical velocity has been established, the
actuation mechanism of the synthetic jet is mounted again and its
characterisation can be performed. Of course, this methodology is
time consuming and delicate, especially when several actuators must
be qualified simultaneously. Indeed, each new hot wire positioning
requires a new specific calibration.

If the characterization of the velocity signal shape is not required,
another method can be used for pulsed jets. The pulsed air can be
collected at the actuator exit with an airtight bell (red circle in figure
31). Then, it is brought to a mass flow meter located downstream.
This measures the average mass flow of the pulsed jet (figure 32).

1 Velocity signal (Pi=1.6 bar) 10

0.9 9
0.8 — 8 _
D07 e = 17 F
< 06 _ 6 2
8 04 // 4 o
E =
s 0.3 il -+ Mass flow 3 &
= 02 / —+— Pressure 2 g

0.1 1

0 0

0 10 20 30 40 50 60 70 80 90 100
Duty cycle (%)
Figure 32 - Mean mass flow obtained with the bell method with respect to the
duty cycle (square input signal)
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Figure 31 - Mass flow qualification of pulsed jet actuators using a specific air
tight bell

/A B
Figure 33 - In-situ hot-wire probing of a fluidic trailing edge device (TED).
The probe is mounted on a high accuracy, motorized robot with 3 degrees of
freedom

For cases where the hot wire length is much smaller than the jet exit
section (limit arbitrarily fixed at 2 mm in next table), a classical cali-
bration procedure can be used. A typical case is the high aspect ratio
slot, for which the hot-wire can be moved in the slotwise direction.
The velocity jet profile can be reconstructed from instantaneous mea-
surements at different locations, using high accuracy robots and off-
line post processing tools (figure 33 and figure 34).

Figure 34 - Example of an instantaneous velocity profile at a slot exit (pulsed
blowing TED)
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Equipment Actuator type=> Pulsed Synthetic
Hot wire anemometry Jet exit size=>
Lower than 2 mm | Longer than 2 mm | Lower than 2 mm | Longer than 2 mm
f_.>40 kHz Measured data W
. o Instantaneous velocity,
Classical calibration . no yes no yes
subsonic
In-situ calibration,
from upstream total
pressure and density Max. instantaneous ] Substitution tip with .
) — ) ) yes No interest . No interest
In-situ calibration, velocity, subsonic air supply
from mass flow meter
and density
In-situ calibration, Mean mass flow, sub- ) ]
o ) ) yes yes homogeneity homogeneity
from airtight bell sonic and supersonic
Optical metrology
LDV, max. frequency )
. Instantaneous velocity
depending on the ) yes yes yes yes
. . of particles
seeding quality
. 2D maps of instanta- Depends on Depends on spatial
PIV, fixed frequency - . ) yes . yes
neous velocities spatial resolution resolution

Table 1 - Summary of available methods for actuator qualifications

In addition, as an example of actuator qualification in an academic
flow, a synthetic jet in a turbulent boundary layer has been studied in
a boundary layer wind tunnel. In this case, the actuator exit was 0.5 mm
wide and 30 mm long. The hot wire probe was located at 0.2 mm inside
the slot. Similar results were obtained with the wind tunnel off and on
(with and without wind) (not shown here). The velocity of the wind tun-
nel was fixed at 30 m.s™* and the actuator frequency at 200 Hz.

The various methods used for the actuator characterization are sum-
marized in the following table. Although hot-wire anemometry has
been used for most of the qualifications carried out up to now, optical
methods like L.D.V. (Laser Doppler Velocity) or P.I.V. (Particle Velo-
city Imagery) are being considered and could bring significant impro-
vements in a near future, since they are not intrusive. However, they
require the seeding of the jet, which proves to be difficult, especially
for high pressure upstream conditions. Temperature measurements
to evaluate either generated momentum or flow rate should be also
investigated in the future.

Conclusion and perspectives

Recent progress in the field of micro mechanics and micro sensors
has made it possible to develop innovating flow control devices ful-
filling the highly demanding specifications from aerodynamic engi-
neers. The very ambitious wind tunnel tests performed using the
actuators described in this article were carried out successfully and
allow the accuracy of CFD codes developed by Onera to simulate this
kind of devices to be assessed.
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Since they are either mechanical or fluidic, the actuators developed
have been designed to fulfill customer requirements. Moreover, in
the case of fluidic actuators, these studies led to the development of
specific measurement techniques dedicated to the characterization
of micro jets.

Today, Onera still continues its efforts in actuator development, in or-
der to be able to propose technical solutions for the upcoming studies.
Thus, new mechanical actuators based on MEMS technologies are
studied, with the purpose of making this kind of technology compatible
with applications on wind tunnel models. Such solutions allow the flow
control application to be considered as a tool for improving the quality
of measurements made during wind tunnel tests, or for increasing the
accuracy of numerical simulations with active flow control.

Regarding the fluidic actuators, not only within the framework of JTI
Cleansky, but also in Onera self-funded projects, work is carried out to
improve the performance, not only of the synthetic jets, but also of the
pulsed jet actuators. For the latter, the final objective is today the appli-
cation of these technologies at a larger scale to prepare flight tests.

To characterize such actuators, Onera explores new measurement
methods, based on new micro sensors integrated into the mecha-
nical actuators, or new velocity measurement techniques for fluidic
actuators.

The actuator characterization benches adapt gradually to the require-
ments from the experimentalists, who require more and more infor-
mation with an always greater precision |l
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