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Abstract: The aeronautics industry is looking for ice protection systems consuming
less energy. Electromechanical and especially piezoelectric solutions are a promising area
of research for reducing average consumptions. This article provides an analytical model
of a simple structure to assess the power and voltage required to obtain the delamination
of the accumulated layer of ice at the support/ice interface. This model also allows
analyzing the impact of the resonance frequencies used for supplying piezoelectric
actuators on the tensile stress into PZT materials. Finally, this article assesses the effect
of different ice-phobic coatings combined with piezoelectric ice protection systems.
Experimental measurements of ice adhesion for different ice-phobic coatings allow
evaluating the shear stress at which ice is detached from the surface. These results are
then used to estimate - thanks to the proposed analytical model - the additional gain of
power that would be provided by the use of such coatings.

I. Context of the study

Ice accumulation on aircraft affects energy consumption, causes mechanical failures and increases safety hazards
in most cases. To prevent frost, conventional protection systems use either thermal, electro-thermal or pneumatic
solutions that consume energy, or chemicals that require large volumes of fluids and induce environmental issues
and potential damage to the treated parts.

The aim of this study is to investigate a technology that combines a piezoelectric deicing system with an ice-
phobic coating. The main expected impacts of combining these technologies are the decrease of the energy
consumption and the reduction of environmental issues.

Regarding electric deicing systems, electro-thermal and electro-impulse technologies are already implemented
on aircraft but 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'~'”. The principle is to apply vibrations that create shear stresses at a higher level than the shear
stress required to lead to the delamination of the ice accumulated on the structure. Different frequency ranges
have been investigated: low frequencies'® (Hz), high frequencies”'* (kHz) and waves'®'” (MHz). Different
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technologies of actuators have been tested (Figure 1): piezoelectric ceramics, piezocomposite and Langevin
transducers that are pre-stressed piezoelectric actuators. All these investigations are showing promising results.

In this paper, we will first present a methodology to assess different architectures of piezoelectric deicing
systems. This method allows computing the vibration magnitude that allows the required level of shear stress to
be reached, the consumed current and voltage and thus the required power. Regarding the coatings, we propose
in this study to investigate the ice phobic characteristics of two coatings proposed by Carleton University: ETFE
plasma sprayed coating and a commercially available silicone based coating R-2180. As a first step of
characterizing the coatings, the study will focus on the ability of these coatings to decrease the shear stress
required to break ice/substrate bonding. The article will then present an analysis of the benefits of coatings to
lessening the power of piezoelectric deicing systems.
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Figure 1 — Technologies of piezoelectric actuators (ceramics, piezocomposite, Langevin)

II. Main design drivers and modeling assumptions

This section summarizes the main drivers and modeling assumptions to be considered for the design of a
piezoelectric deicing system.

Concerning the ice, the inputs required to assess architecture of piezoelectric deicing systems are:

- The roughness of the structure on which ice accumulates

- The type of ice

- The thickness and the shape of ice
All these information enable the computation of the shear stress required to cause ice delamination. In the last
section of this paper, measurements of shear stress with on bare samples and on samples with ice-phobic
treatments are performed. We then assume a reference shear stress g4 Of 0.5MPa if the structure is not
polished nor coated by an ice-phobic treatment; this value is consistent with results published by Petrovic'®. In
our computation, the ice is 2mm-thick and is uniformly spread on the structure.

The main drivers for the design of piezoelectric deicing systems are:

- The dimensions of the substratum to protect

- The type of actuators (piezoelectric ceramics, piezocomposite, Langevin transducers)

- The number and locations of these actuators

- The frequency range of use of these actuators with different types of mode and a limited number of

resonance frequencies.

The models proposed in this work will be developed on plate considered as beam pinned at both ends. These
boundary conditions enable to develop analytical equations. Two types of actuators are considered: piezoelectric
ceramics and piezocomposite. However the proposed methodology could be applied to other types of
piezoelectric actuators with use of finite elements simulations. The number of actuators will be fixed and
positioned at the most efficient locations, that is to say where the stresses in the structure are maximal. For our
study case, it corresponds to the center of the beams or plates, at the anti-nodes of resonance. At last, this work
will focus on the frequency range [0, 30 kHz] and the main driver considered in this work is the resonance
frequency used to lead to ice delamination.

The operational limits to be examined to ensure a good design and functioning of the piezoelectric deicing
systems are:
- Mechanical de-icing: shear stress interface adhesion, tensile stress of ice. These values allow ensuring
that ice delamination occurs.
- Actuator: voltage and mechanical stress. These values are required to ensure the good functioning of the
actuator without damage.
- Power electronics: power, voltage, current. Voltage and currents are important values for the design of
the power electronics and the power is a key driver in the selection of the resonance frequency for the
design of low-consumption ice protection systems.
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Concerning mechanical de-icing, we will focus mainly here on the shear stress and the vibration magnitude
enabling to get a minimal value (given earlier in this section). Concerning the actuator, the applied voltage
should not exceed the maximum electric field that can be applied without depolarizing the ceramics: we employ
only the cases where the voltages do not lead to the maximal electric field acceptable by the piezoelectric
ceramics to be exceeded (400V/mm for high frequency applications). The mechanical stresses in the
piezoelectric ceramics are computed for the voltages that can break the ice and we keep only the cases for which
these stresses are lower than the maximal stresses allowable for the piezoelectric ceramics before fracture occurs
(15 MPa).

The following section will present the modeling of the structure with ice and with the actuators at fixed positions
in order to determine the stresses at the interface structure/ice and in the actuators. This model will be
determined analytically here but could be realized using Finite Element results'’. It is a dynamic model that must
include the damping of the structure. This model allows computing (a) the amplitudes of the vibrations that can
create the required shear stress leading to the delamination of the ice on the structure and (b) the voltages
corresponding to the required amplitudes of vibrations for different resonance frequencies on a frequency range.
Like all resonant systems, the amplitudes of the vibrations coming from piezoelectric deicing systems depend
strongly of the damping of the systems. In this article, the amplitudes of the vibrations are assumed to be linear
with the quality factor Q, and this factor is assumed to be equal to 100 for the preliminary assessment of the
architectures (mean value for metallic structure). Experimental tests confirm this order of value even with ice
accumulation.

All the study cases with the characteristics of the substratum and of the piezoelectric actuators are described in
Table 1.

Aluminum Piezoelectric . .
Beam actuators Geometrical configuration
Case 1: Beam + 25x150x1.6 2 patches .
ceramic mm’ 25x25x.5Smm’ p| JEEE |
2 patches b
Case 2 : Beam + 25x150x1.6 25%25x.5mm’ P r
piezocomposite mm’ 2x2 polymer layers
25x35x.0.15mm’

Table 1 — Study cases for the comparison of piezoelectric deicing systems architectures

III. Model to assess architectures of piezoelectric deicing systems

The samples are considered as beams because of their aspect ratio. To study these samples, an analytical model
of beams beam pinned at both ends is first presented to establish the relation between the vibrations amplitude
and the stress required for ice delamination. It will then be extended by an analytical of the electromechanical
coupling in order to estimate the corresponding required voltage. In this section, numerical applications will be
performed with the assumption of ice reference shear stress equal to 0.5MPa. The effects of ice-phobic materials
will be analyzed in the next section.

A. Modal analysis (1D beam)

The vibrations generated by a piezoelectric actuator are more important around the resonance frequencies. The
article® compared the extensional and flexural modes, particularly their ability to generate shear stress at the ice-
substrate interface. It shows that, for a given frequency and for a given displacement, the shear stress level at the
ice-substrate interface is smaller for extensional than for flexural modes, while the tensile stress in the aluminum
substrate is almost the same. Thus, to generate ice delamination while minimizing the displacement of the
piezoelectric actuators, it is more interesting to excite flexural modes. Table 2 summarizes the relations between
vibratory amplitude and stress. These equations are established using several assumptions: support and ice are
considered as a thin multilayer beam (1D model), mode shapes are assumed to be identical to those of a uniform
beam and boundary conditions are simply supported to enable simple analytical equations. Figure 2 shows the
beam under study where:

e X is the transverse position along the beam of length a ;
e nis the number of anti-nodes for the considered mode ;
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e ®is the angular frequency of the considered mode;

e hay hie, hn are respectively the thickness of the aluminum beam, the thickness of the ice beam and the
position of the neutral line for the flexural mode,

e W(X) is the out-of-plane displacements magnitude for flexural modes;
® Cuu, Cice s May and i are respectively the Young modulus and the density for the aluminum beam and the ice.
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Figure 2 —Element of the beam under study

For flexural modes, the position of the neutral line h, can be obtained by assuming that the tensile force in a
section is zero. This results in:

2 2
_ Yeayhg = Cicehice

= 1

" 2 Caluhalu + Cicehice ( )
The equations of the peak out-of-plane shear stress were obtained by isolating an element of ice of thickness dx
subjected to elastic forces, inertial forces and shear forces at the ice-substrate interface. The resonance
frequencies were obtained by the Rayleigh method using the expression of the strains to estimate the kinetic and
potential energies. These analytical equations show that for flexural modes, the maximum out-of-plane shear
stress is located on the displacement nodes.

. T nmx
w(x, t) = W(x)sin wt = W, sin—sin wt
Displacement a
@0 ow w nmx nmx | ¢ = UCOsinot
ulx,t)=—-y-—=-— ——cos—ssinwt = U(x)sinw
Y Ox o a a
Peak tensile strain aUu(x) (nn)z . nmx
& = = —) sin—
* ox 4 a
Peak ice tensile stress in ice niy 2 . nmx
0y = Cice (Rice + hy) (_) Wy sin—
a a
Peak tensile stress in aluminum nmy 2 . nmx
0y = Cau (M, — ) (_) W, sin—
a a
Peak out-of- plane shear stress at B niy3 (hg — hn)? — h2 nmx
the ice/aluminum interface Txz = Calu (_) 2 W, cos a
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Table 2 — 1D modes equations
Area of validity of the modal analysis

The analytical formulations from the previous section were based on the assumption that the shear stress has a
negligible effect on the rotation of the beam sections (Bernoulli assumption). In the case of short beams or for
high-order resonance modes, this assumption is no longer valid. Timoshenko beam models could then be used. A
comparison of the equations presented in Table 2 with finite element calculations shows that the analytical
equations are valid up to 30 kHz. For higher frequencies, shear stresses generated by bending are over estimated,
and the effort to generate the shear ice is thus under estimated. We therefore limit our study to a maximum
frequency of 30 kHz.

B. Computing the amplitude vibration for de-icing

Minimal amplitude

To deice, it is necessary to achieve a minimal level of shear stress Tgpqq- at the support/ice interface. The
equations of Table 2 enable to link the vibration amplitude to this stress. The minimum W, vibration amplitude
to provide for a start of delamination in one localized point is given by:

(2)

nT[)3 (halu - hn)z - hrzl -
a 2

Wo = Tshear <Calu (

It is evident from this relationship that the vibration amplitude required for deicing decreases with the order and
thus frequency of the resonant modes.

Increase of the de-icing surface

An increase of the vibration amplitude enables to ensure the rupture stress on a larger surface. Figure 3 shows
the increase of the vibratory amplitude (relatively to the amplitude calculated with equation 2) in function of the
ratio between the deiced surface and the total surface of the structure. This figure has been built by evaluating
the ratio between the surface where the value of amplitudes is higher than the minimal amplitude required for
starting deicing and the total surface of the structure.
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Ratio of surface

Figure 3 — Increase of vibration magnitude versus the ratio of deiced surface
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C. Power calculation

The power is function of the effort and the vibratory velocity. The mechanical power required to activate the
support can be expressed as:

P = E Fmax VUmax (3)

Around a resonant frequency, the device can be likened to a spring-mass system. Modal masse and stiffness can
be directly expressed by the following simple relationships:

— (paluhalu + Pice hice)ab
z “)
K = Mw?

M

The effort at the resonance can be approximated by the relationship:

_ Mw®W,
Fmax - 0 (5)
m
and the power by:
1M
p=—— 3w2
20,7 ©)

with W, the amplitude necessary for generating the sufficient shear stress to delaminate ice and Q,, the
mechanical quality factor of the vibrating structure. Measurements allowed estimating this ratio to a minimal
value of 100 for the beam under study covered with ice. For the rest of the article this value will be used while
keeping in mind that the damping of the structure has a significant impact on the voltage and power to provide.

3
Note: W is a function of the angular frequency w: it is proportional to w™ 2. Consequently, with this model, the
power is independent of the frequency.

D. Electromechanical coupling

Obtaining the supply voltage requires computing the electromechanical coupling between the resonant mode and
the piezoelectric ceramic. Around a resonance mode, the reduced model of a structure®® with piezoelectric
actuators can be made for one mode with a mechanical equation and an electrical equation:

MG+ DG + Kg = NV
dc =Ng+C.V (N

where ( is the modal displacement, M the modal mass, K the modal stiffness, qc the electrical charge, V the
voltage, Dy the modal damping, N the modal electromechanical coupling force factor, and C, the modal turned-
off capacity.

We assume here that the piezoelectric ceramics have little influence on:

« the mechanical parameters, i.e they provide little kinetic energy and little additional elastic deformation in view
of their small volume compared to the volume of the entire plate with ice.

* the mode shapes which remain similar to those of Table 2.

In the further computations M and K are given by equations (4) and (5) and the displacement g of amplitude W
is equal to the displacement of the neutral line on an antinode. The only remaining important parameter to
calculate is thus the force factor N. This factor will be estimated here using the second equation by calculating
the electrical charge gc on the electrodes for a zero voltage V=0 and a deformation q=W,. This force factor is
directly related to the piezoelectric effects®’ described by the following set of matrix equations:
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{T =cfS —eE
D = £°E + e'S (3

with T the stress vector, E the electric field vector, D the electric displacement field vector, S the strain vector,

cE eand €° the piezoelectric coupling matrices.

For the considered configuration electric field and electric displacement field vectors have only a non-zero
component along y axis. They thus can be written here with scalar notation D and E. Finite element simulations
show that for a zero voltage, the electric field E into the ceramic cannot be assumed to be constant. The absence
of free charges enables to write that 0D /0y = (thanks to Gauss theorem. The electric displacement field D is

thus constant on the thickness of PZT ceramic, but is function of the position X (see axes in Figure 2). Since D is
constant over the thickness of the ceramic, it is equal to its average value along the y axis. In the beam
configuration the equation expressing D can be approximated by the following scalar equation:

s
D=¢E+e€S, (9)

where e = e3; + yes3 is the sum of e3; (strain along X axis) and es; (strain along y axis) multiplied by y
(Poisson coefficient). By averaging equation (9) on the thickness of the ceramic, we get:

+e
PZT Npzt

S V 1 Jha*hn +hpzy

<D>=D(X)=¢’<E>+e<S>=¢ s(x, y)dy (10)

ha_ n
with hpzt the thickness of the PZT ceramic. For a zero voltage and strain of Table 2, equation (10) becomes:

PZT

D) = (%)z W, (hz + (hy — hn)) cos (?) (11)

The integration of the electric displacement field on the ceramic surface gives the electrical charge useful for the
estimation of the force factor:

_qc nmy  (Milpgr
N = = 2be(h, —hy) (%) sin (T) 1)

Consequently, if the displacement required to cause ice delamination is known for a resonance mode, the voltage
that generates this displacement is given by:

v Frax _ Mw?W,
T N NQ, (13)

Note: in equation (13), the impact of the quality factor is clearly visible. Among all the parameters of this
relation, it is the most difficult to estimate by computation.

E. Results on the studied configurations

The two study cases of Table 1 are now assessed using the model proposed in the previous sections. The first
study case consists of a plate with two massive ceramics (25x25x0.5 mm3) of type PZT 5H. Most defrost tests
were carried out with this type of technology. It has the disadvantage of a risk of mechanical failure for too high
vibration levels. Palacios noted this type of failure in his publications and reports'>"?.

Table 3 shows the evolution of the characteristic quantities (frequency, voltage and power) leading to deicing for
a beginning of delamination in one point and for a delamination over 55% of the surface. These values are
computed for a shear stress of 0.5MPa and given for different modes (anti-symmetric) of resonances. Figures
represent only half of the beam (length a/2). The voltage is minimal for the frequencies whose half-wavelength
corresponds to ceramic dimensions. Table 3 also gives the stress in the ceramics while deicing. This stress is
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close or exceeds the failure limits, about 15 MPa in traction, for bulk ceramics. This stress, however, decreases
with frequency. The high rank modes seem therefore more interesting to avoid the mechanical failure of the
actuators. The power required for deicing is approximately 232 W/m? for the beginning of delamination or 574
W/m? for 55% of the surface. This power is constant regardless of frequency with the simplified model proposed
in this paper. Finite element simulations show slight increase of power consumption with frequency. This power
is to be maintained during a short time. The average power of piezoelectric dicing systems is much lower than
the average power of electro-thermal deicing system.

The study is now performed in the case of piezocomposites (2 ceramics 25x30x0.5mm3). In this technology, the
PZT ceramics (2 ceramics 25x25x0.5mm3) are pre-stressed by two layers of rigid polymers (2 polymer coating
25x35x0.15mm’). Pre-stressing the PZT ceramics provides a better resistance to deformation (failure limit in
traction is increased; further tests should allow determining this limit). Numerical computations with a Finite
Element software show that the characteristic quantities for deicing are similar to those of Table 3. It means that
the presence of the thin (0.15 mm-thick) and rigid (Young modulus 3 GPa) polymer layer does not degrade the
performance of the piezocomposite compared to the bulk ceramics. Another conclusion is that the analytical
formulation proposed to assess deicing systems based of bulk ceramics could be used to approximate the
performance of deicing systems based on piezocomposites.

Number | Frequency Power PZT stress Voltage
of (kHz) W) (MPa) \%)
anti-
nodes
Deicing in | Deicing Deicing in Deicing Deicing in Deicing
one point | over 55% one point over 55% one point over 55%
of the of the of the
surface surface surface
2 1.01 0.87 2.15 28.5 44.7 28 44
4 4.04 0.87 2.15 14.2 22.4 16.2 25.4
6 9.09 0.8 2.15 9.5 14.9 14 22
8 16.17 0.87 2.15 7.1 11.2 16.2 25.4
10 25.26 0.87 2.15 5.7 9 28 44

Table 3 — Deicing performance of a deicing system based on the use of the 2 bulk ceramics (study case 1)

IV. Analyses of piezoelectric deicing systems combined with ice-phobic coatings

Taking into account the benefit of the coatings to lessening the shear forces required to break the accumulated
layer of ice, the architectures with the two technologies of piezoelectric actuators studied previously will be
assessed once again and the gain in power consumption brought by ice-phobic coatings will be estimated.

A. Ice-phobic materials

Coatings are generally classified as part of passive technologies to prevent ice accretion. Compared to chemicals,
they have the advantage that they do not need to be applied timely and reapplied for each event’**. Coatings
can be employed alone or combined with active technologies allowing decreased power consumption. Two main
coating types can lessen the effect of ice accumulation:

- ice-phobic materials that reduce the shear forces required to break the accumulated layer of ice on the solid
surface.

- hydro-phobic materials that have a high tendency in repelling water due to the high contact angle between the
water droplet and the solid surface thus eliminating the accumulation of water before water freezes and forms
ice.

In the present study, we focus on ice phobic materials and investigate the ice phobic characteristics of two
coatings: an in house plasma sprayed ETFE coating and commercial silicone R-2180 which have been applied
using dipping and furnace curing process (Table 4). Both coatings have been applied onto an aluminum substrate
and tested for ice adhesion strength using lap shear test setup.
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q Application ] Coating Coating
Coating Method Supplier appearance | Thickness (nm) Sample
ETFE Plasma DuPont White 292
polymer spray
Silicone o Nusil
R-2180 Dipping Technology Transparent 285

Table 4 — Application method and appearance of each coated material

B. Shear stress measurement

Ice adhesion test

A freezing jig was manufactured to hold the coupons in place during the freezing process. The jig was designed
such that the gap clearance between the top and bottom coupons remains constant at 0.100”. The jig measures
15” long by 5” wide and 0.5” thick and uses slots milled to a depth of 0.02” to keep the coupons aligned and can
hold six test specimens at once (a total of 12 coupons) using the toggle clamps . A layer of parafilm was placed
on top of the jig to prevent the coupons from sticking to the surface of the jig during the freezing process. Using
a 1 mL syringe, 0.6 mL of deionized water was then injected into the hole in the lap shear joint (1” overlap) and
the jig was placed in a freezer for 24 hours. This was done to ensure a complete transition of water to ice
between the two coated surfaces. After 24 hours, each specimen was inspected to ensure complete formation of
ice between the coated surfaces.

Ice adhesion test was carried out using a 100 kN Material Testing System (MTS) to measure the force required
to break the lap joint. From the measured force, the shear stress at which ice is detached from the surface can be
found and compared with literature. The frozen specimen was placed inside an insulated chamber and gripped by
the MTS. The chamber kept the specimens at a temperature of approximately -15°C for the duration of the test.
An axial displacement rate of 1 mm/min was used to pull the joint apart. The maximum load was then recorded
for each sample and compared with previous experiments.

Ice adhesion strength

The lap shear test results are presented in Figure 4. Bare coupons required approximately 65 1bf to shear the ice
formation on 17x1” surface area. This indicates that the bare sand blast coupons exhibited a stronger adhesion to
ice. As for ETFE and silicone R-2180, the forces required were approximately 52 Ibf, and 27 Ibf respectively.
Based on these results, the silicone R-2180 requires about 65% less force to shear the ice layer between the
samples when being compared to the bare aluminum. ETFE required 20% less force to shear the samples than
the bare aluminum samples.

0.55 -
T 1 psi = 6.895 kPa
0.41
g
=3
0.27

—

Shear stress
o
N

0

M Bare R-2180 METFE

Figure 4 — Shear stress required to break the bond formed between the ice and substrate
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A total of six samples were shear tested for each type of the coatings. A large variation was observed in the
results obtained from this study. However these variations in adhesion strength for each coating group are similar
and also comparable that from previous tests conducted by other researchers™.

There are several variables that could not be controlled during the testing and lead to deviations in the results.
Any deviation in terms of actual ice temperature would have impact on the shear strength. Another variable is
the clamping pressure used during freezing. While the position of the clamps was constant for freezing each
sample, the pressure exerted on each sample could be different due to the effects of surface tension exerted by
the water. Since each surface is different in its surface tension, hydrophobic effects can vary significantly and
cause a difference in the adhesion of ice to the sample.

C. Effects on piezoelectric de-icing system

The vibration amplitude W, required to get ice delamination is function of the shear stress Tgpoq,-. Using
equations (2) and (6) for power computation, power can be expressed in function of this shear stress:
P
2
Area A Tshear (14)
It is noticeable that the power is proportional to the square of the stress:

In the same way one can show that stresses and strains are proportional to the shear stress. The use of ice-phobic
coatings thus allows expecting significant gains in terms of power consumption but also in terms of mechanical
stress for PZT ceramics or supply voltage. Figure 5 shows the evolution of these quantities in function of the
shear stress at ice/aluminum interface.

s
5 /
;:: 1] ;"
o
) /
i) v
] v—"'_’__;
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a) Power vs shear stress
50 50
a5 a5
— Bare
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b) PZT tensile stress vs frequency ¢) Supply voltage vs frequency

Figure 5 — Evolution of power, PZT stress and supply voltage with shear stress
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V. Conclusion

This article presents an analysis of piezoelectric ice protection systems combined with ice-phobic coatings. Main
design drivers of ultrasonic deicing systems have been introduced before developing an analytical model for
beams beam pinned at both ends, covered with ice and actuated by bonded PZT. This model allows computing
the power required for deicing. It also shows that high resonance frequencies enable reducing the tensile stress
into PZT materials for a given shear stress at ice/structure interface and that the voltage is minimal for the
frequencies whose half-wavelength corresponds to ceramic dimensions and. The last section of the article is
dedicated to the ice-phobic coatings that reduce the shear forces required to break the accumulated layer of ice
on a solid surface. The article shows that their use enables reducing the voltage and the PZT tensile stress that
depend linearly of the shear stress and significantly the supply power (indeed power depends of the square of the
shear stress).
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