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particular, de-icing systems based on piezoelectric actuators. These systems use the vibrations generated
by piezoelectric actuators at resonance frequencies to produce shear stress at the interface between the ice
and the support or to produce tensile stress in the ice. Many configurations of de-icing systems using
piezoelectric actuators have been tested and showed that piezoelectric actuation may be a viable ice
removal system. If the many experimental studies already achieved have the advantage to present tests in
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opportunities. This paper proposes a computational method for estimating voltages and currents of a
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ice/support interface. The computational method is validated by comparing numerical results with
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flexural) and of the frequency range with respect to de-icing performances and the proposal of some

general rules for designing such systems while limiting their electric power consumption.
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Nomenclature

modal turned-off capacity matrix

damping matrix

current, A

capacitive current, A

motional current, A

current for the delamination of X-percentile of the nodes of the structure, A
capacitive current for the delamination of X-percentile of the nodes of the structure, A
motional current for the delamination of X-percentile of the nodes of the structure, A
stiffness matrix

modal stiffness matrix

mass matrix

modal mass matrix

electromechanical coupling factor matrix

active power for the delamination of X-percentile of the nodes of the structure, W
generalized coordinate

electrical charge vector

required displacement for initiating cracks, m

required displacement for initiating delamination, m

quality factor, -

apparent power for the delamination of X-percentile of the nodes of the structure, VA
displacement of the point i, for the j™ natural frequency, m

maximal displacement over the structure under study, m

voltage vector

voltage generating the displacement Q¢rack, V

voltage generating the displacement qge, V

damping ratio, -

modal coordinate, m

transformation matrix



Oshear = transverse shear strength, MPa

Oshear—ice = ice adhesive shear strength, MPa

Oshear—x% = Minimum shear stress among X% of the nodes with the highest shear stresses
Otensile—ice = ICe tensile strength, MPa

Otensite—xy% = Minimum tensile stress among X% of the nodes with the highest tensile stresses

Otensile—ice = ICe tensile strength, MPa

Oxz = transverse shear strength component on the face x and in the direction z, MPa
Oyz = transverse shear strength component on the face y and in the direction z, MPa
w = pulsation of mode i, rad/s

I. Introduction

I CING occurs when an aircraft flies through clouds in which super cooled droplets are suspended in
atmosphere with an ambient air temperature below the freezing point. The droplets impinge on the aircraft
surfaces and freeze leading to ice accretion. The resulting change in the aircraft geometry can modify wing
aerodynamic characteristics (loss of lift, rise of drag) or even damage the engine by ice ingestion. Regarding
electrical de-icing systems, electro-thermal and electro-impulse technologies are already implemented on aircraft
but are power-consuming. Thermal solutions require approximately from 2 up to 25 kW/m? for anti-icing and
from 5 kW/mz2 up to 50 kW/m2 for de-icing and the total amount of power required to de-ice a Boeing 787 with
an electrical de-icing system has been estimated at 76 kW [1]. Studies are currently ongoing to propose new
solutions that consume less energy or have less bulky power supplies. Among these studies, the de-icing systems
based on piezoelectric systems are a subject of growing interest. Note that one advantage of piezoelectric
material is that it can also be used as sensors to determine ice characteristics [2]. The principle of de-icing
systems based on piezoelectric actuators is to apply vibrations to the structure that create high-level stresses
greater than those required to lead to delamination or cracking of the ice accumulated on the structure.
Delamination of the ice at the ice/support interface is linked to adhesive shear strength of the ice with the support

and cracking is linked to the cohesive tensile strength of the ice.



The analysis of literature on de-icing systems using piezoelectric actuators shows that these vibrations are

generated in different frequency ranges and by different types of piezoelectric actuators.

Ramanathan et al. [3] proposed the use of ultrasonic shear waves at very high frequency (1 MHz). They
performed experiments with piezoelectric patches bonded to an isotropic plate with a layer of ice. The results
indicate that the actuators were able to de-ice the aluminum plate by melting the ice at the interface. Kalkowski
et al. [4] analyzed the frequency range for which wave-based technologies efficiently promote the delamination
of ice with minimum power requirements. Venna et al. [5][6][7][8] used piezoelectric ceramics bonded onto
plates and on the inner flat surface of a leading edge structure to excite low frequency modes to delaminate ice
(below 1000 Hz). They used analytical and numerical models to identify the first modes for which the shear
stress produced in the ice was greater than the shear stress that would theoretically lead to delamination. The
average de-icing time varied between 46 s and 280 s and increased as the icing temperature decreased. Palacios
[9] analyzed this result and found that the de-icing was more probably caused by thermal effects than by shear
stress. S. Struggl et al. [10] conducted the same kind of analysis and experiments with piezoelectric ceramics
bonded to a plate and on a leading edge structure to excite low frequency modes (below 500 Hz). They also
performed tests in an icing research tunnel and the de-icing was successful at a frequency of 307 Hz. Seppings
[11] used a stack of thin piezo-electric discs held in compression by a bolt running through the center of the
stack and showed that the pre-stressed actuator driven at 20 kHz was more efficient than piezoelectric patches.
Palacios initiated many studies on de-icing systems and tested several technologies. For piezoelectric de-icing
systems, he used piezoelectric patches to generate ultrasonic shear stress at high frequency (around a few tens of
kHz). He performed tests on plates [12] and on leading edges [13]. At such frequencies, the delamination of the
ice was instantaneous. He also tested an original design of a shear tube actuator driven at 300 V and 436 Hz [14].
In [15] he investigated the effect of hydrophobic coating combined with an ultrasonic de-icing system and
showed that the ice adhesion depended on the support roughness. In [13], he started using Finite Element models
to predict the ultrasonic ice shedding transverse shear stresses responsible for ice shedding. He pursued this
approach in [16] to design a piezoelectric de-icing system able to promote shedding of ice layers ranging from
1.4 to 7.1 mm in thickness for varying icing conditions and in [17] to study the effect of tone burst excitation:
enhanced de-icing ability is observed when employing multi-frequency bursts. These studies are interesting but
were carried out without considering the tensile effects in the ice or the estimation of the electrical power
consumption. More recently, Strobl [18] used multilayer piezoelectric patches at frequencies around 4 kHz and

an icephobic coating to delaminate ice instantaneously on polished surfaces with a low supply voltage.



Villeneuve [19] used piezocomposite DuraAct to experiment de-icing on a leading edge sample. Using Abaqus
software and introducing damping measurements in a harmonic analysis, a Finite Element model allowed him to
compute the displacements for different modes but no link was made with the voltage or currents required to de-

ice.

One conclusion of this review on de-icing systems using piezoelectric actuators is that different technologies
of actuators and different frequency ranges have been tested and showed promising results. Another conclusion
of this review is that many validations of the proposed architectures are experimental, the models proposed until
now concerned mainly mechanical issues and not electrical issues. There is thus a lack of theoretical or
numerical multiphysics analysis for assessing and designing electromechanical piezoelectric de-icing systems. In
Budinger [20], we compared different architectures of de-icing systems based on piezoelectric actuators and we
focused on the frequency ranges and types of modes that are the most favorable for de-icing. We highlighted the
fact that flexural modes and ultrasonic frequencies over 20 kHz allowed the shear stress at the ice/support
interface to be maximized for a given displacement while minimizing fatigue in the structure and limiting
breakdown of the actuators. We also promoted the use of pre-stressed piezoelectric actuators to avoid failure of

the actuators.

The main contribution of the present paper is to present a numerical methodology to assess architectures of
piezoelectric de-icing systems with respect to both mechanical stresses (in tensile and in shear mode) and
electrical power consumption. It relies on a modal analysis that allows computation of voltages and currents (and
thus power) for delaminating or cracking the ice on a structure at different resonance frequencies. This
methodology is validated by comparing numerical and experimental results. The first experimental tests are
carried out on a small rectangular plate. This very simple structure allows making comparison of numerical and
experimental easier. Additional tests are performed with a leading edge sample to validate the method in a more

realistic environment.

Another contribution of this article is to assess two kinds of frequency modes for ice delamination and
cracking: extensional and flexural modes. To meet this objective, each test is performed on a narrow frequency
range in order to excite only one mode and not several. For each mode, voltages and currents for delaminating or
cracking the ice are measured in order to lay conclusions on the performance of each type of mode and help

improve the design of piezoelectric de-icing systems.



Finally, based on outcomes from numerical analyses and experimental results, some design rules are

proposed and some issues concerning piezoelectric de-icing systems are discussed.

The paper is organized as follows. Section 2 presents and justifies the choice of the test specimens used for
the experiments. In section 3, the mechanical ice properties are selected according to the icing test conditions.
The proposed numerical methodology for assessment of piezoelectric de-icing systems method is detailed in
section 4 and some first comments on the required inputs for the computation method are done. Section 5 shows
the validation of the method on the simplest test specimen (plate-type specimen) for which numerical and
experimental results are compared. The method is then assessed on a leading edge sample in section 6. Finally

some rules for the design of piezoelectric de-icing systems are proposed in section 7.

I1. De-icing Test Specimens

Our main objective in this paper is to propose and validate a numerical methodology for the preliminary
design of piezoelectric de-icing systems. For the choice of the piezoelectric actuation system, the options
currently available are pure ceramics, ceramic piezocomposites (made of pure ceramics encapsulated in a resin),
Langevin transducers and piezoelectric stacks. Piezoelectric ceramics can be efficient to excite a large number of
resonance frequencies on a large frequency range, in low and high frequencies. These ceramics exist in many
shapes, can be cut to get the required size and are easy to implement. They must be bonded to the surface with a
rigid glue to get a good coupling coefficient between the actuators and the structure. Piezocomposites have the
advantage of being bendable and mechanically robust. Another advantage is that the piezoelectric ceramic used
to manufacture the piezocomposite is encapsulated with prestressing in the resin and thus can withstand more
stress than a pure piezoelectric ceramic [21][22]. These piezocomposites can also be efficient on a broad
frequency range. They exist in a few sizes. The Langevin transducers are also made with pre-stressed ceramics
and are thus resistant to stress. They can be screwed and thus disassembled, which is an advantage for the
maintenance. Their drawback is that they can only be actuated at a single frequency. At last, piezoelectric stacks
are piezoelectric linear actuators that provide high forces and high displacements compared to the other

piezoelectric actuators, but that require special care for their mounting.

In our study, several resonance frequencies were used and their de-icing efficiency was compared. To carry

on this study, we have used piezoelectric ceramics and piezocomposites for their ability to act on a broad



frequency range and their ease of use. The objective of this article is not yet the optimization of the actuation
system, thus fixed configurations were chosen to perform the analysis and the experiments. Two test specimens
were used in this study.

Test specimen A consisted of an aluminum plate measuring 130x59x1.5 mm? with one piezoelectric ceramic
(PIC 151 — size: 50x25x0.5mm?) used as sensor and one piezocomposite DuraAct P-876.A15 from PI Ceramic
as actuator. They were bonded at the clamped sides of the plate (Fig. 1). This simple structure allowed
comparing simulation and experimental results while limiting uncertainties in the boundary conditions and in the
ice profile. The test specimen A was tested in an icing wind tunnel. The ice was accreted at a temperature of -3
°C and with a flow velocity of 50 m/s. The conditions used for ice accretion were selected to obtain glaze ice. A
liquid water content (LWC) of 0.3 g/m3 was measured and a droplet size (median volumetric diameter) of 22 um
is assumed at those settings. De-icing tests were then performed at a temperature of -10 °C and with a flow
velocity of 25 m/s. A lower temperature and a lower speed were used in order to ensure that neither thermal nor

aerodynamics effects would perturb the de-icing tests.
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Fig. 1 —Test specimen A: plate with one piezocomposite and one piezoelectric ceramic

The test specimen B (Fig. 2) was closer to a more complex and realistic case. It consists in a leading edge
sample in aluminum alloy that allowed testing the numerical method for a curved surface. The leading edge is a
NACA 0012 profile of chord 350 mm and thickness Imm. The actuation was performed by two piezocomposites
DuraAct P-876.A15 bonded on one side of the leading edge. Another DuraAct P-876.A15 was used as sensor on
the other side of the leading edge. This test specimen was also tested in the icing wind tunnel with the icing

conditions above mentioned.
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Fig. 2 —Test specimen B: (a) Leading edge sample with three piezocomposites (two as actuators on the

upper side and one as sensor on the lower side). (b) Positions of the piezocomposites on the upper side

I11.  Mechanical Ice Properties
For a given architecture of piezoelectric de-icing system architecture, one of the required inputs is the type
of ice and its mechanical properties. The work of Bennani [23] provides a good review of the studies carried out

to determine the mechanical ice properties.

A. Young’s modulus, Poisson’s ratio and Density

Concerning the elastic behavior of ice, the Young’s modulus, Poisson’s ratio and density can be found in
Gammon [24]. Eskandarian [25] has estimated the Young’s modulus for atmospheric ice and Mohamed [26]
gave its density. All these results are given for glaze ice. It can also be interesting to have the elastic behavior for

other types of ice and Gao [27] proposed some values for rime ice and mixed ice.

B. Tensile Strength and Adhesive Shear Strength

To be effective, piezoelectric de-icing systems must deform ice sufficiently to break and detach ice
accumulations on surfaces. It implies two kinds of fractures: cracks in the ice layer or delamination of the ice at
the ice/support interface (Fig. 3). The appearance of cracks is linked to the cohesive tensile strength of the ice
and delamination to the adhesive shear strength of the ice with the support. Although many experiments have
been carried out to measure these values, there is a relatively wide range of ice strengths and it is not easy to
select a single value because ice strength depends on many factors: temperature [28] [29][30][37], nature and

roughness of the support [28] [37], strain and strain rate [30][31], ice grain size [30], flow speed [32][37]. Based
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on several articles [29][36][33][34][35][36], the range of the ice tensile strength for fresh water is between [0.6-
3] MPa and between [1.3-1.66] MPa for atmospheric water although the range of the shear strength of the ice
with the support for fresh water is between [0.2-1] MPa and between [0.05-0.5] MPa for atmospheric water. The

values of the adhesive shear strength are given for the supports used for the experiments, i.e. bare aluminum.

Fig. 3 - Cracks and delamination in piezoelectric de-icing system

C. Mechanical Ice Properties used in the Present Work
As the characteristics of the ice vary in a significant manner with the icing environment, especially for rime-
type ice, the results of this paper are established for glaze-type ice whose characteristics are better informed in

the literature and better mastered in the experiments.

Considering that the experiments will be carried out in an icing wind-tunnel with glaze ice accretions on a
bare and non-polished aluminum structure, the mechanical properties of the ice chosen for the present study are

as follows:

e  Young’s modulus: 9.33 GPa
e Poisson’s ratio: 0.33

e Density: 917 kg/m®

e Ice tensile strength: 1.5MPa

e Ice/Aluminum adhesive shear strength: 0.5MPa

IV. Theoretical Basis of Numerical Methodology for Assessment of Piezoelectric De-icing

Systems

A. Reduced Model of a Structure with Piezoelectric Actuators



The reduced model of a structure with k piezoelectric actuators with n degrees of freedom can be written as

[38]:

{[M]nxn{q}n + [Ds]nxn{q}n + [K]nxn{q}n = [N]nxk{V}k (1)

{ach = INT" o {@3n + [Colinr{V 3k

This model consists in a mechanical equation and an electrical equation where g the vector of generalized
coordinates, M the mass matrix (nxn), K the stiffness matrix (nxn), Ds the damping matrix (nxn), N the
electromechanical coupling factor matrix (nxk), g. the electrical charge vector (kx1), V the voltage vector (kx1),

and C, the modal turned-off capacity matrix (kxk).

The parameters of the model can be computed analytically or using Finite Element software (such as
COMSOL®, ANSYS© or ABAQUS®O) that allows computations with piezoelectric elements. The method is
described here for Finite Element software which enables handling easily complex geometry unlike analytical

calculations.
The natural frequencies associated to the eigenmodes of this system are those that verify the relation:

| [K] — wf[M] | = 0. )
This is an eigenvalues problem and for each natural frequency there will be an associated eigenvector which
verifies [K]{®}; = w?[M]{® };. These eigenvectors represent the mode shapes of each eigenmode. The
eigenvectors can be normalized to the mass matrix and, thanks to the orthogonality of the eigenmodes, it is

possible to find a base of eigenvectors that verifies the following properties:

@} M@} =1 3)

and

(P} [K|{®}; = w} (4)

This way we can obtain the modal matrix:

[@] = [{®}, {P};, ... {P}n]. ()
This matrix represents a change of basis between the initial generalized coordinates {q} and the coordinates

{u} that are the modal coordinates. This means:

{q} = [®]{u}. (6)
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Let us consider the basis in which the mass matrix becomes the identity and the stiffness matrix is diagonal

and composed by the squared natural frequencies.

(7)
[K*] = diag[wf] (8)

[@] is chosen such that:
[®] = [u;] 9)

where wu;; is the modal displacement of the point i (out-of-plane for flexural modes and in plane for

extensional modes) for the j™ natural frequency.
For our method, the analysis will be carried out frequency by frequency, for one degree of freedom and one

natural frequency at each time. Consequently there is only one value for u and the modal mass and modal

stiffness for the considered mode are written as:

M*=uMu=u*M =1 (10)
K* = uKu = u?K = w? (11)
and thus the mass and stiffness of equation (1) are obtained by:
1
M= = (12)
2
K = w_z (13)
u

In order to obtain the force factor, the modal analysis used for the computation of M and K is run with all the

ceramic surfaces in short circuit, that is {V}, = 0, applied on all the piezoelectric ceramic surfaces. This way the

force factor is easily estimated by using the electrical equation of model (1) with {V}, = 0, thus giving:
(14)

N=—
u

The last missing term in the reduced model (1) is the modal damping matrix. According to Hasselman [34], it

is formulated for one mode as:
D, = 2eVKM (15)

where ¢ is the damping ratio of the considered mode. The damping ratio is generally difficult to calculate

because it depends on too many experimental parameters and it is preferable to measure it. It can also be defined

according to the quality factor:
11



(16)

Note: in our experiments, the damping ratios are low and the natural frequency and resonance frequency of
each mode can be considered as identical. The next sections of the article refer to the resonance frequency which

is the value that is experimentally measured.
B. Estimation of the Required Voltage for Ice Delamination or Cracking

Estimation of the Voltage, Current and Power for Ice Delamination Based on Adhesive Shear Strength

Ice delamination using piezoelectric transducers occurs when the transverse shear stress at the ice/support
interface exceeds the adhesive shear strength of the ice accumulated onto the surface. The objective is to detach
the ice accretion by the failure of the adhered interface. In this section, shear stresses at the ice/support interface
are used to estimate the voltage, current and power required by the transducer to achieve ice delamination. With

respect to the frame of Fig. 1, the transverse shear stresses are o, and a,,, and the transverse shear stress ogpeq,

is calculated as the resultant of o,, and g, stress components:

Oshear = (O-ng + O-;z) (17)

This shear stress 0,04, 1S cOmputed through a modal analysis for the different resonance frequencies of the

structure in a given frequency range.

It is possible to compute the maximal value of the shear stress, but it will correspond to the delamination of a
single point of the ice/support interface. The objective is to achieve delamination in several points of the surface.
To reach this objective, X% of the nodes for which the shear stress is maximum are selected and the minimum
shear stress of these nodes is considered. The nodes are selected on the ice surface in contact with the support.

We define o5peqr—x9-8S:

Oshear—xo% = Minimum shear stress among X% of the nodes with the highest shear stresses (18)
Using this X-percentile shear stress opeqr—xo, COMputed by modal analysis and with the maximal modal
displacement u,,,,, at the ice/support interface also computed by modal analysis, it is possible to compute the
required displacement, called q,,; , that has to be reached on the node of wu,,,, in order to overcome the ice
adhesive shear strength ggpeqr ice- NOte that qg,; is a displacement calculated in the real basis (not the modal)

and is of the order of um. q4.; is expressed as:

12



Oshear—ice

Qael = Umax (19)
Oshear—X%

The estimation of the voltage, current and power requires the computation of the mass, stiffness and force

factor of each mode. This is done by using the method previously described in section A and considering the

maximum modal displacement u,,,, :

dc
N = 20
umax ( )
2
w
K= 21)
umax
1
M=— (22)
umax

Then as the stationary response of the forced mechanical equation of the reduced model (1) expressed for one
resonance mode w; leads to:
jDswiq = NV (23)
the value of the voltage V,;,; that generates the displacement q,4.; and thus leads to the delamination of X-

percentile of the nodes is then written:

D
Vier = ﬁswi |gdez (24)
Using equations (15), (19), (20) and (21), |V4.;| can also be expressed as:
K Oshear—ice
Vier =——"""—1|u 25
aet NQm Oshear—X% |_max| ( )

For the estimation of the current, the electric equation of the reduced model (1) is now considered. The

. . . d .
electric current is defined by I = % and is thus equal to:

L=Nq+CV (26)

Current | is shared between motional current I,,, and capacitive current I, due to the dielectric behavior of the

piezoelectric material:

Lp = Nq=jwNq (27)
L = CoV = jw;CoV. (28)

Like for the voltages, the currents are estimated for the delamination of X-percentile of the nodes:

13



. Oshear—ice 29
!m—del =] w;q, ( )
Oshear—X% -

. D Osp —i (30)
L_ger = jwiCoVyer = _wziCO Sw_max

N Oshear—X%

(31)
lyer = \/|!m—del|2 + |!c—del|2

Once the required voltage and currents are known, it is simple to obtain the estimated apparent power

Sae and active power P, for the delamination of X-percentile of the nodes:

Saer = laet-Vaer (32)

Paer = |Im_aet|- Vaer (33)

Estimation of the Voltage, Current and Power for Ice Cracking based on Tensile Strength
Ice cracking using piezoelectric transducers occurs when the tensile stress in the ice exceeds the tensile

strength of the ice accumulated onto the surface.

As for the shear stress, the tensile stress is computed for the different resonance frequencies thanks to a
modal analysis. It is also computed to crack in several points of the surface.X% of the nodes for which the tensile
stress is maximum are selected and the minimum tensile stress of these nodes is considered. The nodes are

selected on the upper ice surface (opposite to the ice/support interface). oiensize—_xv, 1S defined as :

Otensile—x% = Mminimum tensile stress among X% of the nodes with the highest tensile stresses (34)
Using this X-percentile tensile Stress oyensiie—x% and the maximal displacement w,,,, over the structure, it is
possible to estimate the required displacement, called g4« that has to be reached on the node of u,,,, in order

to overcome the ice tensile strength o;epsize jce:

Otensile—ice
Qerack = Umax (35)
Otensile—X%

The mass, stiffness and force factor of each mode are computed as previously, as well as the value of the

voltage V...« that generates the displacement q.,-4c, and thus leads to the cracking of X-percentile of the nodes:

_ K Otensile—ice

|Emax | (36)

v _Ys
crack — ﬁwi Yerack

NQm Otensile—X%
The formulas of the currents estimated for cracking of X-percentile of the nodes as well as the formulas of the

powers are established in the same way as in the previous section.
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C. Comments on the Numerical Methodology for Assessment of Piezoelectric De-icing Systems

Estimated Voltage, Current and Power for ice shedding
The estimated voltages, currents and powers depend strongly on two values which are subject to a large

scatter:

o the adhesive shear strength of the ice Ogpear_ice OF the tensile strength of the ice Oiensite—ice
o the quality factor Q,, of the structure for the considered mode (note: the motional current is the sole value

independent of the quality factor).

The voltages and current depend linearly of the shear or tensile strength of the ice and the power is

proportional to the square of these values.

Quality Factor

Regarding the quality factor, it is has already been highlighted that this coefficient is difficult to estimate and
that it will be measured. Measurement results will be given in the next section and will show that this coefficient
depends on the displacement amplitude of the structure (and thus on the voltage amplitude applied to the

actuator) and on the kind of modes (flexural or extensional).

Measured Resonance Modes and Classification of the Resonance Modes Given by the Method

In theory, on a given frequency range, all the resonance modes are computed. In practice, experimental
results will show that the number of modes that can be observed is smaller than the number of modes that are
computed. The modes that are the most likely to be measured are the modes for which the piezoelectric
transducers are the best coupled with the structure, thus the modes for which the electromechanical coupling
factors are the highest for both the piezoelectric actuators and sensors. Of course, these coupling factors depend
on the number, size and location of the piezoelectric transducers. The optimization phase of the actuation system
consists in providing a configuration with high coupling factors that can excite efficient modes for ice shedding
i.e. that can completely remove ice with minimal consumed power and energy. This is a very important issue that
is not addressed in this paper even if some recommendations will be given at the end of the paper for the design
of piezoelectric actuation system.
Note: in order to read in a relevant way the results given by the numerical method, the modes computed by the
Finite Element Analysis are classified by decreasing electromechanical coupling factors of the actuators. In this

way, the first modes that appear in the results are the most likely to lead to ice shedding. Of course, these modes
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depend on the way the actuators are coupled with the structure. An optimized coupling would give the optimized

modes.

Other Criteria for the Design of Robust Piezoelectric De-icing Systems
Additionally to the previous classification, two other filters are applied to the results in order to eliminate the
modes that lead to solutions that could deteriorate the piezoelectric de-icing systems by non-respect of physical

or mechanical properties of the material.

The first filter concerns the maximal voltage that can be applied to the actuators. For piezoelectric ceramics,
this voltage is linked to the maximal electric field that can be applied without depolarizing the ceramics. Thus it
is necessary to consider only cases where the voltages do not lead to the maximal electric field acceptable by the
piezoelectric ceramics (2000V/mm for unipolar static and low-frequency applications and 400V/mm for high-
frequency bipolar applications). For piezocomposites, the datasheet of DuraAct P-876.A15 from PI gives
operating voltages from -250V to 1000V but without indicating if these values are for low-frequency or high-
frequency applications. To avoid depolarization risks, we will consider that these values are only valid for low-

frequency applications.

The second filter concerns the mechanical rupture: the stresses in the piezoelectric actuators must be below
the maximal stresses allowable for the piezoelectric ceramics or piezocomposites before ice fracture occurs. For
piezoelectric ceramics, we consider that there is a risk of mechanical rupture if the stress in the ceramics exceeds
25 MPa. For piezocomposites, as the ceramics are pre-stressed, we consider a limit of 50 MPa [22]. The

maximum stress in the bond must also be taken into account in order to avoid debonding of the actuators.

Note: other criteria can be taken into account to the methodology provided that values are available. It is

possible for example to consider the cycle life of actuators submitted to cyclic loading.

V. Validation of the Numerical Methodology through Experiments on a Plate Sample

A. Test Procedure
In this article, our objective was not to deice a structure completely, but to validate the numerical
methodology to estimate the voltages and currents required to initiate the delamination or the cracking of ice at

one given frequency. Thus, for each test, the following values were measured:

16



e the quality factor to enter this value in the model for the analysis of the test

e the current and voltage to compare the estimated and real values

The test procedure was established in order to obtain these values. One test corresponded to measurements in
a frequency range in the vicinity of the frequency f; that needed to be excited. This frequency was measured on

the structure with the ice layer. For each test, the voltage applied to the actuator was set as following:

e The frequency was swept on a narrow bandwidth, [f, —x Hz, f, + x Hz], x being selected for each test such
that only one resonance mode is excited The frequency was swept in the frequency range with a step of 1Hz
for the tests in low frequencies and 5Hz for the tests in high frequencies. Each step lasted 0.1s
approximatively. This value ensured that the steady state is reached.

e the amplitude was increased by step of 10V starting from 10V for the plates and 50V for the leading edge

till the first crack or delamination was observed.

For each voltage applied to the actuator(s), the current consumed by the latter(s) was measured by a current
probe. One piezoelectric transducer bonded on the structure was used as sensor to evaluate the quality factor by

measuring the voltage at its terminals.

B. Comparison of Experimental and Numerical Results

Different tests at different frequencies were performed for the test specimen A. For each frequency and its
measured quality factor, the numerical results gave the voltage and current expected to have the first
delamination (computed based on the adhesive shear strength and a percentage of nodes of 1, 2 or 5%) and the
first crack (computed based on the cohesive tensile strength and a percentage of nodes of 1, 2 or 5%). These
theoretical values were then compared to the measured values. To obtain valid theoretical values, great attention
was paid to the mesh of the structures. It was all the more true for values computed for the shear stress criterion.
A mesh convergence study allowed concluding that the mesh must be performed with 8 elements in the ice
thickness and elements of 1 mm of side. The number of elements in the plate thickness is less critical since the

stresses in the plate are not considered in our computations.

Results for a Flexural Mode around 5 kHz
A first test has been performed with the test specimen A tested around 5 kHz, which corresponded to a
flexural mode (Fig. 4). The ice was formed as described in section I1. The ice layer did not cover the whole plate
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since the plate was longer than the length of the wind tunnel test section (the length of the plate was the length of
the wind tunnel test section plus the length of the two flanges). With respect to the pictures of the ice profile and
measurements done after cracking, the ice layer was assumed to be 100 mm long and 50 mm width and its

thickness was assumed to be constant and equal to 5 mm. These values were used for the simulations.

Fig. 4 — Mode shape of the test specimen C with a 5mm-thick ice layer around 5 kHz.

The quality factor was measured during the test and is plotted in Fig. 5. The quality factor is low and tends to
decrease with increasing voltages. This poor quality factor is justified by the loss in the metallic support and also
in the Plexiglas flanges. Numerical computations (Table 1) were run with a quality factor of 25. Table 1 gives
the estimated voltage and current to have a certain percentage of nodes cracked or delaminated (according
respectively to cohesive tensile criteria and adhesive shear criteria) to see the influence of this coefficient in the
results. This table also gives the computed stress in the piezoelectric actuators to estimate the solicitations in the
actuator and the risks of damage. For information, the maximal displacement on the plate to obtain ice cracking

or delamination is also reported in the table.
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Fig. 5 — Measured quality factor of the test specimen A around 5 kHz (flexural mode).
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Table 1 — Estimated numerical results for the test specimen A

(computed for frequency around 5 kHz and a quality factor of 25)

Criteria % node for the  Voltage, Current, Stress in the Maximal
computation V A piezoelectric Displacement,
actuator, MPa pm
adhesive shear strength 1% 176 0.12 21 24
cohesive tensile strength 1% 85 0.06 10 115
adhesive shear strength 2% 187 0.13 22 25
cohesive tensile strength 2% 87 0.06 10.5 12
adhesive shear strength 5% 208 0.14 25 28
cohesive tensile strength 5% 93 0.06 11 12.6

The first fractures corresponded to cracks that appeared at 90V for a consumed current of 0.11A (Fig. 6).
Even if the ice profile is not perfectly modeled, numerical results are good to predict the voltage initiating the
first cracks. Indeed the predicted voltage according to cohesive tensile criterion is 85 V with 2% of nodes used
for the computation and the predicted current is 0.06 A. Thus, the prediction of the voltage is good. The
prediction of the current is not as accurate but, as the current magnitude is small in this test, there may be

uncertainties in the measurements.

Fig. 6 — De-icing result for the test specimen C excited around 5 kHz for 90 V
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Results for an Extensional Mode around 38 kHz

Extensional modes are present at higher frequencies than flexural modes. A test was performed around 38
kHz that corresponds to the extensional mode described in Fig. 7(a). Compared to the flexural mode at 5 kHz
tested on the same test specimen, the quality factor of this extensional mode was slightly larger. This difference
on the quality factor has been observed for different test specimens: the quality factors of extensional modes tend
to be higher than the quality factors of flexural modes. According to the measurements performed during the

tests, a value of 45 was considered to obtain the numerical results.

For this high frequency (compared to the one tested previously), the numerical results predicted that the
initiation of cracking and delamination occurred for a same voltage of 145V and a current of 0.89A (Table 2,
results with 1% of nodes used for the computation). This result is consistent with the picture of the test showing
that ice cracking and delamination appeared simultaneously for a voltage of 140V with a current of 0.9A (Fig.
7(b)). Note that more ice was removed from the plate compared to tests with flexural modes, but the current
consumed during the excitation of this extensional mode was much higher (among other reasons because the

frequency used for excitation was higher).

Table 2 — Estimated numerical results for the test specimen C

(computed for frequency around 38 kHz and a quality factor of 45)

Criteria % node for the ~ Voltage, Current, Stress in the Maximal
computation \% A piezoelectric Displacement,
actuator, MPa pm
adhesive shear strength 1% 145 0.89 6.7 3.8
cohesive tensile strength 1% 145 0.89 6.7 3.8
adhesive shear strength 2% 158 0.97 7.3 4.2
cohesive tensile strength 2% 151 0.93 7 4
adhesive shear strength 5% 184 1.12 8.5 4.4
cohesive tensile strength 5% 164 1 7.6 4.3
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Fig. 7 — Mode shape of the test specimen B around 38 kHz (a) and de-icing result at 140V (b)

C. Conclusion on the Validity of the Method

The numerical results of the methodology for the assessment of piezoelectric de-icing systems depend
strongly on the quality factor and the values of the tensile and shear strengths. If the uncertainties on these
parameters are small, the method gives a good estimation of the voltages and currents required to cause the first
crack in the ice or the first delamination at the ice/support interface. This estimation can be obtained for
simulations run with 1% of the nodes where stress is higher than the limit strength, in tensile or in shear. Indeed,
the computation results for 1 or 2% are very close. In a general way, performing the computations with 1% gives

a good approximation.

The uncertainties on tensile and shear strengths can be reduced with measurements. The main issue for
obtaining valid predictive results is to have a value for the quality factor. It varies for each resonance mode and
with the type of mode. It tends to be larger for extensional modes or for coupled modes where extension is
important than for flexural modes. The quality factor depends on the boundary conditions: it is larger for free
conditions than for clamped conditions. For clamped conditions, it depends on the material of the support (the
quality factor of a material is equal to the inverse of the loss factor that varies considerably with the material; for
e.g., the loss factor of aluminum alloy is around 10 while the loss factor of Plexiglas is 10) and on the clamp
systems (glue, screw, rivets,...). The quality factor also varies nonlinearly with the temperature and the
magnitude and frequency of the vibrations. In the temperature range, frequency range and displacement range of
our experiments, it decreases as the amplitudes of the vibrations increase. However, despite the influence of all
these parameters, the quality factor seems to reach a minimal value. Experiments on the plates have shown that

25 was a minimum when the plate was fixed onto the flanges in Plexiglas. For metallic fixtures and support in
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aluminum alloy, a minimal value of 30 seems to be attainable if flexural modes are excited. If extensional modes

are excited, this value can be higher (40 to 50).

Another conclusion that can be drawn from these first experiments is that, for bare support (not polished nor
covered by a coating), the de-icing is mainly due to tensile effects, especially at low frequencies. It confirms the
results of the analytical studies performed in [20] for flexural modes. In this article, it was shown that, for

bending plates, the shear stress is higher than the tensile stress for frequencies above 40 kHz approximately.

VI. Numerical and Experimental Results on a Leading Edge Sample

To further test the methodology, the leading edge sample described in section 2 was tested. In the icing wind
tunnel, the ice accretion was on the top of the leading edge, as shown in Fig. 9 and Fig. 11. The two actuators
were just below the iced surface and could be actuated in two ways: symmetric modes where the two actuators
were supplied with the same voltage, and antisymmetric modes where the two actuators were supplied with
opposite voltage. Tests were mainly performed in anti-symmetric modes because the simulation, which was
confirmed by the experiments, showed that these modes required, for a given quality factor, lower voltages than

symmetric modes.

First, the numerical method based on the FEM analysis was run with a quality factor of 30 and values of
cohesive tensile strength of 1.5 MPa and adhesive shear strength of 0.5MPa. An ice profile as close as possible
to the real ice profile was selected for the simulation. The computation highlighted frequencies of 31 kHz, 12

kHz, 6.5 kHz and 3 kHz as potential frequencies for de-icing (based on the force factor criterion).

Then, a spectral analysis on the bandwidth [100-50k] Hz was performed in order to check which modes were
well-coupled and to compare these modes with the modes emphasized by the numerical method. Of course, the
modes that could be observed were not only the well-coupled modes but also the modes that could be measured
by the sensors. Among the resonance modes measured on the iced structure, two modes were tested: the mode
around 3 kHz and the mode around 31 kHz because they were both among the first ones given by the numerical

results and they could be easily observed.
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A. Results around 3 kHz for the Leading Edge Sample

The mode at 3 kHz is mainly a flexural mode (Fig. 8). For this frequency and a quality factor of 30, the
numerical results predict a first crack at 73 V with a current of 0.11 A according to the tensile strength criterion
applied to 1 % of nodes for the computation. For this voltage, the numerical results estimated displacements of
140 um and stresses in the piezoelectric actuators of around 19.5 MPa. The tests confirmed the value of the
quality factor and the first ice crack occurred at 90 V with a current of 0.17 A (Fig. 9 (a)), which is not too far
from the numerical results. The difference can come from imperfections in the ice profile model within the
simulation. At 150 V with a current of 0.59 A, more ice shedding was observed (Fig. 9 (b)). Note that the quality
factor was measured after the first crack and that it had decreased to 20. Although this mode was a flexural
mode, compared to the experiment on the plates, the ice was well removed from the surface, especially at the tip
of the leading edge. Further investigations are required to understand if this high de-icing efficiency with a
flexural mode comes from the curved profile, the effect of the aerodynamic forces on the profile, or another

effect.

Fig. 8 — Mode shape at 3 kHz for the leading edge profile

(@) (b)

Fig. 9 — De-icing result for the leading edge excited around 3 kHz at (a) 90V (b) 150V

B. Results around 31 kHz for the Leading Edge Sample
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The mode at 31 kHz is shown in Fig. 10. It corresponds to an extensional mode coupled with flexion. First
numerical computations were run with a quality factor of 30 but had to be reevaluated with the measured quality
factor of 45. The numerical results then predicted a first crack at 110 V with a current of 0.95 A according to the
tensile strength criterion applied to 1% of nodes for the computation. Fig. 11 shows the ice cracking for different
values of voltages. The first cracks (Fig. 11(a)) occurred for a voltage of 100 V and a current of 1.1 A once again
in the range of the estimated values. The cracks were well positioned on the node lines of the structures. Tests
were performed until 150 V, voltage for which almost all the ice has been removed except on the upper part of

the leading edge. This high frequency was efficient for de-icing but at the cost of a high consumed current.

Fig. 10 — Mode shape at 31 kHz for the leading edge profile

(@) (b)
Fig. 11 — De-icing result for the leading edge excited around 31 kHz at

(a) 100V with I = 1.2A —first cracks (b) 150V with | = 2.2A —ice is removed

C. Other test at 31 kHz for the Leading Edge Sample with thicker ice
A test with mixed (rime and glaze) ice and thicker ice (between 7 and 20mm) was performed. The mode
around 31 kHz was used for the test. Ice removal was possible but required more power. Ice shedding occurred

for a voltage of 200V with a current of 2.5A (Fig. 12).
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Fig. 12 — Test of the leading edge sample with thicker and rime ice excited around 31 kHz

VII. Recommendations and Proposal of Some Rules for the Design of Piezoelectric De-icing

Systems

In this last section, based on the analysis of the numerical and experimental results, some rules are proposed

for assisting in the design of piezoelectric de-icing systems.

Low-power de-icing systems are systems that consume little power and that are lightweight, which is
favorable for minimizing the overall consumption of the aircraft. As shown in equations (27) and (28), the
current magnitudes increase with the frequency. To study the mass and energy consumption of piezoelectric de-
icing systems, it would be necessary to consider the electronic power supply of such systems. Two main
technologies can be used: linear amplifiers and switching inverters. Linear amplifiers can generate perfectly
sinusoidal waveforms but have very low energy efficiency, in particular with capacitive loads such as
piezoelectric actuators. The losses to be dissipated, and thus the weight and volume of heatsinks, increase with
frequency. Switching inverters have better energy efficiency but have to integrate heavy inductive components in
order to compensate capacitive reactive energy of piezoelectric loads. Moreover, the nature of the piezoelectric
loads at the resonance can vary quickly from capacitive to inductive. This can also be an issue for this type of

power supply.

Another point that can be considered to reduce power consumption is the increase of the quality factor of the
structures to be de-iced. If possible, for clamped structures, it is better to avoid materials with high losses and to
favor rivets over screws, for example. For bonded structures, the bond layer must be minimized because it is a

source of losses.

At last, to optimize the consumption of piezoelectric de-icing systems, the ice thickness should be taken into

account. Firstly, thick ice layers are detrimental from an aerodynamic point of view and for the overall
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consumption of the aircraft. Secondly, the shedding of thick ice layers is more demanding in terms of power. On
Fig. 13, the required power to induce the first cracks is plotted versus the ice thickness. This figure is plotted
using computed results obtained on the clamped plate and considering the tensile criterion. It corresponds to a
flexural mode whose frequency varies from 3 kHz to 4.6 kHz with ice thickness. Regarding the criteria of power
consumption, Fig. 13 highlights that it is preferable to limit the thickness of the ice to be removed, but with some
limits to reach the optimal thickness. Moreover, it is well-known that ice thickness should be also limited for
aerodynamics issues. For all these reasons, there is clearly an interest in activating the piezoelectric de-icing
system to avoid thick ice layers. The optimal value of ice thickness cannot be given here since more work on the
deicing mechanisms and more results on deicing systems efficiency are required to give a clear answer to this

question.

Power (VA)
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Fig. 13 — Apparent power versus ice thickness (a) computed for the flexural mode (b)

Finally, another criterion that must be taken into account for the choice of the frequency range is the noise
generated by the active de-icing system. It is obvious but it must not be neglected. Below 20 kHz, the
piezoelectric de-icing system produces audible frequencies and the level of sound, especially in the range [1-7]
kHz where the human ear is the more sensitive, can be seriously disturbing. If this noise can propagate through

the structures till the cabin, it can become an issue.

VIIl. Conclusions

This article provides a computational method to estimate voltages and currents required to induce the first ice
cracks or first ice delamination with piezoelectric de-icing systems. The method is based on a modal analysis of
the structure where the needs to be removed and was validated through experiments. In addition to the benefit of

the proposed methodology, these experiments also allow drawing conclusions on piezoelectric deicing systems.
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The different experiments presented in this paper were conducted with structures in bare aluminum alloys.
These experiments and the associated numerical results allow showing that, with such material, the initiation of
de-icing is more likely due to tensile stress in the ice than shear stress at the interface between the ice and the
support, especially at low frequencies. Initiation of de-icing due to shear stress occurs for high frequencies,
above around 40 kHz for our study cases. If ice-phobic treatments were applied, adhesive shear strength could be
reduced, as well as the voltage required to have ice delamination by shear stress. Initiation of delamination could

then occur before cracking, even at low frequencies. It would change the de-icing mechanisms.

This article also tried to compare flexural and extensional modes. The flexural modes come in low and high
frequencies. For low frequencies, the required power to initiate the cracks is less than for high frequencies.
However, on plates, whatever the frequencies, for flexural modes, only cracks occurred and ice was still stuck on
the plate at the end of the tests performed till 200V. For curved surfaces such as the leading edge, the results are
different since both ice cracking and delamination were observed for flexural modes. These results are not yet
fully understood and should be further investigated. It could be an important phenomenon for the design. For
extensional modes, the de-icing efficiency was better for the plate and the leading edge, but as these modes exist

at rather high frequency, the power consumption is much higher than for flexural modes.

For piezoelectric de-icing systems based on vibrations generation, the damping or quality factor of the
structures is an important issue. All the design choices that permit to limit losses and as such increase the quality

factor are to be favored.

At last, other parameters are to be taken into account in the design of low-power piezoelectric de-icing
systems such as the electronic power supplies and acoustic noise issues. To find the good mode(s) for de-icing,
more understanding of de-icing mechanisms is required to obtain complete ice shedding and not only cracks or
partial delamination. Optimization is certainly required to take into account all the design drivers and

compromise may be necessary at the final stage of the design.

Finally, concerning the perspectives to improve the computational method, the method proposed here is, in
our point of view, the first step to the design of piezoelectric de-icing systems. To go further than the prediction
of the de-icing initiation, more work is required to model and understand what happens after the generation of

initial cracks or delamination, and how the cracks or delamination can propagate.
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