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Abstract

The requirements of the upcoming aircraft generation based on hybrid or electric propulsion
discourage the use of Ice Protection Systems (IPSs) based on hot-air spilled from engine
or demanding a large consumption of electrical power. In line with this need, a low-
power IPS based on piezoelectric (PZT) technology is investigated in the current article.
Its main objective is to protect an aerodynamic surface by removing ice accretions (de-
icing). The idea at the basis of the concept is to drive mechanical waves at the interface
between the skin and the ice layer to cause the breaking and the detachment. Moving
from an assessed layout and numerical simulations providing the most effective design
configuration, dedicated small-scale airfoil demonstrators (NACA 0012 with a chord of
310 mm and a span of 150 mm) were manufactured, with the aim of testing the technology
within the representative environment of the IFAM Icing Wind Tunnel (IWT). The test
results showed, for power consumption of 4.4 kW/m?, ice detachment levels -based
on the ice-covered area- between 40 and 50% at —10 °C, about 40% at —20 °C, and a
maximum of 15% at —4 °C. The results highlighted the impact of some specific parameters
(environmental temperature, skin, and ice thickness) on the effectiveness of the IPS.

Keywords: ice; ice wind tunnel; ice protection system; de-icing system; PZT

1. Introduction

Ice accretes on several parts of the aircraft during the flight if certain conditions
occur; in particular, ice grows quickly for specific combinations of wind speed, skin and
environmental temperatures, droplet size and concentration [1]. If not prevented or quickly
removed, ice accretions may lead to a sudden reduction of the efficiency and, above all, to
a loss of safety. In fact, it dramatically affects the wing aerodynamic shape, the authority of
the control surfaces, the capture area of the engine, and the sensitivity of the instruments for
air navigation. The alteration of the original wing shape is at the basis of a sudden reduction
of lift and of a dramatic rise of drag that, jointly with a degradation of the authority of
the control surfaces, may lead to serious problems and, in the worst case, to the loss of
the aircraft.

For all these reasons, IPSs play a key role in aircraft safety. IPSs can be divided into
two main groups: anti-icing systems, which completely prevent the accretion of ice, and
de-icing systems, which remove ice accretions before they appreciably affect the flight [2].
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IPSs can also be classified into active systems, which require energy consumption,
and passive systems, which do not require it. Conventional systems are mainly based
on thermal or mechanical fundamentals. Thermal methods carry out two main anti-icing
strategies: the first one prevents water from freezing by vaporizing it, while the second
one keeps it in a liquid state. The first requires a large amount of power and prevents the
whole profile from icing over, as the vaporized water does not liquify until the entire wing
has been passed through. The second one requires lower power but protects mainly the
fore zone of the airfoil. In this case, the impinged water droplets run on the profile over
the heated surface, and they can freeze (runback ice). Typical thermal de-icing systems
are based either on hot air spilled from the engine or electrical heating resistors. Even
though they require less power than thermal anti-icing, they affect the fuel consumption in
a significant way as well [2,3]. 62 kW /m? is the power consumption of the electro-resistive
anti/de-icing system [4].

The current requirements of the new generation aircraft, based on electrical propulsion
and low power-demanding systems, have steered research towards the development
of innovative and low power-consuming IPSs: several studies indicate mechanical and
thermo-mechanical systems as the most promising; many of these rely upon ultrasonic
waves and promise advantageous outcomes [4-7].

Piezoelectric transducers, in particular, represent an appealing technology in terms of
ice protection. One of the most interesting aspects is, in fact, represented by the compactness
of such a type of material, particularly relevant in the case of narrow rooms and, in general,
for minimally invasive solutions [8,9]. Another important feature is the possibility of
exciting these transducers directly through an electrical signal, dramatically reducing
the need for intermediate energy conversions [10,11]; this aspect can play an important
role, especially in the case of a full electric or hybrid aircraft [12,13]. Furthermore, the
relatively modest power consumption is another appealing aspect when compared with
other systems used for ice prevention. Even when used as sensors, PZTs pave the way to
interesting solutions. They are, in fact, prone to a large variety of logics of control for the
above-mentioned electric nature and can support a wide frequency bandwidth. All these
aspects in some way justify the growing interest in this kind of technology, that results in
studies and investigations of different types: theoretical and numerical with focus on the
coupled electro-mechanical behavior [14,15]; experimental and demonstrative, to prove and
quantify the effective capabilities of these transducers in practical problems [8,16]; chemical
feasibility and manufacturability, targeting higher performing compositions, optimized for
the specific applications and characterized by an adequate TRL [17-19].

Their applications to the ice protection field can be in some way classified on the basis
of the frequency range [8,19]: low frequency bandwidth to excite the normal modes of
the structure and high frequency bandwidth involving shear and Lamb waves. The main
advantage of the former family is represented by the equipment, generally less expensive
for the easier management of the electrical constraints against the driving frequency level
(lower than kHz); however, inducing the resonance of a structure can lead to problems in
terms of stability and aeroelasticity that must be carefully assessed [20,21]. The latter family,
although it requires dedicated and generally more expensive equipment, is less invasive
from a structural standpoint, even if side effects as potential delamination in composite
laminates, must be prevented [22,23].

The synergic use of PZTs with passive superhydrophobic or icephobic coatings rep-
resents a promising strategy to significantly improve the efficiency of PZTs as active IPSs.
When the substrate is treated with a low-adhesion coating, the inherent adhesion strength
of the ice is reduced, thereby facilitating the detachment action of the PZTs [24]. The coating
lowers the critical interfacial fracture toughness, enabling ice removal at lower actuation
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voltages or reduced duty cycles [25]. Compared to fully active systems, the combination
significantly decreases power consumption [26]; compared to fully passive systems, it
offers reliable performance even under conditions where superhydrophobic/icephobic
coatings alone would lose effectiveness, e.g., coating wear or very low temperatures. As
a result, the hybrid PZT-coating configurations enable significant energy saving and im-
proved durability of the active components, representing a highly attractive direction for
next-generation low-power de-icing technologies for aeronautical applications.

The complexity of the ice problem, together with the expectations from this innovative
technology, justifies the number of research projects and programs focusing on the topics.
Within the Clean Sky 2 program, part of the Horizon 2020 framework, several projects
have explored alternatives to conventional de-icing systems [27]. Although many efforts
focused on passive coatings and thermal approaches, research has increasingly considered
vibrational and mechanical solutions as low-energy alternatives: an example is the Project
of GAINS [28], investigating low-power piezoelectric de-icing architectures. SENS4ICE [29]
and ICEGENESIS [30] are other European projects addressing the feasibility and the de-
velopment of different IPSs aimed at detecting and removing ice. At the international
level, another relevant initiative is JEDI ACE [31], a joint European-Japanese effort aimed at
developing advanced de-icing technologies. This project investigated smart materials and
surface treatments, while also evaluating vibration-based concepts to enhance efficiency
and safety.

In line with the international trend, CIRA has adopted a dedicated plan for the devel-
opment of ice-protection technologies based on innovative, minimally invasive systems
requiring only a limited energy input. Within the national SMOS project, a feasibility study
was carried out on PZT ice removal, leading to a laboratory test of a system applied to a
metallic substrate with ice formed through controlled water solidification [32,33]. Follow-
ing its involvement in the aforementioned GAINS project, CIRA developed a piezoelectric
excitation logic aimed at maximizing local action and mitigating potential faults in individ-
ual transducers within the network. In the UP WING project, CIRA, jointly with IFAM and
under the guidance of AIRBUS, addresses the challenge of raising the TRL of piezoelectric
de-icing technology, reaching the stage of experimental testing on scaled demonstrators,
as presented in this work [34]. Finally, within the national TECHICE [35] and MELA [36]
projects, CIRA aims to further increase the technology’s TRL through wind-tunnel tests on
a full-scale demonstrator and to resolve interface issues with other technologies (structural
health monitoring, landing-gear monitoring, electromechanical actuation), with a view to
the integration into innovative aircraft configurations, either hybrid or fully electric.

The present article focuses on the IWT test campaign on a piezo-based IPS and in-
cludes the main related activities, such as the modelling of the system (Section 3.2), the
realization of the prototypes (Section 4), the laboratory test, and the commissioning of the
abovementioned prototypes (Section 5). The next paragraph is focused on the generalities
of the planned test campaign in the UP WING project and the description of the wind
tunnel facility.

2. Scope of the Work

As part of the above-mentioned UP WING project, the general feasibility of a piezo-
based de-icing system on aerodynamic profiles was investigated.

Small-scale IWT tests at Fraunhofer IFAM allow a focused and efficient assessment
of available technologies and test parameters. In fact, this type of facility reproduces the
icing conditions that aircraft could encounter. The presence of supercooled droplets, such
as those found in clouds, combined with high wind speeds and sub-zero temperatures,
is the most relevant parameter. Ice wind tunnels enable controlled experiments and help
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understand how ice forms on aerodynamic surfaces. By observing these ice accretions, the
performance of de-icing and anti-icing systems can also be evaluated. The IWT used for
this study, at Fraunhofer IFAM, enables testing on small-scale prototypes with a specific
emphasis on surface-related effects for IPSs.

Suited airfoil prototypes were designed to fit the test section of this closed-loop wind
tunnel, enabling experiments even at a maximum wind speed of 95 m/s and a minimum
temperature of —30 °C. The test section is characterized by a width of 155 mm, a height of
200 mm, and a length of 1000 mm, while the spray bar system utilized to generate the icing
cloud accommodates one spraying nozzle. Test conditions, encompassing cloud parameters
such as liquid water content (LWC) and median volume diameter (MVD), adhere to the
standards outlined in SAE ARP 5905 “Calibration and Acceptance of Icing Wind Tunnels”.
The ice wind tunnel test conditions, selected for this feasibility study, are summarized in
Table 1.

Table 1. Fraunhofer IFAM ice wind tunnel test conditions.

Parameter Value
Wind speed [m/s] 80
Static air temperature [°C] —4/-10/-20
Total air temperature [°C] —-0.7/-6.8/—-16.9
Liquid Water Content (LWC) [g/m?] 1.15
Median Volume Diameter (MVD) [um] 25

3. The Proposed Ice Protection System

The ice protection approach investigated in this work belongs to the high frequency of
excitation bandwidth. Mechanical waves are, in fact, driven by piezoelectric transducers
within the skin element with the aim of generating shear action between the skin itself and
the external ice accretion, as summarized in Figure 1.

Power Supply
waves acaon
PZT actuators » Skin » Skin/Ice accretion

Figure 1. Sketch of the fundamentals of the proposed Ice Protection System (IPS).

The piezoelectric transducers are constituted by patches bonded on the inner surface.
Since the in-plane expansions and contractions of the patches must be transmitted to the
skin, some features of the system are particularly critical:

e  The mechanical features of the transducers: the piezoelectric dielectric constant, dsz;,
is particularly important to maximize the in-plane strain, while the stiffness of the
composition determines the authority of the actuator.

e  The bonding: the action of the piezoelectric is transmitted by the bonding; the thinner
this layer, the better it is; moreover, the shear elastic modulus must be as high as possi-
ble to increase the shear transmitted to the skin; finally, the glue must be chemically
compatible with both piezo and skin materials.

o  The features of the skin: the bonding zone must be as flat as possible when planar
piezoelectric transducers are used; then in case of metallic or conductive material,
even in presence of an insulating adhesive, a coating is recommended to avoid any
short circuit with the edges of the patches and the skin; this type of problem in fact
can be avoided dispersing insulating spacing microspheres in the glue only in case of
flat skin substrate.
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e  The layout of the piezoelectrics: when possible, the relative position of the patches
must be driven by the specific design wavelength of excitation; this allows for keeping
the travelling of the waves uniform through the medium.

The transducers are used to generate two types of ultrasound waves: the in-plane
shear waves and the out-of-plane shear waves, namely “Lamb” waves. The former type
breaks the ice while the latter detaches it.

The identification of the optimal condition of excitation is addressed by computing
the dispersion curves in the case of a system geometrically simple (flat layers, constant
thickness of the skin and of the ice layer). The present application, however, presents some
specific features that fostered the use of a numerical modeling approach. In fact, the small
size of the airfoil hosting the IPS, jointly with the proximity to the leading edge (LE), makes
the curvature of the bonding zone extremely high with a consequent non-uniform thickness
of the adhesive layer; in addition, a real distribution of ice is very far from uniform, as
shown by the pictures reported in Section 3.2. All these considerations drove the choice
towards a refined model.

3.1. The Specific Prototypes

Two prototypes were designed to test the abovementioned technology in the IWT
facility. The demonstrators reproduce the NACA 0012 profile and, consistent with the
dimensions of the test chamber, they have a chord and span of 310 mm and 150 mm,
respectively. The structure is constituted by two removable lateral caps, which allows to
check the status of the actuators, the skeleton, and the aluminum skin, as shown in Figure 2;
to evaluate the role played by the skin thickness on the effectiveness of the system, two
different skins were mounted on the two demonstrators.

The two skins have thickness values of 0.5 and 0.8 mm. The first skin is 0.5 mm
thick while the second one is 0.8 mm thick. Twelve rigid PZT patches were arranged on
the interior surface of the skin: three rows on the top and three rows on the bottom; this
configuration allowed for minimizing the effect of the curved substrate on the adhesion.
The main properties of the material of the actuators are reported in Table 2; more details on
the choice of piezoelectric composition are provided in Section 3.2.

The higher curvature on the LE zone discouraged any local integration of additional
patches, even if this part is more prone to ice accretions. A PZT sensor is arranged on the
upper internal surface, between the first and the second rows of the actuators, to evaluate
the functionality of the system and the mechanical behavior of the prototypes. A T-type
thermocouple is arranged close to the PZT actuators to measure the local temperature, as
shown in Figure 3 [7,9,37,38].

Table 2. Material Data of P-51 composition [38].

P-51
Young Modulus * Dielectric constant, da;
[GPa] [C/N]
60 —186 x 1012

* along in-plane direction.
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(b)

Figure 2. Digital mockup of the structure of the prototypes: (a) Inner structure of the prototype and
lateral caps; (b) the prototype as a whole.

Lower Internal Surface Upper Internal Surface

150 mm

Interface with the flange of the spar

Leading Edge

Figure 3. Sensors and actuators layout: internal view of the unwrapped skin (not to scale) with the
12 PZT actuators, the PZT sensor, and the thermocouple; leading edge highlighted by the dashed line.
Actuator coding: 1st digit L = lower or U = upper; 2nd digit, L = left or R = right; 3rd digit, 01 closest
to the LE, 02 intermediate, 03 far from the LE.
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3.2. Modelling of the Prototypes and PZT Actuators Trade-Off

In the case of a system geometrically simple (flat layers, constant thickness of the skin
and of the ice layer), the identification of the optimal condition of excitation is addressed
by computing the dispersion curves. The present application, however, is characterized
by some specific features that fostered the use of a numerical modeling approach. In fact,
the high curvature of the metallic substrate, on one side, and the non-uniform distribution
of ice, on the other side, increase the level of complexity of the system. The former aspect
determines the above-discussed curved bonding zone that must be filled in with a non-
uniform bonding layer, while the latter aspect causes wave reflections hardly predictable
through a theoretical approach. The refined finite element (FE) model shown in Figure 4
was realized to study the behavior of the LE zone [8,9,38]. To reduce the computational
weight of the model used for frequency and transient domain analyses, just the half span
of the LE was reproduced. HEXA and WEDGE elements were used to simulate the three
components of the system: the piezoelectric (orange), the adhesive (yellow), the skin (grey),
and the ice accretion (light blue). A lateral view of the system is provided in Figure 4a.
Note that the high curvature required the use of a total of six piezoelectric patches along
the chord direction, symmetrically distributed between the upper and lower skin. The ice
profile was generated by a real shape of the accretion occurring during the tests. As evident
in the same picture and in the detail shown in Figure 4b, the thickness of the adhesive layer
is progressively less uniform as the patches get closer to the LE. The same picture gives an
idea of the number of elements used along the thickness. Finally, in Figure 4c, an isometric
view of the model is presented to also give an idea of the extension of the ice accretions
along the span. The holes are exploited to fix the device to the lateral wall of the wind
tunnel; no ice extensions were considered on the hole surrounding area since this zone is
practically not exposed to the ice.

Even if the focus of this work is on the wind tunnel test campaign, a summary of
the main attainments of the numerical investigations is here reported for the sake of
completeness. The final scope of the numerical analyses was to identify the most effective
operational conditions in terms of excitation frequency peaks at which in-plane and out-of-
plane shear are maximum. The same model was also used to finalize a trade-off among
piezo actuators differing in thickness against skins of different thickness.

The MSC/Nastran transient solution was implemented; burst signals with an am-
plitude of 100 V and with progressive frequency content were built to drive the piezo
transducers. The shear was thus estimated at the ice elements in contact with the skin. For
each frequency, the following ratio was computed:

number of detached elements

detached level = -
number of elements at the inter face

100 (1)

This ratio, in practice, compares the amount of elements at which the threshold shear
of 1.5 MPa [39] is crossed over, with the total number of elements at the interface.

Any ice interface element whose shear crosses this threshold was considered detached.
It is worth noting that this criterion is conservative, because in reality the fractured regions
no longer contribute to adhesion, whereas in the simulation the ice elements that exceed
the threshold remain attached to the surface.

The performance index (1) was estimated for the configurations summarized in Table 3,
characterized by skin thicknesses of 0.5, 0.8, and 1.0 mm (even if this last value was not
investigated in the current test campaign) and piezo thicknesses of 0.50, 0.75, and 1.5 mm.
PIC-181 and P-51 piezoelectric compositions were considered for this application, because
of the high elastic modulus along the in-plane direction (81.2 GPa vs. 60 GPa) and the
dielectric constant, d3;, (—120 x 10712 vs. —186 x 1012 C/N) [37,40]. The advantageous
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product of the elastic modulus by the dielectric constant, jointly with the value of the
non-dimensional adhesion transmission parameter, I', higher than 20 [41] (24.5 vs. 25) for
both types of piezos, led to choosing the P-51 for this application. The highest detachment
level of 74.6% with an amplitude of 100 V was achieved for skin and piezo thickness of
0.5 mm; this level was used to normalize the other figures. The same thickness of the

transducers gave better performance also for the thicker skins.

Bonding layer

=
[e]
)
(]
=)
=
Q
[
-
INU
o

PIC-181 Thickness (mm)

obtained for skin and piezo thickness of 0.5 mm.

Figure 4. Finite element model of the LE portion: lateral view (a), detail of the LE zone (b), and
Table 3. Configurations investigated and relevant ice detachment performance normalized with

respect to the maximum level of 74.6%,

isometric view (c).

1.5
0.26
0.29
0.26

0.75
0.80
0.79
0.72

0.50
1

.00

0.50

0.90
0

0.80
1

thickness (mm)

Skin

.86

.00

tion of the Prototypes

Realiza

4

the prototypes were manufactured and integrated by

Following the modeling,

Eurotech s.a.s.

The main activities of the realization included:

the manufacturing of skeletons, skins, and lateral caps

the integration and the routing of the PZT actuators (P-51 compound), the sensors

(P-876 DuraAct [42]), and the T-type thermocouples.
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To ensure comparable ice accretions, the skeletons were suitably reshaped to compen-
sate for the different thicknesses and obtain the same overall dimensions. In this way, the
water droplets run the same path and are prone to freezing in the same manner.

A critical activity was represented by the integration and bonding of PZT actuators.
Due to the brittle behavior of PZTs, it was decided to integrate the actuators into the
skin after wrapping and bonding it to the skeleton. A specific tool was developed to
efficiently perform the installation despite the narrow available space. It consists of a
transversal-spanwise aluminum core and two lateral additional-block ribs [7]. The core,
shown in Figure 5a, was milled to obtain two rectangular recesses capable of housing and
supporting a pair of PZT plates. The core is transversally inserted in the airfoil and screwed
on the edges to the lateral block ribs at specific chord stations. By turning the screws, it is
possible to bring the core closer or move it farther with respect to the skin and modulate
the adhesion force. The abovementioned recesses avoid any bending of the plates despite
the curvature of the skin; moreover, an anodized layer on the inner face of the skin ensures
the electrical insulation of the piezos, even if their ends come into contact with the metal of
the skin itself [7].

PZT and cables housing Transversal-spanwise core

Connections with lateral ribs Lateral additional block-ribs
(a) (b)

Figure 5. Bonding tool core hosting a PZT patch (a) and screwed on the lateral block ribs and aligned

to the skeleton for a functional test (b).

The PI P-876 DuraAct patch sensor (Physik Instrumente, Lederhose, Germany) and
the TC Direct T-type thermocouple were integrated into the prototypes following the layout
sketched in Figure 3; the piezoelectric sensor was bonded to the upper internal surface of
the skin. The thermocouple was fastened to the skin by means of an aluminum tape, while
its physical contact with the skin was secured with a heat sink mixture. Figure 6 shows a
view of the internal part of the LE area of a prototype, which captures the PZT actuators
and sensor and the thermocouple fastened on the upper surface of the skin [7].
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PZT actuator PZT sensor

Aluminum tape strip Hpe-T thermacouple

Figure 6. Actuators and sensors layout integration. Six P-51 actuators, the P-876 DuraAct sensor, and
the T-type thermocouple fastened on the internal upper part of the skin.

Two threaded holes were made on each of the side caps to secure the demonstrator to
the walls of the test chamber. A lateral slot was also done on the caps, at mid chord, to route
the internal transducer cables outward. The cables of the actuators were bundled together
within a protective sleeve; the cables of the piezo sensors and of the thermocouples were
kept separated. Figure 7 shows two demonstrators and relevant cabling [7].

Threaded holes

Opening for electrical wires

Figure 7. Finished prototypes.

5. Laboratory Tests and Commissioning

A commissioning operation was addressed both to evaluate the functionality of the
prototypes and to define a reference for the wind tunnel tests. At first, each single PZT actu-
ator was tested to verify that its functionality was not compromised during the realization;
second, the responses of the prototypes were analyzed to evaluate the functionality of the
complete system and the behavior of the prototypes at room temperature.

5.1. Laboratory Test Plan

The plan prepared for the commissioning consists of two types of tests, for a total
number of 26: functionality tests of the 24 actuators individually excited and baseline tests
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of the two prototypes simultaneously activating all the actuators. A low-voltage sinusoidal
signal is applied to each PZT to evaluate its functionality by analyzing the response of the
PZT sensor installed on the prototype. To assess the functionality of the complete system,
all actuators of each prototype were excited simultaneously using a low-voltage stepped
sine signal in the frequency range of 10-50 kHz (sampled at 50 Hz). The characteristics of
the stepped sine low-voltage signal are described below.

5.2. Experimental Setup

The first type of test was addressed by driving the PZT actuators through a TTi
Arbitrary Waveform Generator and displaying the signal produced by the sensors by
means of a Tektronix Digital Storage Oscilloscope. The second type of test was performed
using a compact NI system including a controller, an arbitrary waveform generator, and an
oscilloscope.

In both kinds of tests, the generated signal was divided into two paths: the first
one to excite the actuators and the second one to the oscilloscope to check its shape and
spectral content. Figure 8 illustrates the equipment used for these tests. Finally, the main
characteristics of the instruments are summarized in Table 4, jointly with the role played.

Table 4. Main characteristics of experimental equipment and its role.

. Bandwidth Sample Rate Gain
ID Model Role in the Measure [MHz] [MS/s] Channels [dB]
TTi Arbitrary T Generation of the signals for
Waveform TGA 1244 the piezoelectric individual 40 4
Generator excitation (1st type of tests)
Tektronix
Digital Tektronix Displaying of the signals (1st
Storage TDS2024C type of tests) 200 2000 4
Oscilloscopes
NI Arbitrary Generation of the signals for
NI . .
Waveform PXIe-5423 the piezoelectric simultaneous 40 2
Generator excitation (2nd type of tests)
NI NI Displaying of the signals (2nd 60 60 3
Oscilloscope PXIe-5105 type of tests)
Amplification of the signal for
Broadband Power E&I the High Voltage tests 0.01 to 5 1 55
Amplifier 1040L (performed in the Icing Wind ’
Tunnel testing, Section 6)
Galvanic Interface for the T-type
separation SENECA thermocouple 15 x 107 to 1
thermocouple Z109TC2-1 (used for the Icing Wind 24 x 107°
converter module Tunnel tests)
Supply of the thermocouple
Bench-top LASCAR PSU interface 1
power supply 130 (used for the Icing Wind
Tunnel testing)
Tuning operation between the
Impedan amplifier and the IPS system
l\/f:tc}iefe MEGARIS impedances 1
(used for the Icing Wind
Tunnel tests)
Embedded NI Software execution and
Controller PXIe-8840 coordination
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Monitor

NI Chassis with:

Embedded Controller, Tektronix
Oscilloscope, Digital Storage Oscilloscope
Arbitrary Waveform Generator Impedance Matcher
Thermocouple
Power Supply Converter g Prototype
Module

TTi Arbitrary Waveform Generator

Broadband Power Amplifier

Figure 8. Experimental setup used for the commissioning test.

5.3. Software for Commissioning and IWT Tests

A dedicated software (SW) was prepared in the NI LabVIEW environment to gener-
ate, acquire, and process the electrical signals, as summarized in Figure 9. It allows the
generation of both single sinusoidal signals and stepped sine functions within a preset
frequency range. To this scope, the lowest and the highest frequencies of the bandwidth,
frirst and fl45t, and the frequency step, Af, must be provided as input; on this basis, a
number 7 of sinusoidal signals is defined. The system produces an excitation lasting 0.1 s
for each frequency.

Calculation of the n-frequency n-iteration

Generation of the n-signal
and
excitation of PZT actuators

l

Acquisition »
of the n-response of the skin Acquisition of the temperature
at PZT sensor location at thermocouple location

l

Fast Fourier Transform (FFT)
and

filtering of the acquired n-response

Identification of the peak of
the n-response in the
frequency domain

|

Identification of
the maximum peak
in the analyzed frequency range

Figure 9. Sketch of the main operations performed by the software.

Each generated signal excites the PZT actuators, which, in turn, drive mechanical
waves into the skin. The deformations are then transduced by the P-876 DuraAct sensor.
The response acquired during the excitation is analyzed in the frequency domain through
the Fast Fourier Transform (FFT) algorithm. Filtering operations are also addressed to
eliminate potential spectral contents not correlated to the actual sine signal and isolate
the peak of excitation. Finally, the amplitude of the signal is computed and divided by
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the amplitude of the excitation. Repeating these tasks for each excitation frequency, the
dynamic response of the system in the frequency domain is built, plotted, and stored for
further investigations. During this process, the temperature signal is also acquired to
prevent any undesired heating of the skin that would dramatically alter the functionality of
the IPS.

This SW was used both for commissioning the system and to identify the most effective
frequency peak of excitation during the IWT test campaign.

5.4. Commissioning Results

As an example, the amplitude recorded by the piezoelectric sensor due to the excitation
of some PZT actuators is plotted in Figure 10. The data were produced with an excitation
amplitude of 1V, at a frequency of 15 kHz, identified as local resonance. In detail, the figure
compares, for skin thicknesses of 0.5 (blue) and 0.8 mm (orange), the signals detected by the
P-876 DuraAct sensor, corresponding to the individual excitation of the PZT on the upper
skin and closer to the LE, UL01, the intermediate one, UL02, and the furthest one, UL03.

0.60
m Skin thickness: 0.5mm 0.55
0.50 m0.8mm S
=, 0.40
(O] 0.33
©
S 0.30 0.28
= 025
3
2
g0 0.15
010 I
0.00
uLo1 uL0o2 uLo3
(The PZT closest to the LE, (Intermediate PZT, (The PZT furthest from the LE,
on the upper skin, left side)  on the upper skin, left side) on the upper skin, left side)
PZT position

Figure 10. Amplitudes of the signals detected by the piezoelectric sensor during the excitations of
three different PZT actuators and for skin thicknesses of 0.5 (blue) and 0.8 mm (orange).

A similar transmission trend was observed for both the skins: the intermediate PZT
exhibited the lowest response, whereas the farthest PZT showed the highest. This behavior
can be attributed to the fact that, although the PZT actuator closest to the LE is more
influenced by the local curvature, this effect is partially offset by its proximity to the PZT
sensor. Conversely, the farthest actuator, operating on a less curved region, is more effective
in transmitting strain than the central PZT, which is penalized both by the imperfect
flatness of the support and by its distance from the piezoelectric sensor. Furthermore, for
the PZT actuator located closest to the LE and for the intermediate one, a greater strain
transmission is observed on the 0.8-mm-thick skin. This is consistent with the Concilio
-Lecce transmission model [42], which predicts transmission ratios (skin strain/free PZT
strain) of 0.44 and 0.53 for skin thicknesses of 0.5 mm and 0.8 mm, respectively.
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6. Ice Wind Tunnel Testing
6.1. IWT Test Plan

Two types of tests were executed during the IWT experimental campaign, differing in
the amplitude of the excitation signals, at a low, LV, and high voltage, HV, respectively.

The LV tests were addressed to evaluate the dynamic behavior of the system and, in
particular, to measure the most effective peak excitation frequency in the presence of ice
accretions. The HV tests were performed to evaluate the capability of the proposed system
and the impact of specific parameters such as environmental temperature, skin, and ice
thickness. The tests were performed at three different temperatures, —4, —10, and —20 °C,
on two different skins, 0.5 and 0.8 mm thick, with two different kinds of ice, namely “fresh”
and “aged”. The first kind was accreted directly before the HV test, while the second one
was formed for the LV test -to measure the peak frequency- and then used to perform the
de-icing test. Table 5 summarizes the test plan.

Table 5. Icing Wind Tunnel test plan.

Skin . Wind lee
Test * Prototype Thickness Ageing of Ice * Temperature Speed Accretion

[ID] [ID] [Typel [°Cl P Time
[mm] [m/s] Is]
DAY4 TEST1 2 0.8 aged ice —20 80 90
DAY2 TEST2 1 0.5 aged ice —10 80 90
DAY2 TEST3 1 0.5 fresh ice -10 80 90
DAY3 TEST4 2 0.8 aged ice —10 80 90
DAY3 TEST5 2 0.8 fresh ice —10 80 90
DAY2 TEST5 1 0.5 aged ice —4 80 90
DAYS5 TEST1.1 2 0.8 aged ice —4 80 90
DAY5 TEST1.2 2 0.8 fresh ice —4 80 90

* it refers only to High Voltage test.

The excitation frequency range at which the HV test was performed was previously
determined on the basis of the LV test results, as shown in the flux diagram sketched
in Figure 11. More thoroughly, the frequency peak was measured, and the frequency
range was determined-as neighborhood of the peak-performing the LV test on the same
ice accretion or in the same conditions (temperature, LWC, MVD), then later used for the
HV test.

6.2. IWT Experimental Setup

The LV tests were conducted in the same manner as the commissioning tests (Section 5),
and their main scope was the identification of the most effective frequency range to remove
ice. This range was defined as a neighborhood of the highest frequency peak, with a
maximum width of 2 kHz to take into account the effect of the partial detachment of the
ice. Both LV and HYV tests foresaw the measure of the temperature to verify that it did not
overshoot a limit of 0 °C. Indeed, on one hand, the objective of the tests is to quantify the
standalone effectiveness of the mechanical waves, and on the other, it cannot be excluded
that the heat generated may modify the brittleness characteristics of the ice. The HV tests
were performed by amplifying the excitation signal up to 100 W.

The impedance matcher was set to minimize the difference between the impedance of
the amplifier and that of the IPS system integrated on the prototypes. The effectiveness
of this procedure was verified by monitoring the reflected power value on the amplifier
display and minimizing it.
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The setup used for commissioning and assembled also for wind tunnel tests was
integrated with two cameras to record the tests from two different angles, as shown in
Figure 12, while the procedure was illustrated in the flow chart shown in Figure 13.

Cooling the test chamber

!

Icing

!

Evaluation of dynamic behavior of “prototype + ice”

(LV test)
Evaluation of the capability of the system Heating the test chamber
with “aged” ice for ice remotion
(HV test) l
Cooling the test chamber
Icing

!

Evaluation of the capability of the system
with “fresh” ice
(HV test)

Figure 11. Flux diagram of test operations.

6.3. IWT Test Outcomes

In this section, the results of the IWT tests are reported and analyzed.

As illustrated in the previous section, for each test condition, the most effective
excitation peak was identified during the LV test phase.

Table 6 reports the frequencies identified vs. the skin thickness and the temperature of
the ice.

Table 6. Peak frequencies of the demonstrators for High Voltage (HV) test conditions.

Prototype Skin Thickness Temperature Peak Frequency
[ID] [mm] [°C] [Hz]
2 0.8 —20 15,850
1 0.5 —-10 12,600
2 0.8 —-10 14,900
1 0.5 —4 10,600
2 0.8 —4 27,650

A qualitative analysis of the dataset indicates that, for a constant skin thickness of
0.8 mm, increasing the temperature from —20 °C to —10 °C results in a slight decrease
in the peak frequency, followed by a substantial increase when the temperature is raised
further to —4 °C. Additionally, when comparing different skin thicknesses at the same
temperature, the data suggest that thinner skins (0.5 mm) generally exhibit lower peak
frequencies than thicker skins (0.8 mm), indicating a possible dependency of resonance
behavior on both thermal conditions and material thickness.
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(b)

Figure 12. IWT test setup. (a) IPS setup and the top view camera (b) prototype-fastened to the wall of
test chamber- and side view camera.

For each HYV test, results pictures were taken to capture the status of the ice at the
critical instants of the tests after the accretion or accretion followed by an ageing period.
Moreover, a diagram was built to relate the percentage of detached ice on the upper side of
the prototype to the maximum thickness of the ice before the use of the IPS, the temperature,
the ageing of the ice, and the skin thickness. The reported ice status figures are those related
at —10 °C test, which offers the chance to observe the difference in the ice removal while
varying both the skin thickness and the ageing of the ice.
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Waveform Generator

l

Power Amplifier
(HV test)

|

Impedance Matcher
(HV test)

|

Prototype

AN

& &

NI ) Thermocouple Converter Module
Oscilloscope powered by the Power Supply

Figure 13. Scheme of the LV and HV tests setup.

According to LV outcomes, the HV DAY2 TEST2 and DAY2 TEST3, on the prototype
1 (0.5 mm skin tick), were performed in the frequency range from 12,300 to 12,900 Hz,
sampling at 50 Hz. The protected zone is sketched in Figure 3, and it has an area of
22.5 x 1073 m?. Considering an estimated power supply of about 100 W, the power con-
sumption results in 4.4 kW /m?, consistent with the PZT application for de-icing in [4].

Figure 14 shows the initial status of the ice at the critical instants of the HV DAY?2
TEST2. More in detail, pictures (a) and (b) depict the status of the ice before turning on the
system, from a side-oblique and a top view. The pictures (c) and (d), taken after 2 s since
the switching on of the IPS, show large cracks in the middle and at the edges of the ice on
the LE. A piece of ice is subsequently removed from the LE, after 2 s since the appearance
of the cracks; this scan can be seen in picture (e) on the bottom side of the LE.

Figure 15 shows the status of the ice before and during DAY2 TEST3 performed on
prototype 1 again on “fresh” ice. Ice cracks and de-icing of parts of the accreted ice can
be observed: a certain amount of the accreted ice is shed off from the upper and lower
surfaces of the prototype, and some cracks appear at the edge on the LE, where some other
ice is shed off.

In accordance with LV outcomes, the HV DAY3 TEST4 and DAY3 TEST5, on prototype
2, were performed in the frequency range from 14,000 to 15,200 Hz, sampling at 50 Hz. As
reported for DAY 2 TEST 2 and DAY 2 TEST 3, a power consumption of 4.4 kW/ m? has
been estimated for DAY3 TEST4 and DAY3 TESTS.
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crack on LE
zone

removed ice
on LE zone

Figure 14. Status of ice before and during DAY2 TEST?2. Side-oblique and top views are respectively
reported on the left and right columns of the figure: (a,b), accreted ice; (¢,d), status of the ice after 2 s
since IPS activation; (e,f), status of the ice after 4 s from IPS activation.

crack and
color change

(e)

Figure 15. Status of ice before and during DAY2 TEST3. Side-oblique and top views are respectively
reported on the left and right columns of the figure: (a,b), accreted ice; (¢,d), status of the ice after 2 s
since IPS activation; (e,f), status of the ice after 3 s from IPS activation.

The status of ice during DAY3 TEST4 (“aged” ice) is shown in Figure 16. In this case,
the ice is broken in the middle and at the edge of LE: large cracks appear on the main part
of the accreted ice within 5 s, and the upper central part of the ice changes color (observable
in both side and top view pictures), revealing its own detachment, pictures (b) and (c).
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Then, the bottom central part of the ice is shed off within 2 other seconds, while the whiter
ice is stuck between the lateral sides of the ice, picture (e).

(b)

(d)

g Rl
L removed ice - =

on LE zone

()
Figure 16. Status of ice during DAY3 TEST4. Side-oblique and top views are respectively reported on

the left and right columns of the figure: (a,b), accreted ice; (c,d), status of the ice after 5 s since IPS
activation; (e,f), status of the ice after 7 s from IPS activation.

Figure 17 shows the status of ice during DAY3 TEST5 (“fresh” ice). In this case, during
the first two seconds, a certain amount of accreted ice is shed off from the upper and lower
surfaces of the skin and from the LE area, while a crack appears on the left; in the next two
seconds, a certain amount of ice is detached at the edge and internal cracks are suggested
on the right side by the color change.

Then, the temperature of the skin during the tests, measured between the first and
the second row of the actuators, in the position of the thermocouple shown in Figure 3,
is reported in Figure 18. Temperature of the skin -close to PZT actuators- grows quickly:
to cite an example, a temperature increase of 5.5 °C occurred within 2.5 s during DAY3
TEST4. The temperature was measured in the areas most at risk of temperature increase,
i.e., close to the smallest side of the actuators. The HV tests lasted a few seconds and were
stopped before the measured temperature reached or exceeded the melting temperature
of the ice (0 °C). Although the temperature increased very rapidly in the monitored areas,
it is reasonable to assume that the test duration was short enough to rule out a similar
thermal phenomenon away from the actuators and at the LE, where most of the ice had
accumulated.

Finally, a summary of the level of detachment of the ice is presented in Figure 19 against
the thickness of the accretion, the temperature, and the type of ice. These estimations are
based on visual inspections, driven by a 1 cm mesh grid, which considered the area covered
by ice before and after the HV test.
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crack and
color change

Figure 17. Status of ice during DAY3 TEST5. Side and top views are respectively reported on the
left and right side of the figure: (a,b) Accreted ice; (c,d) Status of the ice after 2 s from IPS activation;
(e,f) Status of the ice after 4 s from IPS activation.
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Figure 18. Temperature of the internal surface of the skin during the HV tests.

These results indicate a higher effectiveness of the IPS for a skin thickness of 0.5 mm,
in line with the numerical findings. With the power employed, this configuration achieves
the maximum de-icing level of 50%, followed by the 0.8 mm configuration, which does not
produce ice removal exceeding 40%.

Another important aspect is the trend of de-icing capability as a function of ice tem-
perature. At —10 °C (cyan), the system appears to operate at an optimal point, achieving
detachment levels between 40% and 50% in three out of four tests. The test conducted at
—20 °C (blue) also yields a high detachment level of about 40%, whereas those performed
at —4 °C (pink) reach a maximum of only 15%. This trend is governed by the stiffness
of the ice: at relatively high temperatures (—4 °C), the ice is less rigid, and the resulting
shear reactions at the interface are insufficient to produce a high level of detachment; at
—20 °C, by contrast, the stiffness is greater and, while it generates significant shear ac-
tions, it also provides higher resistance compared with the behavior at —10 °C, which
in fact represents the best compromise. The functional dependence of the de-icing level
on ice thickness is also noteworthy. Here as well, the best results are observed within an
intermediate thickness range (5 to 8 mm), with peaks of 40-50% near the center of this
interval. Once again, this trend appears to be driven by the stiffness of the ice layer: when
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the thickness is too low, the reduced stiffness does not generate sufficient interfacial shear,
while when it is too high, the increased stiffness—though producing significant interfacial
actions—ultimately hinders the detachment process. Higher levels of detachment, removal,
and fracture in tests performed with thicker ice suggest cohesive, rather than adhesive,
failure. The analysis of the experimental results is thus consistent with the numerical
one [9], in which a greater contribution from in-plane actions was observed rather than
from out-of-plane ones. Finally, it is not possible to establish a clear trend of the de-icing
level with the type of ice (aged or fresh).
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skin thickness: 0.5mm
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o
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20 -10°C 7
v B oc
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Figure 19. Percentage of ice detachment vs. ice thickness, temperature, and type for 0.5 and 0.8 mm
thick skin.

7. Conclusions and Future Steps

The present paper focuses on a wind tunnel experimental campaign aimed at esti-
mating the effectiveness of a PZT-based IPS. To this purpose, small-sized prototypes of
NACAO0012 airfoils integrated with the just-mentioned IPS were designed and built, in
line with a dedicated test plan. After addressing the commissioning and laboratory char-
acterization of these demonstrators, the wind tunnel test campaign was finalized at the
Fraunhofer IFAM plant.

Twelve PZT patches constitute the just-mentioned IPS. They were bonded on the
inner face of the skin, in the region of the LE. The adopted layout foresees a symmetric
distribution of the patches: 6 on the top and 6 on the bottom of the airfoil, each cluster, split
into 3 rows along the chord direction to assure a uniform coverage of the zone, despite the
high curvature.

Size and composition of the PZTs were defined by means of theoretical models on the
transmission and using the FE numerical approach. This led to the identification of the
most effective working condition in terms of excitation frequency.

Moving from these outcomes, the realization of the demonstrators was faced. The
prototypes were commissioned in a laboratory environment by means of a dedicated SW
developed in the NI LabVIEW environment. This SW allowed the definition of the PZT
driving signal and to acquire and elaborate the output provided by a P-876 DuraAct sensor
and a T-type thermocouple.

After verifying the correct functionality of each demonstrator, the installation within
the IFAM IWT was addressed. The test campaign foresaw the investigation of the impact of
different parameters on the IPS capability to remove ice: the thickness of the skin (0.5 and
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0.8 mm) and of the ice (between 3 and 13 mm), the temperature of the ice accretion (—4,—10
and —20 °C) and the type of ice (fresh or aged).

Each test was generally split into two phases: (1) LV tests to investigate the dynamic
response of the system and identify the most convenient operational condition; (2) HV tests
at the excitation frequency bandwidth previously identified to estimate the detachment
capability of the IPS.

Consistent with the numerical results, the greatest effectiveness was experimentally
found on the prototype with the skin 0.5 mm thick. A trend of de-icing capability as a
function of ice temperature was also found out: at —10 °C, the system appeared to operate
optimally, achieving detachment levels between 40% and 50% for most of the executed
tests; at —20 °C, the system also yielded a high detachment level of about 40%, while
at —4 °C, a maximum of only 15% is reached. This trend is governed by the stiffness
of the ice, which is affected by the temperature of accretion and the thickness of the ice
itself. At the higher temperature (—4 °C), a less rigid and less thick ice accretes on the
skin, so the resulting shear reactions at the interface are not sufficient to produce a high
level of detachment, while at the lower temperature (—20 °C), a very rigid ice accretes,
but the stiffness is so high that it hampers the detachment process. Finally, at —10 °C, a
mediume-stiffness ice accretes on the skin, forming a 5-8 mm thick shape which consents
sufficient shear reactions at the interface to produce the highest level of detachment. It is
worth noting that the just-mentioned percentages of detachment refer to the upper view
of the airfoil; however, as evident in some lateral views, ice accretion was shed off the LE
and/or cracks appeared on that zone, also accompanied by an altered coloration of the ice,
denoting the incipient detachment.

Within a year, a hybrid system based on the same PZT technology and integrated with
superhydrophobic/icephobic coating technologies will be tested on similar small-scale
prototypes. The coating should reduce the ice adhesion with advantages in terms of either
energy saving or the amount of detached ice.

Then, it is worth noting that the development path planned for the presented IPS
technology foresees the investigation of further topics aimed at consolidating the results
presented and enhancing the TRL. Within this vision, a critical role is played by the piezo
actuators. Other types of piezoelectrics will be investigated with the scope of improving
energy transfer. Among the others, PIN-PMN-PT and PMN-PT will be considered. A trade-
off will be organized among the PZT currently used and those with a remarkably larger
ds;, accompanied by a lower elastic modulus [43—45]. Another critical role is played by the
impedance of the entire system (piezos + structure + ice): in case of not perfect matching
with the amplifier, energy reflection occurs with a consequent efficiency loss and potential
damage to the equipment. In this work, an impedance matcher providing a limited set
of impedance values was integrated in the excitation chain. Future developments will
involve impedance matchers capable of impedance fine-tuning. Finally, with the aim
of both increasing the efficiency of detachment and the reliability of the system, signal
phasing multichannel configurations will be implemented [8]. The idea is to steer the
signals generated by independent piezoelectrics to amplify their action on specific zones
and potentially mitigate the failure of some broken transducers in the network.
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Abbreviations

The following abbreviations are used in this manuscript:

ds; Piezoelectric dielectric constant
r Non-dimensional adhesion transmission parameter
FE Finite Element

FFT Fast Fourier Transform

HV High Voltage

IPS Ice Protection System

IWT  Icing Wind Tunnel

LE Leading Edge

Lv Low Voltage

LWC  Liquid Water Content

MVD Median Volume Diameter

PZT Piezoelectric based on lead zirconate titanate
SW Software
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