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ABSTRACT

This work presents the analytic and experimental research of de-icing method
with piezoelectric transducer as actuators.

For the reason of flight conditions like altitude, high and humidity. To meet the
requirements for flight, deicing measures must be taken in consideration.

There are lots of existing deicing methods, but the main problem is that the
loss of power with them is very big increasing the consumption of fuel and
decreasing the efficiency of the flight. With the development of piezoelectric
ceramic technology, shear vibration deicing is more concerned for their low
power consumption. Shear stress between surface and ice is generated by the
forced vibration which is driven by piezoelectric.

The device achieves the deicing purpose activating resonant frequencies of a
structure using piezoelectric ceramic actuators to generate enough shear
stress at the interface, between the surface and ice, to break the adhesion
stress between them.

In this study, we study the effect of shear stress generated for different
distances between ceramic piezoelectric, and then analyze the relations of the
shear stress and frequency.

First, a numerical method was validated to assist the design of such systems.
Numerical simulations were performed for the case of a flat plate testing the
natural modes and harmonic response by the software ANSYS, which proves
the feasibility to remove ice by piezoelectric ceramic actuator in theory.

And then, validated experimentally. The model was then used to study
important design parameters such as actuator positioning and the distance

between them.
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Il Introduction

The study of this project will analyze the viability of the ultrasonic de-icing
system focusing on the piezoelectric ceramic transducer PZT-4.

1.1 Project Objectives

The purpose of the project has as main target find an alternative de-icing device
better than the used nowadays, that consume big amounts of energy and heat.
Through the physics of ultrasonic, by piezoelectric materials used in
transducers.

By the transducers PZT-4, a series of researches and simulations by software
has been done to determine which configuration of this PZT suits better the de-
icing effect.

1.2 Scope of the project

This project is limited to study and analyze how the distance between the
transducers suits better on a surface to reach the maximum de-icing effect.

To be more accurate, the field of the study is to analyze how the distance
between two transducers in a flat surface affects the total stress generated by
the piezoelectric materials and which is the optimal position between the
transducers to maximize the de-icing effect.

This work does not include another several parameters or factors that can also
affect the de-icing effect like, different temperatures, different depth of ice, more
than two transducers, another types of piezoelectric materials, material of the
laminar plate...



lll Aircraft icing
.1 Issues

Nowadays aircraft icing, in particular in-flight icing, poses serious threat to flight
safety. This occurs when the air contains droplets of supercooled liquid water.

Icing conditions are characterized quantitatively by the average droplet size, the
liquid water content and the air temperature. These parameters affect the extent
and speed that characterize the formation of ice on an aircraft.

Federal Aviation Regulations contain a definition of icing conditions that some
aircraft are certified to fly into. So-called SLD, or supercooled large droplet,
conditions are those that exceed that specification and represent a particular
hazard to aircraft.

Cold fronts

Ice build-up on aircraft wings can induce dangerous drag

/L
7 '
4,
0°Cto-20°C BELOW -20°C L
GLAZE ICE forms when supercooled RIME ICE forms in a wedge on
water droplets strike the wing and the leading edge, as droplets
freeze as they pass over it freeze onimpact

Figure 1. Ice droplets

In-flight aircraft icing has been considered as a dangerous phenomenon posing
significant risk to the safety of the flight.

Many researchers have indicated that ice accreted on these spots, in particular,
on lifting surface, leads to aerodynamic configuration degradation.

Icing reduces aircraft efficiency by increasing weight, reducing lift, decreasing
thrust, and increasing drag. With the accumulation of ice, the wing surface
roughness increases, which not only results in airfoil distortion, but also induces
boundary layer transition. Both friction drag and pressure drag increase
substantially due to icing. When in-flight icing leads to an increase in drag,
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aircraft engine requires providing extra thrust to overcome resistance, which
necessitates additional fuel consumption.

Specific fuel consumption is an important economic index which serious
concern in aircraft design; therefore, increase in fuel consumption becomes a
crucial problem that cannot be neglected.

Besides, wing icing promotes boundary layer separation, thus decreasing lift
and critical angle of attack. Still worse, icing on the horizontal tail seriously
damages the stability and manipulation of airplanes and a partial or complete
blockage of the air inlet to any part of a pitot static system can be produced
inducing to errors in the readings of pressure instruments such as Altimeters,
Airspeed indicators, and Vertical Speed Indicators. Severe ice accretions may
lead to disastrous fatal accidents.

lll.2 Current Solutions

To reduce the potential harmful effects of aircraft icing, a number of anti/de-
icing systems have been developed. Thus, anti/de-icing techniques are
researched extensively in Aeronautical Engineering and in Wind Energy
Engineering field. Wind energy is a significant renewable and sustainable type
of resource. However, accumulation of ice on wind turbines that work under
harsh weather conditions, leads to deformation of blades which may cause
increase of torque as well as crease of efficiency and power output.

Figure 2. Ice wing forms
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Aircraft and engine ice protection systems are generally of two designs: either
they remove ice after has formed, or they prevent it from forming. The first type
of system is referred to as a de-icing system and the second one as anti-icing
system, and both types could use passive or active methods. Passive methods
take advantage of the physical properties of surface to eliminate ice or prevent
the formation of ice, while active methods use external systems and require
energy power supply that is either thermal, chemical or ultrasonic method.

Although, no passive or active anti-icing and de-icing systems are totally
effective to prevent initial and subsequent icing, during icing events some
systems have been proved to maintain power output, minimize dynamic impact
of icing and, perhaps most importantly, avoid ice hazard close to habitable sites.

Figure 3. Passive de-icing system

Consequently, due to most anti-icing and de-icing systems are based on
heating, wind turbines need more power to operate. The extra power will be
added to the consumption of the nacelle cold climate package. Furthermore,
additional maintenance should be planned.

In the following points, some of the most common anti-icing and de-icing
systems will be shown.
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l11.2.1 De-icing

Deicing equipment is designed to remove ice after it begins to accumulate on
the airframe.

A de-icing system has two very attractive attributes. First, it can utilize a variety
of means to transfer the energy used to remove the ice. This allows the
consideration of mechanical (principally pneumatic), electrical and thermal
methods. The second attribute is that it is energy efficient, requiring energy only
periodically when ice is being removed, with some mechanical designs requiring
relatively little energy overall. This is a significant consideration when designing
ice protection for aircraft with limited excess power.

The principal drawback to the de-icing system is that, by default, the aircraft will
operate with ice accretions for the majority of the time in icing conditions. The
only time it will be free of ice accretions will be the time during and immediately
after the cycling of the de-ice system. This requires an understanding on the
part of the designer and the pilot of what effects the ice accretions will have on
aircraft performance, both prior to and during system operation.

Any design which utilizes either a mechanical means of breaking the bond of ice
to the surface, or which operates on a periodic cycle, is necessarily a de-ice
system.

.2.1.1 Electro-Thermal Deicing Systems

Conventional electro-thermal deicing systems use a resistive heater that is
attached to the part of the leading edge to be protected, with particular
emphasis on the limits of ice impingement, the so-called impingement zone.
The heater applied to the airfoil is conventionally segmented into several
sections. Each section consists of several individual heaters (typically 5) with a
narrow side in the chord wise direction, and the long side along the span wise
direction.

S

Figure 4. Airfoil segmented heaters
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11.2.1.2 Pneumatic De-lce Boots

A very common active de-icing system utilizes pneumatically inflated rubber
boots on the leading edges of airfoil surfaces. This typically includes the wings
and horizontal stabilizer, but may also include struts, cargo pods, or even
antennae. The system uses relatively low pressure air to rapidly inflate and
deflate the boot. This is usually done in a sequence of segments, for example,
the outer wings followed by the inner wings followed by the horizontal stabilizer.
Depending on the manufacturer's specifications, the system may be operated
either automatically, through a timing circuit, or manually, using a cockpit control
to initiate the boot cycle sequence.

Figure 5. Pneumatic boot designs

Early pneumatic boot designs had relatively low volume air supplies to draw
from, and were slower to inflate and deflate. A phenomenon which was thought
to be occasionally observed with these systems was known as "ice bridging", in
which the boot expanded under the ice and stretched it without breaking its
structure. This led to a space beneath the ice shape which allowed the boot to
inflate and deflate with no effect. The problem was addressed by allowing a
particular thickness of ice to develop before inflating the boot. Once the
requisite thickness was attained, the boot inflation would shatter the ice and
clear it off the surface.

Figure 6. De-icer boots
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111.2.2 Anti-icing

Anti-icing systems reverse this paradigm. Properly used, they prevent the
formation of ice continuously, resulting in a clean wing with no aerodynamic
penalties. An anti-icing system must have a means of continuously delivering
energy or chemical flow to a surface in order to prevent the bonding of ice. The
typical thermal anti-icing system does this at significant energy expense. The
concept is not viable for aircraft that do not have the requisite excess energy
available during all flight phases. An exception to this is the use of a chemical
system such as TKS.

1.2.2.1 Thermal Systems

A thermal anti-ice system is designed to operate in one of two ways: fully
evaporative or running wet. In the former case, sufficient energy is provided to
cause impinging supercooled water to completely evaporate. This has an
obvious advantage of protecting the aft, unheated portion of the airfoil, since the
evaporated water cannot re-condense before the airfoil has passed. It is a very
effective means of ice protection, but the concept requires a great deal of
excess energy.

Anti-/Deicing
Coating Zone

Heating Zone

Figure 7. Thermal anti-icing system

A running wet system can only prevent impinging water from freezing. This
requires rather less energy. However, it can fail to prevent runback ice, which
forms when the running water passes aft of the heated surface and freezes.

Any fully evaporative system will necessarily transition through a running wet
phase as it both heats and cools. The ideal method for operating a fully
evaporative system is to activate it prior to entering icing conditions, thus
allowing the surface to stabilize at the required temperature.

A thermal de-icing system requires much less energy. Using either engine bleed
air, exhaust-heated air, or electrical heating, this system is intended only to
periodically break the bond between accreted ice and the surface.
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1.2.2.2 Chemical System

The TKS (Tecalemit-Kilfrost-Sheepbridge Stokes) Ice Protection System, is a
fluid-based ice protection system used to help aircraft safely exit in-flight icing
conditions. The system uses a glycol-based fluid to cover the critical surfaces of
an aircraft and prevent the risk of any ice forming on the leading edges of the
wings. The system can also break the ice that has accumulated (chemically).

Ice Protection with the TKS Ice Protection system is achieved by mounting
laser-drilled titanium porous panels on the leading edges of the airframe. The
panel skin is perforated with eight hundred 0.0025-inch-diameter laser-drilled
holes per square inch. TKS fluid exudes through the panels on the leading
edges of the wings, horizontal stabilizers. Fluid is also thoroughly distributed
from the slinger-ring on the propeller and from the windshield spraybar.

Figure 8. TKS Titanium porous panels

1.2.2.3 Bleed air system

A bleed air system is the method used by most larger jet aircraft to keep flight
surfaces above the freezing temperature required for ice to accumulate. The hot
air is "bled" off the jet engine into piccolo tubes routed through wings, tail
surfaces, and engine inlets. The spent bleed air is exhausted through holes in
the lower surface of the wing.

Figure 9. Bleed air system
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lll.3 Proposed Alternative Ultrasonic Deicing

Compared to other methods, and specially the thermal ones, ultrasonic guided
wave (UGW) de-icing method consumes less energy and produces less weight
increase. Therefore, comparatively, this technology exhibits significant
development prospects in improving energy efficiency.

Ultrasonic anti/de-icing technique was first proposed by prof. Jose L. Palacios in
2004. In his research the use of ultrasonic shear and lamb waves for composite
rotor de-icing were investigated. Such technique is based on the fact that the
adhesive bond of ice-substrate interface is relatively weak in shear strength
compared with the interface forces within composite blades. When high-energy
ultrasonic waves travel through a plate-ice layered system, the shear stresses
at contact surface or interface between the plate and ice layer, is caused by the
difference of wave propagation speed produced due to difference of physical
properties existed in ice and the plate.

Such shear stresses can not only debond the ice layer but also break the ice
layer. The piezoelectric actuators can be used to produce local shears at the
locations of ice accretion to weaken the interface and subsequently de-ice the
surface with normal impulse forces.

Figure 10. Ice block

How the parameters of the piezoelectric actuator and the transducer affect the
de-icing are important topics for future studies. This research, as it is said
before, will focus in how the distance between two transducers will affect the
de-icing and which case will be worth it for de-icing. Once the best case has
been found, the next step will be trying to figure out how the thickness of the ice
affects the system.
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IV Transducer Device

The piezoelectric transducers are devices that work on the principle of
piezoelectric effect. When mechanical stress or forces are applied to some
materials along certain planes, they produce electric voltage. For our field of
research, it is used that principle but in an inverse way, generating force or
shear to a ceramic piezometer applying electricity.

The active element is the heart of the transducer, as it converts the electrical
energy to acoustic energy, and vice versa. The active element is basically a
piece of polarized material with electrodes attached to two of its opposite faces.

When an electric field is applied across the material, the polarized molecules
will align themselves with the electric field, resulting in induced dipoles within
the molecular or crystal structure of the material. This alignment of molecules
will cause the material to change dimensions. This phenomenon is known as
electrostriction. In addition, a permanently-polarized material will produce an
electric field when the material changes dimensions as a result of an imposed
mechanical force. This phenomenon is known as the piezoelectric effect.

6

Figure 11. Transducer device

The finite element method (FEM) is used to get the relationships between the
length and thickness of piezoelectric ceramic transducer (PZT) and the vibration
intensity of the modes being excited. The thickness of PZT should be thin as
long as the strength requirements are met. The maximum shear stress on the
bond layer concentrates on the edge of length direction, and the amplitude
depends upon the strain on the surface of plate under the edge of ice.

The active element of most acoustic transducers used today is a ceramic
piezoelectric, which can be cut in various ways to produce different wave
modes.

They also operate at low voltage and are usable up to about 300°C.
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V The principle of ultrasonic de-icing

As it is explained in the paper of Congbo Yin, Zhengong Zhang Zhenjun Wang
and Hui Guo named “Numerical simulation and experimental validation of
ultrasonic de-icing system for wind turbine blade” published by Elsevier (2016);
‘under the action of ultrasonic actuators [4], there are two kinds of waves
propagate in the composite plate-ice layered system-lamb wave and SH wave,
which can cause interface shear stress between ice and substrate. The
composite plates-ice layered system is shown in the following figure.

N

Figure 12. The schematic of the anisotropic multi-layer structure.

The wave functions of lamb wave and SH wave can be written as:

9%u; 8%u;

Fr Cijki Ox;dxy [1]

In equation [1]; q, ¢, u;are the density, stiffness matrix and displacement field of
the media respectively. Here, the elastic constant matrix (stiffness matrix) used
in the calculation is listed in equation [2]:

In equation [1]; q, C, u;are the density, stiffness matrix and displacement field of
the media respectively. Here, the elastic constant matrix (stiffness matrix) used
in the calculation is listed in equation [2]:

(c” cp ¢G3 0 O O\

Cz2 ¢n Gz 0 O O
|G 3 @ 0 0 0 [2]
0O 0 O cuyg O O
0O 0 O 0 c5 O

\0 0 0 0 0 ce/
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Assume the displacement can be written as:
u; = Al_eik{,‘c1+px3—ct') [3]

By solving equation [3] can obtain the solutions of SH wave and Lamb wave
propagating in anisotropic elastic media. In equation [3]), uiis the polarization
vector representing the displacement vector in each direction, k is the wave
number along x.direction, c is the phase velocity along x1direction, and p is the
ratio of the wave number in the xsdirection with respect to the wave number in
the x: direction.

The guided waves are assumed to be propagating along the x:-xsplane and the
displacement is independent of the x.direction. Substitute the formal solution
into the governing equation to obtain the Christoffel’s equation, which is shown
in equation [4].

Ay —pc? A1z A1z U,
A1z Axz — PCZ Aaz U;|=0 [4]
A13 A2z Asz —pc?[LUs

Here, the values of kn (i, m = 1, 2, 3) can be obtained from equation [5]:
Aim = Cigamnxy [5]

Where n., niare the direction cosines of the normal to the wave front. Our
purpose is to get a nontrivial solution for equation [4]. The final solutions of the
ultrasonic guided waves in the layered structure are the linear combinations of
the partial wave solutions. Assume that the displacement and stress are
expressed in the following equations with undetermined coefficients A..

U, = Zu}t:lAkeik(,\‘ﬁ- Prx3z—ct) [6]

U, = Yi_; Ape¥xat Pixs=ct) [7]

Uz = Ypy ApUse ¥t Pr¥a=ct) ]

T13 = Doy Aglpr + Uz le®Fat Pixa=ct) o]

T23 = Lioy AxDipt(ik)e ¥ et Pixa=ct) [10]

T2z = Lpo1 Ak[A + (A + 20)pp Uz 1(ik ) e K1t Prxa=ct) - [11]
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Where A«are the weighting coefficients of the partial waves. In order to solve for
the weighting coefficient vector A, boundary conditions are applied according to
the above equations.

For lamb waves on a 2 layered system, 8 boundary conditions are identified:
free shear and longitudinal stress at the top surface (2 boundary conditions),
free shear and longitudinal stress at the bottom surface (2 boundary conditions),
continuity in u:and us displacement at the interface (2 boundary conditions),
continuity in the interface shear and longitudinal stresses (2 boundary
conditions).

For lamb waves, an 8x8 matrix is formed by the eight equations derived by the
system’s boundary conditions.

For shear waves on a 2 layered system, 4 boundary conditions are identified:
Free shear stress at the top surface (1 boundary conditions). Free shear stress
at the bottom surface (1 boundary conditions). Continuity in u2, displacement at
the interface (1 boundary conditions).

X

Figure 13: The shear stresses at a contact
surface between composite plate and ice
cover.

Under the action of ultrasonic actuators, the finite element vibration equation of
the structure of ultrasonic actuators, composite plate and ice layer is shown in
formula [12]:

F = ([Kpn] = 2[M] = j0[RDU + [ ] () = [KonlU + [Koa]® [12]
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Where F is the applied mechanical stress, | is excitation current, U is plastic
displacement field, u is the electric potential strength, [K.] is the elastic rigidity
matrix, [K.u] is the piezoelectric rigidity matrix, [Kud] is the permittivity matrix, [M]
is the mass matrix, [R] is the dissipative matrix, x is the angular frequency. The
finite element matrix equation of harmonic analysis can be written as formula
[13]:

e Se]1-[5)

The shear stresses at contact surface between composite plate and ice layer
are shown in figure 2. Among these three stresses, the role of s..and s, is to get
rid of the ice, while syis to break the ice. If the resultant force of those three
stresses is greater than the largest ice adhesion stress, the ice will be removed
from the composite plate-ice layered system.

In order to avoid frequency dispersion, the installation distance between
piezoelectric wafers should meet the requirement of formula [14]:

1
d = (n + E) Ar,  m=1234.. [14]

V.1 Measurement of ice adhesion strength

The calculus or the prediction of the ice adhesion in a substrate plate is not well
known and not easy to calculate.

This value of ice adhesion is really dependent on the roughness of the material
surface, temperature and many other influencing factors.

For this reason, this value was taken as reference in the study done by Mr
Wang and Mr Xu, “An effect assessment and prediction method of ultrasonic
de-icing for composite wind turbine blades”. They carried out the study where
they conclude that the average value of ice adhesion in a composite substrate
rounds the value of 0.4MPa.
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VI Simulations

VI.1 The parameters of the simulation

VI1.1.1 Software

In order to verify the feasibility of the ultrasonic de-icing system, it is done an
experiment based on software simulations with ANSYS. Creating the most
similar environment as in real life.

Figure 14. ANSYS logo

Once we have all the project developed on ANSYS, we can modify a lot of
parameters that affect the system but, for the purpose of this research only it is
going to be set and modified the distance between the two transducers.

The main objective is to find a solution with a standard case of study to
determine which is the optimum distance between the transducers.

ELEMENTS

NOV 23 2017
10:42:56

DEICING

Figure 15. ANSYS simulation body
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VI1.1.2 Geometry

As it can be seen in the picture, it is developed a laminar rectangular plate
where the two transducers are set. Besides, it is mandatory to define and
decide the different properties of the involved elements for this case of study.
Like the Young modulus, the Poisson ratio, the density, permittivity of the
different elements of the system like the ice, the steel in the transducers, the
materials of the different parts of the piezoelectric... Also, the physical
properties of the elements had to be set in order to determine our case of study.

To see how the distance between the transducers affects the final results, by
using the formula [14], the parameters of the composite and the ice layer will be
set.

The theory and the results of shear forces can be calculated by the ANSYS
software. All of them use the shear forces caused by ultrasonic waves to
remove the ice layer.

The element of study is a composite laminar plate of 200*300 mm with two
ceramic transducers (PZT-4), as it is showed in the figure 16, experimentally
done at a temperature of -15°C.

Aluminum plate

Transducer 1 Transducer 2

Figure 16. Laminar plate measurement properties
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Two piezoelectric wafers are meshed by using SOLID5, composite plate is
meshed by Solid 95, and ice layer is meshed by using SOLID45. Two thin
electrode slices are added to the upper and the lower surface of piezoelectric
wafer respectively, the upper surface is the positive electrode, and the lower
surface, connected to rectangle composite plate, is the negative electrode. The
applied voltage to the positive electrode is 100 V, the voltage applied to the
negative electrode is 0 V.

DEICING

Figure 17. ANSYS laminar plate and two transducers
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VI.1.3 Transducer Properties

The properties of the transducer correspond to the material parameters of
PZT-4 and are showed below

PROPERTY MEASURE
Diameter of the piezoelectric disc 0.037m
Thickness of the piezoelectric disc 0.005 m
Length of substrate plate 0.3m
Width of the substrate plate 0.21m
High of the substrate plate 0.002 m
Diameter of the piezoelectric disc 0.037 m

Table 1. Transducer properties

Density:

p = 7750 kg/m®
Poisson’s Ratio:
v=0.3
Piezoelectric Matrix:

er;1 =804.6
€133 =659.7

Relative Permittivity:
e = 14.1 C/m?

g3 = -4.1 C/m?
e15 = 10.5 C/m?
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Elastic Matrix:
Ce11= 13.2*10" N/ m?
Cei2= 7.1*10"° N/ m?
Cez = 7.3* 10" N/ m?

Ce22=13.2* 10" N/ m?
Ces= 7.3*10"° N/ m?

Cess=11.5*10"" N/ m?
CE44= 3*1010N/m2
Cess= 2.6 *10"° N/ m?

Cees= 2.6 * 109 N/ m?

R | —
| !
‘ Stainless steel PZT-4
Bam- | ——
Steel screw ~ | ' '
‘\.7\- 3 .
\
- e 1 ‘
‘ Aluminum
— B

Figure 18. PZT-4 measurement properties
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VI.1.4 Composite Properties

The composite plate was made of carbon fiber reinforced polyester matrix
composite of 18 layers with orientation distribution along the plate thickness
(+45°) where each layer has a thickness of 0.12 mm.

The properties of the composite are:
Elastic Modulus:
E+=120*10° Pa
E»=1.9*10° Pa
E3=1.9*10° Pa
Shear Stress:
Gz =Gp3 =G13 =4.8*10° Pa
Poisson’s Ratio:
Vi2=V23=V13=0.3
Density

p =1.61 kg*m™

Layers Materials

Figure 19. Composite layers and distribution
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Vi.1.5Ice Layer properties
The properties of the ice layer are:

Length of the ice
L=0.3m

Height of the ice
Z=0.003m

Elastic Modulus
E =6 GPa

Poisson’s Ratio
v =0.3

Density
p =0.913 kg*m™

VI.1.6 Case of Study

According to the objective of this project and taking into account the dispersion
of the frequency, it was obtained the following distances between the

transducers.

Each case will be one case of study and it will be simulated by ANSYS. The
different stresses between planes, the total displacement and the total stress
will be performance in order to study the possibility of ice breaking using the

optimal distance between the two transducers.

Distance (Cm)
0.04
0.066666667
0.093333333
0.12
0.146666667
0.173333333
0.2
0.23
0.253
0.28

O oONOO O WN-_Z

RN
o

Ap.(cm)
0.04
0.07
0.09
0.12
0.15
0.17

0.2
0.23
0.25
0.28

Table 2. Cases of study
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V1.2 Results

V1.2.1 Optimal Frequency

The optimum frequency range was determinate by simulating with ANSYS
several nodes and finding at which value the deicing effect it's optimum.

The results show that the variation of stress with ultrasonic excitation frequency

determine the optimal frequency for reach the maximum stress it is equal to 375
kHz. As it can be seen in the following figure:

POST26

AMPLITUDE

DEICING

Figure 20. Amplitude-Frequency curve

V1.2.2 Cases of Study: Distance

Once the optimal frequency is obtained, it is possible to simulate with ANSYS
and obtain the particular stress of the case of study for the determined
frequency.

In the next steps will be showed different studies where the distance of the
transducers is modified and how the stress changes also is linked to the
distance.
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In the next figures is possible to see the stress in plane XY, the total
displacement vector sum and the total stress. Just taking a look on the images it
is possible to determine the desired results.

Vi.2.2.1 Distance 0.25 cm

For the case where the distance between transducers is 0.25 cm, it is possible
to see how the maximum value of stress rounds the value 40*10* Pa.

AVG ELEMENT SOLUTION

STEP=1

0

DEICING

NODAL SOLUTION

STEP=1 JAN 4 2018
SUB =1 12:05:29
FREQ=37500

.129E-06 .257E-06 .386E-06 .514E-06
.643E-07 .193E-06 .321E-06 .450E-06 .579E-06

DEICING

Figure 22. Distance 0.25 cm total displacement
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Vi.2.2.2 Distance 0.23 cm

For the case where the distance between transducers is 0.23 cm, it is possible
to see how the maximum value of stress rounds the value 13*10* Pa.

AVG ELEMENT SOLUTION

STEP=1
SUB =1
FREQ=37504&
REAL ONLY
STRESSXZ
DMX =.23
SMN =2514
SMX =343

0 ‘ 44444.4 88888.9 133333 177778
2 66666.7 111111 555 200000

DEICING

NODAL SOLUTION
STEP=1 DEC 22 2017
SUB =1 10:47:31
FREQ=37500

i .489E-07 .979E-07 .147E-06 .196E-06
.245E-07 .734E-07 .122E-06 .171E-06 .220E-06

DEICING

Figure 24. Distance 0.23 cm total displacement
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Vi.2.2.3 Distance 0.20 cm

For the case where the distance between transducers is 0.20 cm, it is possible

to see how the value of stress it reaches maximum value of stress is around the
value 10*10* Pa.

AVG ELEMENT SOLUTION

STEP=1

SUB =1 DEC 21 2017
FREQ=37504 15:08:59
REAL ONL

STRESSXZ

0 ) 41405.1 82810.2 124215 16562
20702.6 62107.7 103513 144918
DEICING

Figure 25. Distance 0.20 cm total peak stress

NODAL SOLUTION

STEP=1

SUB =5
FREQ=37500
REAL ONLY
USUM [e:\v/e)]
RSYS=0

DMX =.198E-06
SMX =.198E-06

DEC 13 2017
13:11:03

0 i L441E-07 .881E-07 .132E-06 .176E-06
.220E-07 .661E-07 .110E-06 .154E-06 .198E-06

DEICING

Figure 26. Distance 0.20 cm total displacement
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Vi.2.2.4 Distance 0.17 cm

For the case where the distance between transducers is 0.17 cm, it is possible
to see how the maximum value of stress rounds the value 46*10* Pa.

AVG ELEMENT SOLUTION

STEP=1

SUB =1 DEC 21 2017
FREQ=375 (4 15:18:16
REAL ONL

STRESSXZ

0 ‘ 155556 311111 466667 6 22
77777.8 233333 388889 544444 700000
DEICING

Figure 27. Distance 0.17 cm total peak stress

NODAL SOLUTION

STEP=1
SUB =5
FREQ=37500
REAL ONLY
UsuM (AVG)
RSYS=0

DMX =.858E-06
SMX =.858E-06

DEC 13 2017
13:00:20

0

DEICING

Figure 28. Distance 0.17 cm total displacement
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VI.2.2.5 Distance 0.15 cm

For the case where the distance between transducers is 0.15 cm, it is possible
to see how the maximum value of stress rounds the 33*10* Pa.

AVG ELEMENT SOLUTION

STEP=1
SUB =1

FREQ=37508
REAL ONLH’

0 ) L111E+08 .222E+08 .333E+08 .444E+08
.556E+07 .167E+08 .278E+08 .389E+08 .500E+08

DEICING

Figure 29. Distance 0.15 cm total peak of stress

NODAL SOLUTION

STEP=1

SUB =5
FREQ=37500
REAL ONLY
UsuM (AVG)
RSYS=0

DMX =.783E-04
SMX =.783E-04

DEC 12 2017
17:13:34

0 ) .174E-04 .348E-04 .522E-04 .696E-04
.870E-05 .261E-04 .435E-04 .609E-04 .783E-04

DEICING

Figure 30. Distance 0.15 cm total displacement
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V1.2.2.6 Distance 0.12 cm

For the case where the distance between transducers is 0.12 cm, it is possible
to see how the maximum value of stress rounds the value 10*10* Pa.

AVG ELEMENT SOLUTION

STEP=1
SUB =1
FREQ=375
REAL ONL
STRESSXZ

0 i 33333.3 66666.7 100000 133333
16666.7 50000 83333.3 116667 150000
DEICING

Figure 31. Distance 0.12 cm total peak stress

NODAL SOLUTION

STEP=1

SUB =5
FREQ=37500
REAL ONLY
USUM (AVG)
RSYS=0

DMX =.173E-06
SMX =.173E-06

DEC 13 2017
11:28:17

0 ) .384E-07 .768E-07 .115E-06 .154E-06
.192E-07 .576E-07 .960E-07 .134E-06 .173E-06

DEICING

Figure 32. Distance 0.12 cm total displacement
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VI.2.2.7 Distance 0.09 cm

For the case where the distance between transducers is 0.09 cm, it is possible
to see how maximum value of stress is around the value 22*10* Pa.

AVG ELEMENT SOLUTION

STEP=1

SUB =1 DEC 21 2017

FREQ=37500 md6:09:25
[

REAL ONLY
STRESSXZ

250000
DEICING

NODAL SOLUTION

STEP=1 DEC 13 2017
SUB =5 11:08:25
FREQ=37500

REAL ONLY

USUM (AVG)

RSYS=0

0 ' .835E-07 .167E-06 .251E-06 .334E-06
.418E-07 .125E-06 .209E-06 .292E-06 .376E-06
DEICING

Figure 34. Distance 0.09 cm total displacement
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Vi.2.2.8 Distance 0.07 cm

For the case, where the distance between transducers is 0.07 cm, it is possible
to see how the maximum value of stress rounds the value 53*10* Pa.

AVG ELEMENT SOLUTION

STEP=1

auB =1 DEC 21 2017
FREQ=37509 ] 16:16:32
REAL ONL-r

STRESSXZ

DMX =.844

SMN =463

SMX =620

0

DEICING

NODAL SOLUTION

STEP=1

SUB =5
FREQ=37500
REAL ONLY
USUM (AVG)
RSYS=0

DMX =.844E-06
SMX =.844E-06

0

DEICING

Figure 36. Distance 0.07 cm total displacement
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VI.2.2.9 Distance 0.05 cm

For the case where the distance between transducers is 0.05 cm, it is possible
to see how the maximum value of stress rounds the value 90*10* Pa.

AVG ELEMENT SOLUTION

DEICING

: .206E-06 .4 [ .619E-06 .825E-06
.103E-06 .309E-06 .516E-06 .722E-06 .928E-06

DEICING

Figure 38. Distance 0.05 cm total displacement
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V1.3 Relation between stress and distance

In the following table is shown the results of ANSYS:

Distance (cm) Peak Stress(MPa)
0.25 0.35
0.23 0.15
0.20 0.10
0.17 0.46
0.15 0.33
0.12 0.10
0.09 0.22
0.07 0.53
0.05 0.90

Table 3. Peak stress distances

Stress - Distance

Peak Stress (Mpa)
OO0 0000 o0 0o
O R N W B oy N 0 O -

0 0,05 0,1 0,15 0,2 0,25 0,3

Distance (Cm)

Figure 39. Stress-distance relation

According with the study done by Mr Wang and Mr Xu; “An effect assessment
and prediction method of ultrasonic de-icing for composite wind turbine blades”,
the maximum adhesive strength between composite plates and ice layer is
around 0.4 MPa. As it can be seen in the figure and table above, the only points
that achieve a maximum stress peak greater than 0.4MPa correspond to the
distances 0.17, 0.07 and 0.05.
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VIIResults analysis

Vil.1Distance - Stress Equation

The numerical results show that the correlation between the distance where the
transducers are settled and the total peak stress generated is neither linear nor
exponential function. In fact, these results seem to follow a damped wave
equation as in the figure below.

Figure 40. Damped wave

A priori, this means that best locations will not be best as the transducers are
closer or further from each other. The best positions that can reach one value of
stress enough to break the ice will be allocated in the maximums of the damped
wave and these points will be decreasing slowly into a constant as long as you
tent to the infinity.

In the three distanes that reach the 0.4MPa, it is able to observe that the stress
that suffers the plate is really different between them.

Distance (cm) Peak Stress(MPa)
0,17 0,46
0,07 0,53
0,05 0,90

Table 4. Distances that may break the ice
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466667

DEICING

0

DEICING

Figure 41. From right to left and from up to down, stress that corresponds to distance
0.17 cm, 0.07 cm and 0.05 cm

As it is observed in the images above, the distances 0.05 cm and 0.07 cm have
greater peaks of stress than in 0.17 cm. However, in the figures we can see that
stresses bigger than 0.4MPa are localized in the right of the plate when the
transducers are at 0.07 cm and in two stripes when the transducers are at 0.05
cm. These cases will be not capable to de-ice the whole plate, instead they
have the big peaks of stressed. For the distance of 0.17 cm between the
transducers it is easy to observe that the whole plate suffers stresses around
0.4MPa making the configuration the most viable to de-ice in a real case.

VIl.10bservations

This experiment and the results obtained are just a research to establish some
criteria at the time to set the distance between transducers.

To set an exact value the result could be different for real cases. The distance
between transducers depends of several factors as it is explained before; like
the material where you set the transducers, the type of transducer, the shape of
the surface contact, the temperature, the thickness of the ice, the power
supplied and so far.
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The results obtained are just viable for this particular study and should be taken
into account for future experimental researches. Wrap it in all that means, there
are many different distance where you can set the transducers to break the ice,
if you just consider the distance between them just is needed to check the value
where the ice breaks and choose the most far point that reach that stress.

However, in the other hand, if you change the initial conditions the optimal
distances between the transducers may vary. Changing these initial variables
will be interesting for future studies too.

VIlIl Conclusions

The main purpose of this project it was investigate the behavior of the
interaction between two transducers in a flat laminar plate in order to break an
ice layer and check the feasibility to use it like a new aeronautical de-icing
system. Also made an aeronautical assessment of the implementation and
usability of the ultrasonic deicing system.

First it was compared the system between the currently competitors like active-
passive deicing and anti-icing systems.

This concluded that the ultrasonic deicing system own a big potential in the
future of the aeronautical de-icing, because the system consumes less amounts
of energy, it has a low cost and its easy replacement and maintenance, in
comparison with the competitor’'s systems.

As an observation, the currently bad points of the ultrasonic de-icing system

and some of the main reasons why it is not yet implemented in the aeronautical
industry are principally that it is needed so many transducers and also that they
still being too heavy to be carried by the interface of the airplane. Furthermore,
adding that the aeronautical industry takes many time and large processes to
add new technologies in the its environment makes that the solution still not
available, but with time and some upgrades this could change in the close
future.

Secondly, it was proposed a particular case of study, with particular initial
values, to check the previous experiments and the feasibility to apply these kind
of systems.

It was carried and experimental simulation by analytical software ANSYS where
it was developed a flat laminar composite plate, with two transducers type PZT-
4 where it was pretended to break an ice layer of 3 cm of thick at a temperature
of -15°C. Then it was simulated several different distance between the
transducers.
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The results showed for this particular case that the distance between
transducers don'’t follow a common tendency, it suits the behavior to a damping
wave equation where it reaches some maximum of stress at the beginning
where the distance is the closest one and later in measure that you increase the
distance between finds some distances where the value of stress reaches some
peaks of stress that are going decreasing in sequence.

This conclude that for the particular case where the unique variable is the
distance and all the other parameters are constants. The optimum and the more
efficient distance between transducers is at 0,17 cm. Where the stress reached
at that distance seems to be enough for break the ice theoretically (0,47 MPa).
However, we think that in a real case it will be not break because, as we can
see in the figures obtained by ANSYS, the values of the whole plate rounds the
0.4MPa by little and in real cases will be losses for sure.

As it was mentioned before this results only suits for that particular experiment
or case of study because there are many factors that can affect the optimum
position of the transducers, as type of materials used, temperature, ice layer...
But all of this parameters where not included in our research. Just the distance.

We would like to remark the importance of simulate within informatics software
all this previews calculations and hypothesis what result in a cheapening in the
cost of build and resources like prototypes or devices.

To conclude, there are some topics that will be improved and updated in the
future, like reduce cost, efficient piezoelectric, mini-size materials, application in
real aircraft structure, electronic control systems, better designs etc.

Once all these topics they are solving the ultrasonic deicing system it will be a
for his characteristics a suitable technology for aeronautical engineering in the
near future.
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Xl Annexes

XI1.1 ANSYS CODE

/PREP7
/TITLE, DEICING

ET,1,SOLID45 ISet element 1, substrate, ice
ET,2,SOLID95 ISet element 1, steel in transducers
ET,3,SOLID5,0 ISet element 3, PZT

MP,EX,1,7E10 ISet Yong's modulus E of material 1, substrate
MP,NUXY,1,.3 ISet Possion ratio of material 1, substrate
MP,DENS,1,2702 !Set density of material 1, substrate

MP,EX,2,6E9 ISet Yong's modulus E of material 2, ice
MP,NUXY,2,.3 ISet Possion ratio of material 2, ice
MP,DENS,2,913  ISet density of material 2, ice

MP,DENS,3,7750 !Set density of material 3, PZT
TB,PIEZ,3 ISet piezoelectric matrix of material 3, PZT
TBDATA,3,-4.1

TBDATA,6,-4.1

TBDATA,9,14.1

TBDATA,9,1.3

TBDATA,14,10.5

TBDATA,16,10.5

MP,PERX,3,804.6 ISet relative permittivity of material 3, PZT
MP,PERY,3,804.6
MP,PERY,3,659.7

TB,ANEL,3 ISet modulus E of material 3, matrix (6x6) symmetry
TBDATA,1,13.2E10,7.1E10,7.3E10 !(1,1),(1,2),(1,3)
TBDATA,7,13.2E10,7.3E10 11(2,2),(2,3)

TBDATA,12,11.5E10 171(3,3)1]
TBDATA,16,3E10 11(4,4)1)
TBDATA,19,2.6E10 171(5,5)
TBDATA,21,2.6E10 171(6,6)

MP,EX,4,200E9  !Set Yong's modulus E of material 4, steel in transducers



48

MP,NUXY, 4,.3 ISet Possion ratio of material 4
MP,DENS,4,7900 !Set density of material 4

MP,DENS,5,7750 !Set density of material 5,the second PZT disc
TB,PIEZ,5 ISet piezoelectric matrix of material 5
TBDATA,3,4.1

TBDATA,6,4.1

TBDATA,9,-14.1

TBDATA,9,-1.3

TBDATA,14,-10.5

TBDATA,16,-10.5

MP,PERX,5,804.6 ISet relative permittivity of material 5
MP,PERY,5,804.6 0

MP,PERY,5,659.7

U

TB,ANEL,5 ISet modulus E of material 5, matrix (6x6) symmetry
TBDATA,1,13.2E10,7.1E10,7.3E10

TBDATA,7,13.2E10,7.3E10 0

TBDATA,12,11.5E10 O
TBDATA,16,3E10 O
TBDATA,19,2.6E10 O

TBDATA,21,2.6E10

*SET,R,3.7E-2 I diameter of PZT disc (m)

*SET,t,5E-3 !'thickness of PZT disc

*SET,d,15E-2 ! distance between 2 transducers
*SET,Lal,300E-3 I' lenth width and high of substrate plate
*SET,Wal,210E-3

*SET,Hal,2E-3

*SET,Lic,300E-3 !'lenth width and high of ice
*SET,Wic,210E-3

*SET,Hic,2E-3

K,1,Lal/2,Wal/2,0 Ikeypoint of model

K,2,Lal/2,-Wal/2,0
K,3,-Lal/2,-Wal/2,0
K,4,-Lal/2,Wal/2,0
K,5,Lal/2,Wal/2,Hal
K.,6,Lal/2,-Wal/2,Hal
K,7,-Lal/2,-Wal/2,Hal
K.,8,-Lal/2,Wal/2,Hal
K,9,Lal/2,Wal/2,Hal+Hic
K,10,Lal/2,-Wal/2,Hal+Hic
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K,11,-Lal/2,-Wal/2,Hal+Hic
K,12,-Lal/2, Wal/2,Hal+Hic

V,4,3,2,1,8,7,6,5 Ibuild substate
V,8,7,6,5,12,11,10,9 Ibuild ice
WPOFF,0,0,-0.026 Imove work plate

CYL4,d/2,0,0.006,,R/2,,-t !build PZT disc
CYL4,d/2,0,0,,0.005,,-0.01

WPOFF,0,0,-0.005 Imove work plate
CYL4,d/2,0,0.006,,R/2,,-t Ibiuld PZT disc
WPOFF,0,0,-0.005 Imove work plate
CYL4,d/2,0,0,,R/2,,-0.019 !build steel part
WPOFF,d/2,0,0.01 Imove work plate
CONE,R/2,2.25E-2,2.6E-2,0
WPOFF,-d,0,0 Imove work plate
WPOFF,d/2,0,2.6E-2 Imove work plate
CYL4,d/2,0,0,,0.006,,-0.01

VSBV,ALL,8

VGEN,2,3,, ,-d,,,,0

VGEN,2,4,, ,-d,,,,0

VGEN, 2,5, , ,-d,,,,0

VGEN, 2,6, , ,d,,,,0

VGEN, 2,10, , ,d,,,,0

VGLUE,ALL Iglue all parts

VSEL,S,VOLU,,2 Iselect volume 2 (ice) and set it with materials 2 &
element 1

VATT,2,,1

VSEL,S,VOLU,,19 Iselect volume 9 (substrate) and set it with materials 1
& element 1

VATT,1,,1

VSEL,S,VOLU,,1

VATT,3,,3 Iselect volume 1& 3 (PZT) and set it with materials 3 &
element 3

VSEL,S,VOLU,,3

VATT,3,,3

VSEL,S,VOLU,,15 Iselect volume 15& 16 (2nd PZT) and set it with
materials 5 & element 3

VATT,5,,3

VSEL,S,VOLU,,16

VATT,5,,3

VSEL,S,VOLU,,13 Iselect volume 13& 14 (steel) and set it with materials
4 & element 1

VATT,4,,1
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VSEL,S,VOLU,,14

VATT 4,,1

VSEL,S,VOLU,,4 Iselect volume 4&7 (bolt) and set it with materials 4 &
element 2

VATTA4,,2

VSEL,S,VOLU,,7

VATTA4,,2

VSEL,S,VOLU,,17 Iselect volume 17&18 (aluminum) and set it with
materials 1 & element 1

VATT,1,,1

VSEL,S,VOLU,,18

VATT,1,,1

VSELALL

ESIZE,0.004,0, !element size

VSWEEP, 1 Imesh

VSWEEP,3

VSWEEP,4

VSWEERPR,7

VSWEERP,15

VSWEEP,16

MSHAPE,1,3D
MSHKEY,0
FLST,5,2,6,0RDE,2
FITEM,5,13
FITEM,5,-14
CM,_Y,VOLU

VSEL, , , ,P51X
CM,_Y1,VOLU
CHKMSH, VOLU'
CMSEL,S,_Y
VMESH, Y1
CMDELE, Y
CMDELE, Y1
CMDELE, Y2
FLST,5,2,6,0RDE,2
FITEM,5,17
FITEM,5,-18
CM,_Y,VOLU

VSEL, , , ,P51X
CM,_Y1,VOLU
CHKMSH, VOLU'
CMSEL,S,_Y
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VMESH,_ Y1
CMDELE, Y
CMDELE, Y1
CMDELE,_Y?2
CM,_Y,VOLU
VSEL,,,, 2
CM,_Y1,VOLU
CHKMSH, VOLU'
CMSEL,S, Y
VMESH,_ Y1
CMDELE, Y
CMDELE, Y1
CMDELE,_Y?2
CM,_Y,VOLU
VSEL,,,, 19
CM,_Y1,VOLU
CHKMSH, VOLU'
CMSEL,S, Y
VMESH,_ Y1
CMDELE, Y
CMDELE, Y1
CMDELE,_Y?2
NUMMRG,NODE
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