The Pennsylvania State University
The Graduate School
College of Engineering

ACTUATOR BONDLINE OPTIMIZATION AND EXPERIMENTAL DEICING OF A
ROTOR BLADE ULTRASONIC DEICING SYSTEM

A Thesis in
Aerospace Engineering
by
Austin D. Overmeyer

 2012 Austin D. Overmeyer

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

May 2012

The thesis of Austin D. Overmeyer was reviewed and approved* by the following:

Jose L. Palacios
Research Associate
Thesis Advisor

Edward C. Smith
Professor of Aerospace Engineering

George A. Lesieutre
Professor of Aerospace Engineering
Head of the Department of Aerospace Engineering

*Signatures are on file in the Graduate School

ii

ABSTRACT
The ultrasonic deicing concept has shown the ability to promote ice shedding in prior
wind tunnel test efforts. In this prior research, the ultrasonic deicing prototypes failed due to
actuator fracture and debonding from the host structure. The goal of this research is to advance
the ultrasonic deicing technology towards a robust integrated system that achieves repeatable ice
shedding. Finite Element Models (FEM) are used to predict the ultrasonic ice transverse shear
stresses responsible for ice shedding. The FEM tools are experimentally validated and guidelines
for mesh requirements are established. To accurately predict the dynamic response of the
ultrasonic deicing system, the ultrasonic damping ratio is required. The ultrasonic damping ratio
of a representative system excited at the first ultrasonic mode (~28.5 kHz) is measured to be
0.1885%. The FEMs predictions are validated by correlating experimental electro-mechanical
impedance measurements. The discrepancy between the FEM predictions and experiments is
determined to be 0.7% for the ultrasonic resonant frequency, 8% for the impedance and 5% for
the out-of-plane velocities at this mode. The FEM tools are then utilized to guide the design of an
optimized bondline between the PZT actuators and the host structure forming the ultrasonic
deicing system. The optimized bondline provides the maximum ice interfacial transverse shear
stresses and prevents debonding failures of the system. Details on the optimized system
fabrication and integration are provided. The optimized bondline configuration is experimentally
validated to increase the ice interface transverse shear stresses by 15% with respect to prior
bondline approaches. To predict ice shedding due to excitation of an ultrasonic deicing system, an
ultrasonic deicing rotor ice shedding prediction model is developed. The model couples a
commercially available FEM with post processors to predict the ice shedding locations. The
centrifugal, ice adhesion and cohesive forces are accounted for in the prediction of the shedding
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locations. The model is initially used to determine the critical ice adhesion area required to
achieve ice shedding. If the critical ice adhesion area is reached, ice shedding is promoted. Based
on a theoretical study for a generic rotor setup, (1.42 radius rotor, 400 RPM, 6.35 mm thick x
30.48 cm ice shape at the rotor tip) the critical ice adhesion area is determined to be 9%. To
achieve the critical ice adhesion area, a multi-frequency excitation is suggested to distribute ice
interfacial transverse shear stresses to avoid areas of ice bridging (local ice adhesion). The novel
bondline approach is implemented to a rotor blade leading edge erosion cap representative
structure (0.813 mm thick stainless steel leading edge). The test specimen is tested under impact
icing and centrifugal environments (390 gs). The system is evaluated with a comprehensive set of
rotational impact icing experiments within the FAR Part 25/29 Appendix C icing envelopes. Ice
shedding was promoted for test cases throughout the icing envelope. The requirement for multifrequency control is experimentally validated by promoting ice shedding when the critical ice
adhesion area is met. For a single excitation frequency (no multi-frequency) with the same icing
conditions and actuation input power, ice shedding was not promoted. The load power
consumption of the deicing system is quantified to an average of 0.63 W/cm2. The deicing system
is able to promote shedding of ice layers ranging from 1.4 to 7.1 mm in thickness for varying
icing conditions within FAR Part 25/29 Appendix: C icing envelopes. During rotor impact icing
tests, actuator fracture and debonding are not observed. Ice shedding experimental test cases are
compared to the ultrasonic deicing shedding model with 2.3% and 4.5% error.
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1. INTRODUCTION

1.1. Icing Research Overview
In-flight icing has long been recognized as a problem for fixed-wing and rotorcraft
vehicles. In the mid-1920’s the U.S. Air Mail Service operating fixed-wing aircraft first
encountered icing conditions. In an effort to sustain day-and-night operations from New York to
Chicago, pilots first documented icing. As time passed aircraft began flying at higher altitudes
and relied on instrumentation rather than visual navigation, resulting in an increase in icing
related accidents (1).
As icing related accidents continued to increase in the 1940s and 1950s, research efforts
were increased to investigate the icing phenomenon and develop ice protection systems (2).
Smaller icing facilities were developed in the late 1920s, but icing research dramatically
increased during WWII. Research was primarily conducted at the National Advisory Council for
Aeronautics (NACA) Icing Research Tunnel (IRT), currently the NASA Glenn (formally Lewis)
IRT (1). Since the development of the NASA Glenn IRT, numerous icing research facilities have
been developed throughout the world. The primary icing wind tunnels are the Boeing
Aerodynamic Icing Tunnel (BRAIT), Goodrich Icing Tunnel (3), Cox Icing Tunnel (4), and Icing
Wind Tunnel (CIRA: Italy) (5). Full scale test facilities have also been developed: the NRC Spray
Rig (currently closed) (6), Helicopter Icing Spray System (HISS) (7), and the McKinley

Climatic Laboratory (8). The Penn State University Adverse Environment Rotor Test Stand
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(AERTS) Facility, established in November 2009, was developed primarily for the research of
low-power ice protection systems (9), (10), (11).
These facilities have been developed to understand icing physics, investigate ice
protection systems and provide aircraft with icing certifications. Despite the decades of research
efforts conducted at these facilities, many rotorcraft are left without an ice protection system.
Unfortunately, many of the deicing systems developed for fixed-wing vehicles are incompatible
with rotorcraft blades.

1.2. Background Motivation
To provide safe flight in icing conditions for rotorcraft, research for the advancement of a
low-power ice protection system must be conducted. Approximately eighty percent of rotorcraft
worldwide and ninety percent of rotorcraft in the United States operate without an ice protection
system due to drawbacks related to power consumption and manufacturing complexities (12).
Pilots of rotorcraft without an ice protection system are simply instructed to avoid ice conditions.
To date, the only ice protection system in production for rotorcraft blades are electrothermal deicing systems. Electro-thermal deicing systems are installed on medium to heavy lift
rotorcraft due to power limitations in smaller rotorcraft. A reliable, robust, effective and lowpower in-flight ice protection system for rotor blades would improve the safety, capabilities,
reliability and mission acceptance.
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1.3. Rotorcraft Operation in Icing Conditions
When a rotorcraft enters an icing environment, super-cooled water droplets impact the
vehicle. The super-cooled impinging water droplets accrete ice to the rotor blades, probes, control
surfaces, engine inlets and other slender bodies of the vehicle. The accreted ice can have adverse
effects on the safety, performance and mission acceptance of the vehicle.
Compared to fixed-wing aircraft, rotorcraft are more prone to icing conditions due to
their blade geometries and mission profiles. Rotorcraft blades are typically thinner than fixedwing airfoil sections. The icing collection efficiency increases as the slenderness (t/c) of the body
decreases. The result is a more rapid ice accretion on rotorcraft blade compared to fixed-wing
airfoil sections. Blade geometries are compounded by the characteristic operating altitudes of
rotorcraft. Rotorcraft typically operate in cruise at pressure altitudes of 3,000 to 12,000 feet where
icing conditions occur naturally (13). Current rotorcraft are also required to perform missions in
instrument meteorological conditions (IMC) (14). Without restrictions and limitations due to
instrument metrological conditions, icing is the major limiting factor in mission acceptability for
rotorcraft. Commercial rotorcraft mission types such as, medical evacuation (Medevac), and
search and rescue are time sensitive which can ill afford to be grounded or restricted due to icing.
Similarly, military rotorcraft need to operate in all weather conditions to meet mission objectives.

1.3.1.

Safety
Icing related accidents have declined over the past several decades, predominantly due to

advancements in icing condition forecasting. Pilot awareness and training have also contributed
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to the decline in icing related accidents. Yet, safety issues related are still a primary concern for
operation in icing conditions.
Ice accretion along the main rotor blades can degrade the autorotation capabilities of the
rotorcraft. The degradation of the aerodynamic properties of the blade required an increase in the
rotor RPM required for autorotation to occur. The increase in rotor speed increases the vertical
descent rate which may be deemed unsafe for landing. Trends for the autorotative rotor speeds are
were developed by Prouty for nominal amounts of ice accretion and are shown in Figure 1.1 (15).
The inability to safety land during an emergency engine failure is a chief safety concern to the
vehicle.

Figure 1.1: Autorotation Speed Trends (15)
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1.3.2.

Effects of Icing on Rotorcraft
The ice accretions formed on the leading edge of the rotor blade can lead to degradation

in the performance of the vehicle. The accreted ice can alter the aerodynamic properties of the
blade due to protruding ice accretion shapes. The lift, drag and pitch moment properties of the
blade can be negatively affected. The increase in drag on the rotor blade will require an increase
in engine torque. The decrease in the coefficient of lift will require an increase in collective rotor
pitch to provide an equal amount of thrust as compared to the clean blade. An increase in the
collective pitch of the rotor blade will requires additional engine torque. The increase in
collective pitch may also promote the onset of local airfoil stall resulting in a loss of the lift.
In addition to the performance degradations due to icing, increased vibration loads may
lead to a decrease in the structural integrity of the airframe (2). The increased vibration levels are
caused due to unsteady aerodynamics from the accreted ice. Asymmetric formation of ice will
also increase the vibration levels due to mass imbalances.

1.3.3.

Ice Shedding
In addition to the degraded aerodynamic performance of the rotor, another major icing

concern for rotorcraft is ice shedding. Ice shedding can occur naturally due to the presence of
centrifugal forces. Upon reaching a critical mass, the accreted ice is shed from the rotor blade due
to centrifugal forces. Natural ice shedding can occur asymmetrically causing a rotor mass
imbalance resulting in an increase in airframe vibration levels. Test pilots have reported the
vibration levels to be severe enough abort test programs (14).
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Ice shedding may also occur due to activation of a deicing system. When activated
properly, deicing of the main rotor will result in symmetric deicing of the blade. However, ice
shedding of large masses of ice occurring naturally or due to activation of a deicing system
creates a ballistic concern for the airframe, tail rotor and engine inlets.

1.4. Icing Envelope

1.4.1.

Icing Parameters
The rate and amount of ice accretion on the vehicle depends upon a combination of

atmospheric, vehicle geometry and flight conditions. The three atmospheric parameters which
directly impact the icing severity are in order of importance: the Ambient Temperature, Liquid
Water Content (LWC), and Mean Volumetric Diameter (MVD).
The outside air temperature (OAT) gauge of the aircraft is used as the standard
temperature reading. The local surface temperature of standard surfaces is not readily measured,
but is a more accurate parameter to rate of ice accretion. The OAT simply dictates the degree of
convective cooling available to dissipate the latent heat released from the impinging super-cooled
water droplets (2).
The LWC is parameter to quantify the amount of liquid super-cooled droplets present in a
cloud and is expressed in of grams of liquid super-cooled water per cubic meter of air. The LWC
controls the icing rate and type of ice formations and is used to quantify the icing severity. Larger
values of LWC contain larger amounts of latent heat which must be removed in order to freeze to
the aircraft surface (2). As a general rule of thumb, doubling the LWC will double to ice accretion
rate.

6

The third and final atmospheric icing parameter is particle size. The particle size is
characterized using the parameter called mean volumetric diameter (MVD). Many water particle
sizes exist within a cloud and generally a Langmuir `D’ distribution is assumed for analysis.
Typically the MVD in a cloud ranges from 10 to 50 µm. Larger particles called Supercooled
Large Drops (SLDs) can be formed under certain conditions. SLDs can have a particle size up to
~400µm. Since the ATR-72 crash in 1994, SLDs have been a highly investigated area of research
(16).
The profile shape of the body and the local velocity will also affect the ice accretion rate,
ice type and ice shape. The profile shape of the body will dictate the collection efficiency of the
structure. The collection efficiency is a parameter which characterizes where the water particles
accrete on the body. A large bluff body has lower collection efficiency than a small slender body
and accretes less ice in the same atmospheric conditions. The local velocity influences the icing
severity and ice type. A larger velocity results in an increase in icing severity because more water
particles are encountered for a given time (2).

1.4.2.

Types of Ice
There are three main types of ice which accrete to an aircraft upon entering an icing

environment: rime, glaze and beak ice. The type of ice formed is determined by a combination of
the icing parameters discussed in section 1.4.1. In general, liquid water present in the atmosphere
impacts the aircraft surface. The freezing process of the liquid water is determined by the
conditions present.
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When liquid water practices freeze on impact, rime ice is formed. For the particles to
freeze on impact, the combination of small particle size (MVD), low water content (LWC), and
low temperatures must be present. Rime ice is opaque in appearance and has a fine gain structure.
At higher water contents, larger particle size and warmer temperatures, glaze ice is
formed. When all of the latent heat is not removed from the water particles, the particles run back
on the surface and freeze to previously accreted ice (17). Glaze ice has a translucent appearance
and typically forms two large horn shapes. Due to larger, irregular and higher surface roughness
ice shape, glaze ice typically has a greater impact on performance than rime ice (14).
The third and uncommon ice type is beak ice which a slushy ridge of ice formed on the
suction surface of the airfoil. Beak ice forms at higher velocities, near the tip of the rotor, and
near the freezing temperature point. Due to high centrifugal forces near the tip of the rotor, beak
ice is generally shed from the rotor, preventing ice formation. Beak ice may be encountered
where high velocities and lower centrifugal forces are present, such as propeller blades.
Generic ice formation trends and typical ice shape formation are depicted in Figure 1.2.
Since the local velocities and kinetic heating vary, the surface temperature also varies in the radial
direction of the blade. A combination of rime and glaze can accrete on a rotor blade to form a
mixed ice type. Rime ice usually forms on the inboard portion of the blade. Moving outward in
the radial direction, a mixed ice type is accreted followed by a pure glaze ice accretion type. The
rotor tip region is generally free of ice accretion. The outboard portions of the rotor blade are free
of ice accretion due to kinetic heating of the blade surface. Additionally, natural ice shedding may
occur due to centrifugal forces. A typical rotor spanwise distribution of ice types is shown in
Figure 1.3 .
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Figure 1.2: Main Ice Accretions Types based on Conditions (2)

Figure 1.3: Typically Rotor Blade Ice Accretion Profile (10)

1.4.3.

Icing Conditions
The FAA defines natural icing conditions in the Federal Aviation Regulations (FAR) Part

25/29 Appendix C as shown in Figure 1.4. The icing envelope is divided into two classes based
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on cloud type: continuous maximum (stratiform clouds) and intermittent maximum (cumuliform
clouds). Generally, intermittent maximum is the more severe of the two icing cloud types.

Figure 1.4: FAR Part 25/29 Appendix C Icing Envelopes (18)

In 2010, the FAA proposed to extend the icing envelop for certification to include
Supercooled Large Drops (SLDs) (19) .The new requirements set forth by the FAA apply to
engines, engine installations, airspeed indicators, angle of attack indicators and other external
probes . These recommendations were proposed in direct connection with the 1994 Roselawn, IL
accident.
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1.4.4.

Properties of Ice

1.4.4.1. Ice Shear Adhesion Strength
The shear adhesion strength of various ice types to several substrates has been measured
using different test methods. A wide range values have been reported for Aluminum substrates
and are summarized in Table 1.1. The variance in reported values is caused by several factors:
different test methods, different ice types and unreported substrate surface roughness values.

Table 1.1: Shear Adhesion Strength of Ice to Aluminum, T = -11°C (20)
Author
(Reference)
Loughborough
and Hass(21)

Date

Test Type

Shear Adhesion
Strength (kPa)

1946

Pull

558*

Stallabrass
and Price (22)

1962

Rotating
Instrumented
Beam

97#

Itagaki(23)

1983

Rotating
Rotor

27-157#

Scavuzzo
and Chu(24)

1987

Shear
Window

90-290#

1994

Pull

896*

Reich (25)
Freezer Ice
#
Impact Ice
*

Several test methods have been used measure shear adhesion strength of ice to substrates.
In some cases the ice is formed in one location then transported to another location to determine
the shear adhesion strength. The transportation process could introduce mechanical and thermal
shocks to the ice.
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The types of ice formed for ice adhesion strength test are generally not reported. The ice
is normally only characterized as impact or freezer ice. For impact icing conditions, the MVD and
LWC may also influence the ice adhesion strength.
Many authors do not report the surface roughness value of the substrate; however, the
surface roughness has a significant effect on the adhesion strength of the ice to the substrate. The
surface roughness effect was first observed by Scavuzzo and Chu (24). The effect of surface
roughness to Stainless Steel and Nickel substrates was also reported by Brouwers et al. (20). Of
the reported values, Titanium substrates at colder temperatures (-15°C) showed the most
significant effect due to surface roughness. A 58% increase in the shear adhesion strength for a
substrate with a surface roughness of 40 to 200 microinches. The effects of surface roughness
were less significant for Nickel and at warmer temperatures.

1.4.4.2. Ice Shear Tensile (Cohesive) Strength
The tensile strength is an important parameter to predict the shedding of ice. The tensile
strength of glaze and rime impact ice was studied by Chu et al. (26). For glaze ice the tensile
stress was found to be 220 kPa and 110 kPa for rime ice. The variation in tensile strength is due
to the ice grain structure of the accreted ice.

1.4.4.3. Mechanical Properties
To accurately predict shedding of ice via a mechanical deicing system, the mechanical
properties of ice must be classified. The Young’s Modulus and density values used for this
research are summarized in Table 1.2 based on prior research by various authors.
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The

mechanical properties of impact ice will be a function of the temperature, particle size and
velocity.
Prior work has been completed by Reich (27) to quantify the Young’s Modulus of glaze
and rime ice. Impact ice was accreted on a thin metallic foil. Using a simply supported test fixture
and simple beam theory, the mechanical properties of ice were calculated. For the current
research, the Young’s Modulus values reported by Reich will be used.
Many authors have conducted studies to quantify the density of ice for various icing
conditions (28) (29) (30). For this research, Macklin (31) model for calculation of ice density is
used. Malkin developed a relationship based on experimental data between the particle radius
(microns), velocity (m/s) and temperature (°C).

Table 1.2: Material Properties for Ice

Ice Type
Glaze
Rime
#
*

E (GPa)#
2.83
0.15

ρ (kg/m3)*
900
800

Reich (27)
Macklin (31)

1.5. In-Flight Ice Protection Systems
To prevent the performance degradations and safety issues related to in-flight icing
described in section 1.3, in-flight ice protection systems (IPS) have been developed. The only ice
protection system in production, to date, for rotorcraft are electro-thermal deicing systems. Seven
other IPS have been explored for application to rotorcraft blades, including Ice-Phobic Coatings,
Pneumatic, Fluid, Electro-Vibratory, Impulsive, High Frequency Microwave and Ultrasonic.
Hybrid IPS have also been explored to reduce power requirements.
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An IPS can be classified as an anti-icing or deicing system. Anti-icing systems prevent
ice accretion to the rotor blade. Other than a passive anti-icing or deicing system (ice-phobic
coatings), anti-icing systems are ‘ideal’ because they prevent any performance degradation or
shedding concerns to the rotorcraft. A deicing system is a system which allows the ice accretion
to reach a critical ice thickness or mass. When the host structure accretes a critical ice thickness,
the deicing system is cycled on and the ice is shed from the host structure. The critical ice
thickness and system operation vary based on the type of deicing system.

1.5.1.

Ice-Phobic Coatings
In the late 1920’s engineers began investigating ice-phobic coatings. Using the first

NACA icing wind tunnel in Langley, Virginia, engineers tested six insoluble coatings which
included: light and heavy lubricating oil, cup grease, Vaseline, paraffin, and simonize. None of
the coatings prevented ice accretion on the model. Next, the engineers tested five soluble
compounds which would dissolve with the impacting water and prevent ice formations due to a
lower freezing point. The five soluble compounds were: glycerin, glycerin and calcium chloride,
molasses and calcium chloride, a hardened sugar solution, and a hardened glucose solution. The
glycerin and calcium solutions were immediately removed from the airfoil with the airspeed and
the ice formed directly on top of sugar and glucose solutions. Other obscure methods were also
tested such as corn syrup, honey, glycerin soap, commercial paint, and goose grease (1). In spite
of the advancements in material technologies, very marginal ice-phobic coatings have been
developed to date. Recently developed ice-phobic coatings were unable sustain their low
adhesion characteristics after being subject to sand and rain erosion environments often
encountered on a rotor blade. A qualitative comparison of the ice shear adhesion strength to
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several groups of leading edge rotor blade materials is shown in Figure 1.5 (20). Without the
development of a durable ice-phobic coating, to prevent ice accretion to rotorcraft blades, active
anti-icing and deicing systems have been developed.

Figure 1.5: Qualitative Comparison of Ice Shear Adhesion Strength for Rotor Blade
Leading Edge Coatings (20)

1.5.2.

Electro-Thermal Ice Protection Systems
For rotor blades, an electro-thermal deicing system is the current state-of-the-art and only

Rotor Ice Protection System (RIPS) certified by the Federal Aviation Administration (FAA) and
Department of Defense (DOD) (32). Electro-thermal deicing systems rely on thermal energy to
increase the surface temperature of the leading edge to initiate delamination of the accreted ice
from the airfoil. The aerodynamic and the dominant centrifugal forces shed the ice from the
airfoil surface. Before shedding, ice may be allowed to accrete up to a stagnation thickness of
7.62 mm (33). The critical thickness is determined during experimental evaluation of the ice
protection system on a rotor specific basis.
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The primary drawback of electro-thermal deicing is the large power requirement. For the
Bell Model 412 the reported power required was 26 kW, which corresponds to approximately 4.1
W/cm2 (33). Due limited power availability, electro-thermal deicing systems are required to be
cycled on/off, periodically shedding ice (33). To meet the power requirements of an electrothermal deicing systems, additional electrical systems are needed. The total deicing system is
heavy compared to other ice protection systems. (162 lbs for Bell 412, 4 blades 12000 lbs Model)
(33). Studies conducted by Botura et al. demonstrated that high efficiency, low power electrothermal deicing systems that reduce the required power for conventional electro-thermal deicing
from 26 kW to 1.9 kW are feasible (34).
The thermal deicing process potentially creates surface running water which may accrete
to unprotected regions of the rotor blade. The accreted ‘runback’ ice presents similar safety and
performance degradations to that of naturally accreted ice. Without ice protection in the areas of
accreted runback ice, the rotor blade is defenseless. Electro-thermal systems are designed to
mitigate runback ice, but the potential still exists.
The use of an electro-thermal ice protection creates the potential for exceeding the
maximum operating temperature for the composite materials that form the rotor blade.
Delamination of the composite layers can jeopardize the structural integrity of the rotor blade.
Additionally, non-metallic erosion resistant materials currently being investigated have lower
thermal conductivity properties than current metallic erosion caps. The use of lower thermal
conductivity materials for erosion caps results in increased internal heater temperatures or longer
element on times to promote deicing. Power requirements may increase for electro-thermal with
the implementation of new non-metallic erosion cap materials.
Several commercial rotorcraft have received RIPS certification and flight clearance into
(limited) icing conditions with an electro-thermal deicing systems. In 2005, the S-92ATM was
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certified for flight into limited icing conditions (35). In 2010, the AW-139 received a full ice
protection system certification for full flight into all icing conditions. The AW-139 utilizes
electro-thermal deicing mats from Goodrich, DuraThermTM (36). The improved technology from
Goodrich is designed to be more robust and tolerate damage. The DuraThermTM eletro-thermal
deicing system was originally proven on the AH-64 engine inlet (37).
Despite the improvements in the reliability of electro-thermal deicing systems, alternative
deicing systems have been explored. Low-power, non-thermal deicing systems have been
investigated to reduce power requirements and prevent deicing system failure due to run-back ice.

1.5.3.

Pneumatic Ice Protection Systems
A pneumatic ice protection ice system relies on the supply of air pressure to inflate a

bladder. When the bladder expands, the ice fractures and is subsequently shed from the surface
(Figure 1.6). The cavities can be distributed into chordwise or spanwise sections to promote
proper deicing.

Figure 1.6: Pneumatic Deicing Concept (38)
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Pneumatic is a deicing ice protection system applied to small fixed-wing aircraft. The
system is light-weight, easily installed on the external surface of an airfoil and requires almost
negligible power to activate. The use of a non-thermal deicing system eliminates the potential for
runback ice. A pneumatic deicing system achieved moderate success during flight test on the UH1H helicopter in 1983. Satisfactory deicing was achieved at icing severities to an LWC of 0.8
g/m3 and temperatures to -20°C (39). The most effective ice thickness to achieve deicing was
determined to be 7.62 mm. Additionally, engine torque increased 27% during maximum inflation
(approximately 30 seconds (33)) of the pneumatic boot.
Shedding of large ice masses and large spikes in engine torque were of primary concern
from the UH-1H flight test. Ultimately, the use of pneumatic boots on the UH-1H helicopter for
use on the main rotor blades were not pursued due to rain and sand erosion concerns on the
inflatable elastomer (40).
To date, determining the proper ice thickness and timing to activate the deicing system is
a key challenge for pneumatic deicing systems. Improper activation may lead to residual ice left
on the airfoil surface (41) (42). While these challenges exist, there have been improvements in
materials and design techniques of pneumatic ice protection systems. For example, the Goodrich
Corporation’s Pneumatic Impulse Ice Protection System (PIIP) is capable of inflating 50 µs and
decreased critical ice thickness to 1.016 mm during wind tunnel testing (43). Despite the
advancements, a pneumatic deicing system for rotor blades has not been able to overcome the
drawbacks related to erosion and increased engine torque during inflation.
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1.5.4.

Fluid Ice Protection Systems
A fluid ice protection system is an anti-icing protection system. An anti-icing fluid, such

as alcohol/glycerin mixture, is distributed through a series of holes and grooves on the leading
edge of the airfoil. The anti-icing fluid then flows over the blade surface preventing ice accretion
(33). Artificial icing test were conducted in 1960 and 1961 at the Ottawa Spray Rig to evaluate
the fluid anti-icing system on a HU-1 (now UH-1). The test showed the anti-icing fluid provided
adequate rotor protection up an LWC of 0.8 g/m3 and temperatures down to -20°C. From the
artificial icing test, it was concluded that the fluid anti-icing protection system was safe, reliable
and recommend for future production by Bell Helicopter (33) (44).
Despite the optimism in a fluid anti-icing protection system, no fluid ice protection
systems are currently in production. The major disadvantage to the fluid anti-icing system is the
system weight. The flight time in icing conditions is limited by the amount of anti-icing fluid the
vehicle is able to carry. Studies conducted by Bell Helicopter on the HU-1 determined an 11 gal.
supply of anti-icing fluid could provide 1 hour and 24 minutes of ice protection (33). Another
potential drawback is the clogging of the anti-icing fluid orifices with dirt or sand particles which
may decrease or eliminate the effectiveness of the anti-icing system. The key limitation to a fluid
anti-icing system is the inability for the system to promote deicing. If the fluid anti-icing system
is not activated before ice accretes to the airfoil surface, the anti-icing fluid is useless.

1.5.5.

Electro-Vibratory Ice Protection Systems
A vibratory deicing is based on the use of a shaker, near the root of the blade, to actuate

the rotor blade at its natural frequencies to shed ice. A schematic of the vibratory deicing system
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is shown in Figure 1.7. Feasibility deicing tests, in an icing chamber, were conducted by Bell
Helicopter on a metal blade with a vibratory deicing system (45). The feasibility test showed
satisfactory deicing of the rotor blade except near the tip of the rotor. To achieve deicing,
vibrations were induced from 0 to 47 Hz for approximately 2 sec at 25g to 35g. An alternative
deicing system would be needed at the rotor tip to supplement the vibratory deicing system. The
major disadvantage of a vibratory deicing system is the fatigue life concerns of the metal rotor
blade.

Figure 1.7: Vibratory Deicing System Actuator Configurations (33)

1.5.6.

Impulsive Ice Protection Systems
Impulsive ice protection systems rely on large impulsive forces of small amplitudes in the

host structure to debond and expel the accreted ice. The first reported development of an electro-
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magnetic impulsive ice protection system in 1939 Goldschmidt. The first technology system
design was conducted by Levin (46). An Electro-Impulse Deicing (EIDI) uses flat-wound coils
made of copper ribbon placed inside the leading edge skin of the airfoil (47). The copper coils
are connected to a high voltage capacitor bank and the energy is discharged through the coil. The
discharge creates rapid variations of electro-magnetic field which induces eddy currents in the
airfoil skin. The eddy currents create the large impulsive forces of small amplitudes responsible
for debonding and expelling the ice. A schematic of the general electro-impulsive actuation
concept is shown in Figure 1.8. The installation concept into a fixed-wing airfoil is depicted in
Figure 1.9. The Cox and Company, Inc. has developed the Electro-Mechanical Expulsion Deicing
System (EMEDS), the production electro-impulsive actuator as shown in Figure 1.10.

Figure 1.8: Schematic of an Electro-Impulsive Actuator (48)

Figure 1.9: Impulsive Coil Installation in the leading edge of a wing (47)
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Figure 1.10: Production EMEDS Actuator 15” Long (49)

1.5.7.

High Frequency Microwave Ice Protection Systems
In 1978, a microwave deicing system demonstrated the ability to shed accreted ice (50).

Initial testing showed that a 2.45 GHz microwave was not feasible due to large power and time
requirements to achieve deicing. Shed icing performance was improved at 22 GHz.
High Frequency Microwave anti-icing and deicing systems were developed to utilize the
high electrical conductivity of carbon fiber reinforced polymers (CFRP) composites. The use of
conventional high temperature (hot air or electro-thermal) ice protection systems may cause the
delamination of inner composite plies due to excessive temperature. A novel High Frequency
Microwave anti-icing and deicing system was designed and benchtop tested (51). A magnetron is
used to generate a high frequency microwaves (30 GHz millimeter-wave). The microwaves are
easily transmitted though the interior surface of glass fiber reinforced polymer (GFRP) composite
as shown in Figure 1.11. The composite region of structure is composed of CFRP and absorbs the
microwaves to generate thermal energy. The thermal energy generated in the CFRP is transferred
to the surface of the airfoil via a generated heat flux from the cold airfoil surface. The metallic
metal mesh (required for lightning protection) prevents the radiation from the microwaves to be
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transmitted to the environment and prevents avionic electronic interference. To date, the
technology of High Frequency Microwave deicing system is still being developed.

Figure 1.11: Principle and Geometry for in-flight composite heating via High Frequency
Microwaves (51)

1.5.8.

Hybrid Ice Protection Systems
Hybrid ice protection systems are anti-icing or deicing systems which combine two types

of ice protection systems to reduce the total power requirements of the ice protection system.
Hybrid systems have focused on the coupling of electro-thermal and alternative low-power ice
protection systems.
A Thermo-Mechanical Expulsion Deicing System (TMEDS) was developed by Cox and
Company, Inc (49). The system couples the use of an electro-thermal deicing system with the low
power EMEDS. For the TMEDS, an electro-thermal deicing system is used to weaken the ice
bond to the host structure and an expulsive deicing system to shed the ice form the host structure.
A schematic of the TMEDS is shown in Figure 1.12 for a fixed-wing airfoil. Initial use of the
EMEDS in a hybrid ice protection system focused on a running-wet anti-icing sub-system
(52)(53). The power required for the running-wet anti-icing electro-thermal sub-system was still
considered substantial although reduced from a pure electro-thermal deicing system.
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Figure 1.12: TMEDS Hybrid deicing system configuration (49)

Primary studies have been conducted on the use of a hybrid anti-icing/deicing system
coupling hydrophobic coatings with an electro-thermal ice protection system (54). Initial testing
showed a 33% decrease in power for glaze ice conditions and 11% decrease in power for rime ice
conditions compared to a pure electro-thermal ice protection system. The use of hydrophobic or
icephobic coatings may be coupled with other low-power ice protection systems to provide a lowpower ice protection solution.
In 2011, initial modeling tools were developed to evaluate hybrid electro-thermal and
electro-mechanical ice protection systems (55). The goal of the simulations tools is to allow to
designers to optimize the deicing scheduling of the electro-thermal and electro-mechanical
deicing systems to design a low-power and effective deicing system. In the set framework, the
electro-mechanical deicing system could be approached using coil windings, magnetostrictives,
piezo-ceramics and shape memory alloys.
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1.5.9.

Ultrasonic Ice Protection Systems

1.5.9.1. Ultrasonic Deicing Concept
The ultrasonic deicing concept is based on the use of piezoelectric actuators operated at
ultrasonic frequencies (> 20 kHz). The piezoelectric actuators generate a steady-state harmonic
excitation in the host structure. For rotor blades, the ultrasonic deicing concept is based on
replacing the leading edge mass in current rotor blade designs with active piezoelectric material
as depicted in Figure 1.13.

Figure 1.13: Schematic Rotor Blade Ultrasonic Deicing Concept

Two forms ultrasonic deicing concepts have been explored: ultrasonic thermal heating,
and mechanical based actuation. Thermal ultrasonic deicing concepts rely on the propagation of
thermal energy from the piezoelectric actuator to delaminate the ice from the host structure.
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Mechanically based ultrasonic deicing concepts create transverse shear stresses at the ice
interface that exceed the adhesion strength of ice to the host structure.

1.5.9.2. Review of Prior Work
Ramanathan et al. (56) utilized shear horizontal wave to delaminate ice patches from an
aluminum plate. The actuators were driven at the high admittance peak frequency of the actuator
(1MHz). Melting of the ‘freezer ice’ patches accreted to the plate structure was observed after
145 seconds as shown in Figure 1.14.
Concurrent studies conducted by Venna et al. at the University of Akron (57) showed
similar results to that of Ramanthan et al. In research at the University of Akron, piezoelectric
patches were bonded to an aluminum airfoil structure. The piezoelectric patches were driven at
the structural modal resonance. The piezoelectric patches generated shear and out-of-plane
vibration on an aluminum airfoil structure. The ice interfacial transverse shear stresses were
predicted using a FEM to be as large as 7.5 MPa and the ice interfacial normal stresses were
predicted to be as large as 25 MPa at the resonant mode. The predicted stresses are much larger
than the measured ice adhesion strengths to aluminum as shown in Table 1.1(section 1.4.4.1).
Slow forming ‘freezer ice’ was accreted to the airfoil structure and was delaminated after 130
seconds. Melting of the ice interface was also observed during this study. Instantaneous ice
delamination was not observed; therefore, the FEM predicted stresses may have been greatly over
predicted.
In both studies, the test results indicate that slow heat propagation led to the delamination
of ice patches from the host structure and instantaneous ice delamination was not observed. In a
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rotating environment, the slow propagating thermal energy would be likely convected from the
host structure, preventing ice delamination.

Figure 1.14: 6.36 x 3.81 x 0.15 cm Ice Patch: Debonding at t = 115 and 145 sec (56)

Palacios et al. proposed the use of ultrasonic vibrations to promote instantaneous ice
delamination from the host structure by exceeding the adhesion strength of ice to the substrate.
PZT-4 actuators were used to generate transverse shear stresses on the ice surface at the
resonance frequency of the structure (electro-mechanical impedance minimum). Non-thermal
delamination of thin layers (~3 mm) of freezer ice was observed from steel plates with an average
power of 0.05 W/cm2 (58).
Ice delamination and ice shedding was also observed during wind tunnel testing under
impact icing conditions by Palacios et al. (59). Composite flat-plate and aluminum airfoil models
were actuated with ultrasonic deicing concepts in the Goodrich Icing Wind-Tunnel. An estimated
power of 1.2 W/cm2 was reported for the composite flat-plate model to achieve ice shedding. For
the aluminum airfoil model, thin layers of ice were shed instantaneously with a power as low as 1
W/cm2. A sample result for the aluminum airfoil model is shown in Figure 1.15.
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Figure 1.15: Photographs taken during testing of eight actuators; instantaneous and
continuous ice delamination (~1 mm-thick ice layers) observed on airfoil leading edge,
Average Power: 200 W (59)

The non-thermal ultrasonic deicing approach was evaluated using finite element
modeling to predict the transverse shear stresses at the ice interface required for ice delamination.
The only metric used during research conduct by Palacios (32) for model validation was electromechanical impedance comparison and visual observation of ice failure. A comparison of the
predicted and experimental electro-mechanical impedance was shown by Palacios. The predicted
maximum transverse shear stresses (~2MPa) predicted using finite element models greatly
exceeds the shear adhesion strength of ice reported by other authors as described in section
1.4.4.1. Basic finite element studies were also conducted on airfoil structures to predict high and
low regions of transverse shear stress.
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1.5.9.3.

Failures of Prior Ultrasonic Deicing Experiments

During experiments under impact icing, two failures were observed by Palacios (32). To
provide sufficient transverse shear stresses to promote ice delamination, higher input voltage was
required compared to initial testing on flat steel-plates. During operation at higher input voltages,
actuator debonding from the host structure and actuator fracture were observed as shown in
Figure 1.16. A power of 100W and 150V were reported during failure.
During prior testing conducted by Palacios, two-part epoxies were used to bond the
actuators to the host structure. Ecobond and Masterbond EP21 were used with similar debonding
failure during high power operation. In the research conducted by Overmeyer et al., debonding
issues were minimized by decreasing the actuator thickness to reduce the actuator inertia (60).
The PZT-4 actuators fractured due to dynamic high voltage (~150V) excitation in the
work of Palacios (32). The actuators were operated in tension and compression. The static tensile
strength for PZT-4 is 60-80 MPa (61) (62) and the static compressive strength of PZT-4 is >517
MPa (62). The dynamic tensile strength of PZT-4 is 24 MPa (62) and the dynamic compressive
strengths were unreported. Based on the fracture photos presented by Palacios (32), it was
observed that the actuator fracture occurred at the solder/wire attachment location in all cases.
Electrical connections were made using solder to the conductive silver paint on the
surface of the PZT. During high power operation, solder leads disconnected from the PZT surface
due to mechanical vibrations. In prior research, no work was conducted to eliminate or improve
the solder connections to prevent failure.
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Figure 1.16: Photo of Delaminated and Cracked Actuators During Impact Icing Testing
(32)

1.6. Objectives
The goal of this research is to advance the ultrasonic deicing technology towards a robust
integrated system that achieves repeatable ice shedding. The system integration was advanced
during this research effort by improved actuator bonding techniques to airfoil structures.
Repeatable ice shedding events were promoted by multi-frequency actuation control schemes.
The system is evaluated with a comprehensive set of rotational impact icing experiments within
the FAR Part 25/29 Appendix C icing envelopes.

To achieve these goals, the objectives of the present work are to:
1. Validate

the

use

of

commercially

available

finite

element

tools

(ABAQUS/STANDARD®) for modeling ultrasonic deicing systems. A mesh
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convergence study is conducted to set guidelines for finite element models. Experimental
measurements are used to validate the finite element predictions.
2. Utilize finite element tools to aid in the optimization of the bondline of an ultrasonic
deicing system. Experimentally validate the purposed bondline concepts via bench-top
testing. Implement optimized bondline solution on airfoil structures for evaluation during
rotor impact ice testing.
3. Develop a rotor ice shedding prediction model for an ultrasonic deicing system to
investigate the requirements to achieve ice shedding. The model aids in the selection of
suitable actuation frequencies and power levels required to achieve ice shedding.
4. Design and fabricate an ultrasonic deicing system on a representative erosion cap of a
rotor blade. Conduct rotational impact icing experiments and compare results to predicted
ice shedding events. Compare power consumption of the ultrasonic deicing system to
electro-thermal deicing systems provided in literature.

1.7. Thesis Overview
The thesis is organized into the following remaining chapters:
Chapter 2: Finite Element Modeling Tools and Validation: The finite element tools used
during this research are validated using experimental measurements. A mesh convergence study
is conducted and meshing guidelines are established.
Chapter 3: Design and Implementation of an Optimized Bondline: Finite element models are
used to design an optimized bondline for an ultrasonic deicing system. Experimental
measurements are used to validate the optimized bondline. The implementation of the bondline to
airfoil structures is also presented in this chapter.
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Chapter 4: Ultrasonic Deicing Rotor Ice Shedding Prediction Model: The development of an
Ultrasonic Deicing Rotor Ice Shedding Prediction (UDRISP) model is presented. The model is
described in detail.
Chapter 5: Experimental Deicing of Impact Ice under Rotation: The fabrication of test
specimens to evaluate the deicing capabilities of the ultrasonic deicing system is presented. The
experimental test setup and testing procedures are discussed. Ice shedding events under rotational
impact icing conditions are reported with real-time impedance measurements, power, system
temperatures and rotor state (RPM and torque).
Chapter 6: Conclusions and Recommendations For Future Work: The final chapter
summarizes the conclusions of the present work in design, fabricating and testing of an ultrasonic
deicing system in a rotating, icing environment. Recommendations for future work on improving
the ultrasonic deicing system are presented.
Appendix A: Debonding Failures and Corrective Actions: Several test specimens developed
for rotational testing with the optimized bondline experienced debonding failures of the bondline.
A limited test matrix of results is presented before bondline debonding. The debonding failures
and documented and corrective actions are suggested to eliminate debonding failures.
Appendix B: Ultrasonic Deicing Controller: The purpose, design and implementation of an
ultrasonic deicing controller are described. The required system hardware for an ultrasonic
deicing system is presented. The controller functionality and operation are also discussed.
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2. FINITE ELEMENT MODELING TOOLS AND VALIDATION

2.1. Overview of Finite Element Tools
A commercially available finite element package, ABAQUS/STANDARD® (63), was
used to predict the steady-state dynamic response of the piezoelectric actuators coupled to
isotropic airfoil/host structures. The objective of the finite element models (FEM) is to accurately
predict the steady-state transverse shear stresses at the ice interface due to ultrasonic excitation of
a piezoelectric actuator.
A direct linear steady-state dynamic response method was used to solve the equations of
motion of the system. The direct solution method solves the equations of motion for each degree
of freedom at each frequency step. The direct solution method is computationally very expensive;
however, an eigenvalue analysis followed by modal superposition analysis cannot be conducted
to solve for the steady-state dynamic response for the electrically coupled system.

2.1.1.

Model Development
In the following subsections, the procedure for generating a FEM using ABAQUS to

predict the dynamic response of a structure excited with a piezoelectric actuator at ultrasonic
frequencies is presented. For each of the subsection titles, the corresponding ABAQUS module
name is shown in parentheses.
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2.1.1.1. Model Geometry (Part)
The model geometry for the FEMs was created using SolidWorks® (64). An ‘.igs’ or
‘.sat’ file was created and imported into ABAQUS. Using this method, complex airfoil
geometries and ice shapes can be drawn in a CAD software to then be imported into ABAQUS
for FE modeling. A sample of the 3D geometries created using a CAD software is shown in
Figure 2.1. Each actuator and bondline plus the ice accretion and erosion cap structure are
considered separate parts.

Figure 2.1: Sample of 3D Geometries Created in CAD Software to be imported into FEM
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2.1.1.2. Material Property Definition (Property)
For this research, isotropic host structures were modeled. The material properties used for
all the isotropic materials considered are presented in Table 2.1 to Table 2.4. The material
properties of ice are presented in section 1.4.4.3. The bondline between the actuator and the host
structure was modeled as an isotropic material. The material properties of the bondline material
used during prior research, MasterBond® EP21, are presented in Table 2.5. The material
properties for the PZT-4 actuator, including the piezoelectric and dielectric coupling terms, are
presented in Table 2.6. The PZT-4 material is poled through the thickness (z-direction) and it is
operated in the d31 configuration. A material orientation is defined in the model to specify the
correct poling direction. For the axisymmetric models, the poling direction is in the y-axis and the
material properties, stiffness and dielectric terms, were transformed using a coordinate
transformation. The materials properties used for the axisymmetric model are shown in Table 2.7.

Table 2.1: Material Properties for Titanium Grade 5: 6AL-4V
Parameter
ρ
E
ν

Value
4430
113.8
0.34

Units
kg/m3
GPa
-

Table 2.2: Material Properties for Titanium Grade 2
Parameter
ρ

Value
4510

Units
kg/m3

E
ν

105
0.37

GPa
-
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Table 2.3: Material Properties for Aluminum: 6061- T6
Parameter
ρ
E
ν

Value
2700
69
0.33

Units
kg/m3
GPa
-

Table 2.4: Material Properties for Stainless Steel: 304
Parameter
ρ
E
ν

Value
8000
200
0.29

Units
kg/m3
GPa
-

Table 2.5: Material Properties for MasterBond® EP21 (65)
Parameter
ρ
G
ν

Value
1100
1100
0.4

36

Units
kg/m3
MPa
-

Table 2.6: Material Properties for PZT-4, 3D Model: Poling in the Z-Direction (62)

Density
Stiffness Parameters

Piezoelectric Constants

Dielectric Constants

Quality Factor

Parameter
ρ

Value
7600

Units
kg/m3

S11E

141.9

GPa

S12E

80.8

GPa

S13E

78.8

GPa

S33E

122.5

GPa

S44E

30.6

GPa

S66E

25.6

GPa

d31

-123

*10-12 C/N

d15

496

*10-12 C/N

d33

289

*10-12 C/N

ε11E/ε0

1475

-

ε22E/ε0

1475

-

ε33E/ε0

1300

-

Qm

500

-

ε0 = 8.854 x 10 -12 F/m
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Table 2.7: Material Properties for PZT-4, 2D Model: Poling in the Y-Direction

Density
Stiffness Parameters

Piezoelectric Constants

Dielectric Constants

Quality Factor

Parameter
ρ

Value
7600

Units
kg/m3

S11E

141.9

GPa

S12E

78.8

GPa

S13E

80.8

GPa

S22E

122.5

GPa

S44E

25.6

GPa

S55E

30.6

GPa

d31

-123

*10-12 C/N

d15

496

*10-12 C/N

d33

289

*10-12 C/N

ε11E/ε0

1475

-

ε22E/ε0

1300

-

ε33E/ε0

1475

-

Qm

500

-

ε0 = 8.854 x 10 -12 F/m

2.1.1.3. Model Assembly (Assembly)
An assembly is a collection of parts that interact to form the system that will be analyzed.
To assemble the model, an instance of each part was created in the assembly module. An instance
is an occurrence of a part within an assembly. For example if the same actuator (a part) was to be
used in six locations, six instances of the part could be created in the assembly. The parts were
defined as independent. An independent part is defined as a part that the mesh is not defined on
the part and each instance is meshed individually.
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2.1.1.4. Solution Type (Step)
To calculate a FEM prediction an analysis step, as defined by ABAQUS, is developed. A
analysis step defines the procedure type to be used for analysis. To predict the steady-state
response of the structure, a linear-perturbation: steady-state direct method, was selected. The
complex response was computed to predict the forced response, including damping terms (see
section 2.2.1), of the system. The desired frequency range and number of frequency steps to be
solved is defined. In the analysis, the frequency steps are linearly spaced. The frequency
bandwidth was selected based on the PZT-4 material planar frequency constant. Using the planar
frequency constant of the material and the radius of the disk, the first radial mode of the disk is
approximated as shown in Table 2.8.

Table 2.8: PZT-4 Approximated Frequency of the First Ultrasonic Radial Mode
Planar Frequency
Constant Np (Hz-m)
2130

Disk Diameter
(mm)
76.2

First Radial
Mode (kHz)
27.95

2.1.1.5. Constraints (Interaction)
The interaction between two parts was defined using the ‘Tie’ constraint provided by
ABAQUS. The master surface was defined as the surface generating the excitation and slave
surface was the surface being induced. For example, because the PZT-4 actuator surface
generates motion due to a voltage potential, the actuator surface was defined as the master
surface. The bondline response is induced from motion of the actuator, and therefore is defined as
the slave surface.
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To model the distributed voltage potential on the actuator surfaces, the ‘Equation’
constraint provided by ABAQUS was used. In the generic form of the equation constraint is
shown in equation 2.1. Where,

, is a nodal variable at node P for degree of freedom i. For a 3D

piezoelectric element type, each node has a total of seven degrees of freedom. The seven degrees
of freedom are the three displacements, three rotational and an electrical degree of freedom. The
electrical degree of freedom is represented by the ninth degree of freedom as defined by
ABAQUS, since the seventh (warping amplitude) and eighth (pore pressure, hydrostatic fluid
pressure, or acoustic pressure) degrees of freedom are not used for a piezoelectric element type.
On the top (electrical potential) surface of the actuator two node sets were defined. A
node set is a collection of nodes which are defined together. A set is created for a node where the
electrical potential is defined (a single node, TP) and a node set is created for all of the nodes that
are also at the same potential (entire surface of nodes, TS). The electrical degrees of freedom
between the TP and TS node sets are coupled using equation 2.2. A sample of the node sets
created on the top surface for a PZT disk is shown in Figure 2.2. The PZT actuator is poled
through the thickness and the voltage potential applied on top surface excites the actuator in the
d31 configuration. Similarly, an equation is created for the bottom (ground) surface of the actuator
as shown in equation 2.3.

2.1

2.2

2.3
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Figure 2.2: Schematic of the defined Electrical Degrees of Freedom

The top and bottom point sets are used to define the voltage potential across the actuator,
see section 2.1.1.6. Additionally, the points are used to measure the predicted electric charge to
calculate the electro-mechanical impedance. The charge, RCHG as defined by ABAQUS, is
related to the real part of the electro-mechanical impedance, |Z|, as shown in equation 2.4 where
V is the applied voltage potential, ω is the circular frequency and q is the charge.

2.4
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To avoid computational errors, the defined top and bottom surface sets must be modified
after meshing the part. An input file of the meshed assembly is imported to be modified. The
previously defined top and bottom surface sets contain nodes defined in the top and bottom point
sets. A single node cannot be defined in two sets, therefore, the node on the top and bottom
surface sets that coincides with the top and bottom point node respectively must be removed from
the surface sets.

2.1.1.6. Boundary Conditions and Excitation Voltage (Load)
The mechanical boundary conditions are applied for the initial analysis step and held
constant for the linear perturbation analysis step. Also in the initial analysis step, the BP set is
defined as the electrical ground. For the linear perturbation analysis step, the excitation voltage is
defined on the TP set. Note the electrical potentials are distributed over the entire surfaces (see
section 2.1.1.5). The voltage potential is defined in terms of voltage amplitude at the top point of
the actuator.

2.1.1.7. Mesh Creation (Mesh)
All the element types used during this research were reduced integration elements to
reduce computational time. A mesh convergence study was conducted to determine the
appropriate mesh parameters. The mesh size and number elements through the thickness is
presented in section 2.3.1.
For the 2D axisymmetric models, an eight-node biquadratic axisymmetric quadrilateral
element, CAX8R as defined by ABAQUS, was used to represent the host structure and bondline.
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To represent the PZT-4 actuator, an eight-node biquadratic axisymmetric piezoelectric
quadrilateral, CAX8RE, was used.
For the full 3D models, twenty-node quadratic stress elements, C3D20R, were used to
represent the host structure and bondline. A schematic of a quadratic brick element is shown in
Figure 2.3. Quadratic twenty-node piezoelectric elements were used for the PZT-4 actuators,
C3D20RE.
Each node for a piezoelectric element type has an additional degree of freedom to
represent the electrical degree of freedom of the node. The electrical degree of freedom is
discussed in section 2.1.1.5.

Figure 2.3: Schematic of a Three Dimensional Quadratic Brick Element (20 Node)

2.1.1.8. Analysis (Job)
From the model developed in the ABAQUS/CAE, an input file was created and
submitted to ABAQUS/STANDARD to compute the dynamic stresses of the structure.
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2.1.2.

Finite Element Model Types
Two types of FEMs were used during this research; two-dimensional (2D) axisymmetric

models and full three-dimensional (3D) models. Axisymmetric models were used to reduce
computational times and conduct parametric studies for the bondline optimization presented in
Chapter 3. The axisymmetric models were extended to full 3D models to predict the ice interface
transverse shear stresses for the rotor ice shedding model presented in Chapter 4.
The use of axisymmetric modeling was initially considered to reduce computational time.
Cook et al. express the concern of the use of symmetric boundary conditions for high frequency
dynamic response problems (66). The elimination of anti-symmetric modes of the structures may
affect the predicted response of the structure. For the FEM validation and bondline optimization
studies conducted in this research, structures with symmetric radial resonance modes are
explored. The presence of only symmetric radial resonance modes permits the response of the
structure to be accurately predicted with an axisymmetric model.
Axisymmetric models, symmetric about a center axis, are computationally ideal for
circular structures. Reduction of a three dimensional circular structure to a two dimensional plane
with axisymmetric boundary conditions can greatly reduce the number of degrees of freedom.
The axisymmetric boundary conditions about the y-axis, as shown in Figure 2.4, are as follows:
Ux = 0 (displacement in x-direction), Uz = 0 (displacement in z-direction), URy = 0 (rotation about
the y-axis). In addition, more elements can be used though the thickness without exceeding
computational limits. The computational inexpensive models are ideal for conducting parametric
studies.
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Figure 2.4: Schematic of Axisymmetric Model Imposed Boundary Conditions

2.2. Damping Models
For a FEM dynamic stress analysis of a system, damping is a required parameter to
accurately predict the ice interfacial transverse shear stresses. For this research, a Rayleigh
damping model was implemented to represent the system damping for isotropic host structures
excited by PZT-4 ultrasonic actuators (Equation 2.5). The mass proportional and stiffness
proportional damping coefficients, α and β respectively can be calculated using a measured
damping ratio, ζn, at the resonant circular frequency equation, ωn. The operational frequency of
the ultrasonic deicing actuators ranges between 20 kHz -100 kHz. At these frequencies the losses
of the structure are stiffness dominated (67). Therefore, the mass proportional damping term was
ignored for the analysis presented in this work.

2.5
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2.2.1.

Experimental Damping Ratio Measurement of Aluminum Plate
To the best knowledge of the author, no experiments have been conducted to quantify the

damping ratio of isotropic materials at ultrasonic frequencies. To determine the damping ratio for
isotropic materials, experimental test were conducted. The Logarithmic Decrement Method, a
time-response method, was used to experimental quantify the damping ratio at the first ultrasonic
mode of the structure (~28.3 kHz). The measured damping ratio, ζn, was used to determine the
viscous damping coefficient, β, used for FEM predictions.
To determine the system damping ratio of a structure at ultrasonic frequencies, the timeresponse of the structure was measured. An Aluminum-6061circular flat-plate was excited at the
first ultrasonic mode of the system with a bonded PZT-4 disk. The PZT-4 disk was bonded using
the optimized bondline presented in Chapter 3. The time-response was recorded for the free-free
system. The free-free boundary condition was simulated using a soft foam insert supporting the
outer 2 mm edge of the plate. The test specimen dimensions are summarized in Table 2.9 and a
schematic of FEM test specimen, a 2D slice of the circular plate, is depicted in Figure 2.5. A
steady-state excitation voltage was applied to the PZT-4 disk actuator at the resonant frequency of
the structure, ~28.3 kHz. The steady-state excitation voltage was turned off and the time decay
response of the structure was measured to quantity the damping ratio of the structure.

Table 2.9: Test Specimen Dimensions for Damping Measurements and FEM Validation

Actuator
Bondline
Plate

Radius
(mm)
38.1
38.1
165.1
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Thickness (µm)
1270
381
1016

Figure 2.5: Schematic of Model Geometry used for Damping Measurements and FEM
Validation with Sample Mesh for FEM Validation Study

To measure the time response of the structure, the out-of-plane velocities were recorded
at given location along the radius of the plate surface using a laser vibrometer. The position was
recorded using a linear variable differential transformer (LVDT), OMEGA® LD620-150. The
position was controlled with a linear DC stepper motor, using feedback from the LVDT, with
laser vibrometer sensor head mounted on a linear traverse. A Polytec OFV 534 sensor head
operated by a Polytec OFV 2500 controller was used. A photograph of the test setup is shown in
Figure 2.6.
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Figure 2.6: Laser Vibrometer Test Setup

The laser vibrometer measured the out-of-plane velocities at locations along the radius of
the plate. The free-free boundary condition was simulated using a soft foam insert supporting the
outer 2 mm edge of the plate. Two tests were conducted at five different locations on the plate for
a total of ten tests. A sample plot of the measured velocity decay is shown in Figure 2.7. From the
measured out-of-plane velocities, the damping ratio was calculated by curve fitting an
exponential function to the velocity magnitudes of each oscillation. The damping ratio, ζn, can be
calculated from equation 2.6, where V is the velocity at time t, Vo, is the steady-state (t=0)
velocity, ωn, is the circular natural frequency. The average damping ratio for the aluminum
system was measured to be 0.1883% with a standard deviation of 0.07.

2.6
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Figure 2.7: Sample Experimental Time History Response of Aluminum Circular Plate,
Average Damping Ratio ζ = 0.1883 %

2.2.2.

Damping of Piezoelectric Materials
For piezoelectric materials the viscous damping coefficient, β, can be determined using

the mechanical quality factor, Qm, of the material. The mechanical quality factor for piezoelectric
materials can be determined by using an electrical impedance analysis, by the resonance and antiresonance frequencies as outlined by Ref. (68). The mechanical quality factor used for this
research was given on the on the material specifications sheet from the manufacturer (see Table
2.6). For a given mode, n, and the circular frequency at the mode, ωn, the viscous damping
coefficient, βn, can be determined using equation 2.7.
2.7
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2.3. Finite Element Model Validation
First, the frequency response (electro-mechanical impedance) of a free-free disk was
predicted and the results matched those in Palacios (32). In prior research conducted by Palacios,
only the experimental impedance measurements were compared to FEM predictions for model
validation. The measured impedance is a point location measurement equivalent to a frequencyresponse function and contains information of the in-plane modes only. For further validation of
the FEMs, experimental measurements of out-of-plane velocities were required on host
structures.
For model validation, the predicted and measured electro-mechanical impedance of host
structure excited by a PZT-4 actuator, including the bondline, was compared. Additionally, the
predicted and experimentally measured out-of-plane velocities were correlated to capture the
response of system. The test specimen used for model validation is that same as that used for the
damping measurements presented in section 2.2.1.
The out-of-plane velocity measurements were selected over other measurement types for
several reasons. Dynamic strain sensors were initially explored; however, the introduction of the
sensor bonded to the model added complexities to the predictions. Additionally, the test
specimens excited at ultrasonic frequencies, the nodes separation is on the order of 5-10 mm. The
physical sensor size is on the order of 8 mm. Without precision placement of the sensor location
and prior knowledge of node locations, the sensor may lie over multiple nodes that could
introduce experimental errors and measurement uncertainties. The laser vibrometer, which is noncontact measurement device, eliminated complexities related to the sensor modeling. The laser
vibrometer also allowed measurement resolution of the node locations. It is shown in section
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2.3.1, that the in-plane response of the system calculated by FEMs can be accurately predicted
with a coarser mesh than the out-of-plane response.
The ice interfacial transverse shear stress value has an out-of-plane component
proportional to the out-of-plane velocity. For a generic host structure with an ice layer on the
surface, as shown in Figure 2.8, the ice interfacial shear strains, γxy, is depicted. The displacement
in the x and y directions are represented by u and v respectively. The out-of-plane velocity, , for
a steady-state harmonic response is shown in equation 5.3. The ice interfacial transverse shear
strain, proportional to the stress within elastic material region, is represented by equation 2.9.
Both the out-of-plane velocity and transverse shear strains are a function of the out-of-plane
displacement, v. The ice interfacial shear strain and out-of-plane velocities are proportional
validating the FEM prediction of an out-of-plane field value, such us as transverse shear strains.

Figure 2.8: Schematic of Ice Interfacial Shear Strains
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2.8

2.9

2.3.1.

Finite Element Mesh Convergence
Before correlating the experimental and predicted response of the structure, a mesh

convergence study was conducted. A mesh convergence study is needed to accurately predict the
transverse shear stresses at the ice interface. The mesh convergence study provides guidelines for
the minimum mesh requirements needed for computational convergence.
To conduct the mesh convergence study, a 2 mm layer of ice was added to the FEM of
the validation test specimen on the entire plate surface opposite that of the actuator. A total of
fourteen FE meshes, as shown in Table 2.10, were generated. In all cases, a quadratic reduced
integration element type was used. The element width is the approximate width of the each
element in the radial direction. The number of elements through the thickness is the number of
elements used per material. The predicted ice interfacial transverse shear stresses were compared
to show convergence based on a finer mesh size. A selected 5% convergence criterion was
established to determine the convergence mesh dimensions. The convergence criterion for each
case was compared to the predicted values with mesh parameters outlined in case number Mesh
13. In case number, Mesh 13, the element size and number of elements through the thickness
were greatly exaggerated to ensure model convergence.
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Table 2.10: Mesh Convergence Study Mesh Dimensions Test Matrix
Case Number

Element
Width (mm)

Mesh 1
Mesh 2
Mesh 3
Mesh 4
Mesh 5
Mesh 6
Mesh 7
Mesh 8
Mesh 9
Mesh 10
Mesh 11
Mesh 12
Mesh 13
Mesh 14

5.0
3.0
1.0
5.0
3.0
1.0
5.0
3.0
1.0
5.0
3.0
1.0
0.25
2.0

Thickness
Elements
(per material)
1
1
1
2
2
2
3
3
3
4
4
4
8
2

The predicted response shape (node and anti-node locations) and resonance frequency of
the model converge much faster than ice interfacial transverse shear stresses. Even for very
coarse mesh sizes (5mm), the resonance frequency is and does not vary more 0.7% for all of the
test cases conducted in this study. The impedance value at the resonance frequency varies as
much as 75%. Convergence of the impedance value at the resonant frequency follows the element
width and is largely independent of the number of elements through the thickness as shown in
Figure 2.9.
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Figure 2.9: FEM Mesh Convergence Study of Electro-Mechanical Impedance

A plot of predicted ice interfacial transverse shear stress amplitudes along the radius for
various mesh parameters is shown in Figure 2.10. For a single element through the thickness and
the same element width (1 mm) the ice interfacial transverse shear stresses are over predicted by
up to 33% when compared to the converged prediction. Based on this study, a quadratic element
with a width of 2 mm and 2 elements through the thickness of each material are recommended for
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accurate predictions of the ice interfacial transverse shear stresses. Correlation between the
experimental and predicted resonance frequency and corresponding minimum impedance value
does not guarantee the predicted ice interfacial transverse shear stresses are converged. In is
concluded that in the prior work conducted by Palacios (32) and Venna(57), where only one
element was used through the thickness may have been insufficient. The insufficient number of
elements explains the large prediction over prediction (compared to that required to delaminate
ice) of transverse shear stresses (>2 MPa). The electro-mechanical impedance is dominated by the
in-plane response and the transverse shear stresses have an out-of-plane component that must be
measured for model validation.

Figure 2.10: Finite Element Model Mesh Convergence Study, Comparison of Predicted Ice
Interfacial Transverse Shear Stress for Varying Mesh Parameters
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2.3.2.

Experimental FEM Validation: Electro-Mechanical Impedance Measurements
The predicted electro-mechanical impedance was compared to the experimental

impedance for the test specimen, without ice. The FEM predicted the resonance frequency and
impedance within 0.60% and 7.21% respectively of the measured experimental values as shown
in Figure 2.11 and summarized in
Table 2.11. The excellent correlation of the predicted and measured impedance of the
system validates the ability of the FEM to predict the frequency response of the system. As it was
concluded in the mesh convergence study, correlation between the electro-mechanical impedance
does not validate the prediction of an out-of-plane field quantity such as transverse shear stresses.

Figure 2.11: Comparison Between FEM Predicted and Experimentally Measure ElectroMechanical Impedance for the FEM Validation Test Specimen
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Table 2.11: Summary of Predicted and Experimental Resonance Frequencies of the FEM
Validation Test Specimen

Mode
1st Mode
2nd Mode

2.3.3.

Predicted
Frequency Impedance
(kHz)
(Ω)
28.63
10.65
38.06

Experimental
Frequency Impedance
(kHz)
(Ω)
28.46
9.85

9.55

37.91

9.71

% Error
Frequency

Impedance

0.60

7.21

0.40

1.65

Experimental FEM Validation: Velocity Measurements
The same test setup and test specimen, without ice, used to measure the damping ratio in

section 2.2.1 was used to measure the out-of-plane velocities for FEM validation. The out-ofplane velocities were measured along the x-axis (radius) of the plate (defined in Figure 2.5) in
approximately 0.5 mm increments. To eliminate potential sources of experimental error, the PZT4 actuator was excited at low voltages (~10V). At higher excitation voltages of the PZT-4
actuator, translational motion (free-free boundary condition) created due to excitation of plate
was observed. At higher input voltages, increases in actuator temperature were also observed. The
translation motion and increases in actuator temperature lead to experimental error that could be
eliminated by using low excitation voltages.
Two experiments using the same test specimen were conducted to measure the out-ofplane velocities. Results show that both the measured amplitude and nodal locations of the
structure are predicted within 5% as shown in Figure 2.12. The results validate the finite element
tools (modeling techniques, material properties, damping parameters and mesh convergence) used
during this research.
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Figure 2.12: FEM Experimental Validation, Correlation of FEM Predicted Out-of-Plane
Velocities Along the Radius of the Plate Surface
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3. DESIGN AND IMPLEMENTATION OF AN OPTIMIZED BONDLINE

3.1. Review of Prior Work
During prior research conducted by Palacios (32), two main failures of the PZT-4
actuators were indentified: PZT-4 fracture and debonding from the host structure. The PZT-4
actuators were electrically connected using solder joints on the top face of the actuator. It was
experimentally observed that the actuator fractured at the solder joint location, as shown in Figure
3.1. Additionally, the solder joint failed at larger input voltages (~100 V) due localized heating
and mechanical vibrations at the solder joint location. The second failure was actuator debonding
from the host structure during operation. In the research conducted by Overmeyer et al.,
debonding issues were minimized by decreasing the actuator thickness to reduce the actuator
inertia (60).

Figure 3.1: Actuator Fracture at Solder Joint Location
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Multiple studies have been conducted on the bondline performance for PZT actuators to a
host structure for static to low kHz excitation frequency. For static and low frequency excitation
of piezoelectric actuators, far from the resonance of the actuator, Crawley concluded that the
shear lag effect dominates response of the structure (69). The shear lag effect states that the shear
transfer from the actuator to the host structure becomes less effective with lower shear modulus
and larger thickness of the bondline. The shear lag effect assumes ideal shear transfer when the
shear modulus approaches infinity and the bondline thickness is infinitesimal.
In work conducted by Ha and Chang (70), results opposite to that of the shear lag effect
were observed near resonance frequencies, typically100 kHz to 2 MHz, of the actuators for
Structural Health Monitoring (SHM) applications. Ha and Chang concluded that a resonant
response of actuator presented a tradeoff between bondline thickness and stiffness parameters for
optimal shear transfer. The bondline must not fully constrain the disk (shear lag assumption), but
it is required to have sufficient stiffness and thickness to provide shear transfer. Ha and Chang
presented design criterion for the bondline thickness and shear modulus for sensor applications to
maximize the sensor signal amplitude using the direct piezoelectric effect.

3.2. Finite Element Modeling of Optimized Bond
The present work is to design and implement an optimized bondline solution that creates
the maximum ice interfacial transverse shear stresses due to excitation at the resonance frequency
of a PZT-4 actuator. The PZT actuator is excited using the reverse piezoelectric effect compared
to the direct piezoelectric effect used for SHM applications. Another goal of the new bondline
was to improve the reliability of the ultrasonic deicing system. To improve the reliability, the
bondline must prevent debonding within the full operational temperature range of the system, -40
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to 100 °C. Additionally, the bondline must eliminate failures related to the solder joints on the
actuator surface. The optimized bondline configuration is calculated based on the ability to
generate maximum ice interfacial transverse shear stresses per input power to the PZT-4 actuator.
To determine the mechanical properties of an optimized bondline for an ultrasonic
deicing system, a FEM parametric study was conducted. The ratio of the bondline shear modulus
to the shear modulus of PZT-4, GBOND/GPZT, was varied between 0.1 to 0.8 for thicknesses, TB,
ranging from 95.3 to 762 µm (95.3 µm, 190.5 µm, 381.0 µm and 762.0 µm). The dimensions of
the model used for the FEM parametric study are outlined in Table 3.1. A 2D axisymmetric
model was used to conduct the FEM parametric study. A schematic of the model geometry is
shown in Figure 3.2, together with a sample FEM mesh. The host structure used for the
parametric study was titanium-grade 5 which is representative material for a rotor blade erosion
cap.
Table 3.1: Dimensions for Bondline Optimization FEM Study

Actuator
Bondline
Plate
Ice

Radius (mm)

Thickness (µm)

19.05
19.05
31.75
31.75

1270
95.3-762
889
2000
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Figure 3.2: FEM Bondline Optimization Geometry and Sample FE Mesh

Using the model geometry, the ice interfacial transverse shear stresses were predicted for
a given bondline shear modulus, bondline thickness and constant excitation voltage of 75 V. The
resonance frequency of the system is the frequency where the real part of the electrical
mechanical impedance, |Z| (see equation 2.4), is a minimum. The amplitudes of the ice interfacial
shear stresses were averaged across the ice interface at the resonance frequency (~65 kHz) of the
system that corresponds to the minimum impedance. The power consumption at the resonance
frequency, P in watts, was calculated using the real part of the electrical mechanical impedance,
|Z|MIN, and the excitation voltage, V, using ohms law, as shown in equation 3.1.
The resonance frequencies only varied up to 5%, but predicted power consumption varied
by up to 40% due to changes in the predicted minimum impedance. The changes in resonance
frequency and impedance are due to the variation in the shear modulus and thickness of the
bondline for the parametric study. To account for the differences in power consumption, the
averaged ice interfacial shear stresses were power-normalized as shown in equation 3.2.
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3.1

3.2

A FEM with zero bondline thickness was also analyzed. In comparing the powernormalized average ice interfacial transverse shear stress of the parametric study and zero
bondline thickness models, the ideal configuration was concluded to be that of a zero thickness
bondline thickness configuration. The zero thickness bondline configuration was termed the ideal
bondline configuration. The results from the parametric study, finite thickness bondline
configurations, were normalized to the power normalized average ice interfacial shear stresses for
the ideal bondline configuration. The parametric study results and the ideal bondline
configuration are depicted in Figure 3.3.
From the parametric study, it was shown that the ideal bondline configuration would be a
theoretical zero thickness bondline. An ideal bondline with a theoretical zero thickness agrees
with the shear lag model. For the thickness ranges considered in this study, an ideal thickness
other than that of zero thickness as concluded by Ha and Chang was not observed.
The parametric study results for finite thickness bondlines, physically required, indicate a
resonance effect for varying bondline shear mouduli. The ‘resonance effect’ is not predicted by
the shear lag model. The shear lag model predicts for a given thickness the optimal shear transfer
occurs with infinite shear stiffness. For a finite thickness bondline, an optimal shear stress ratio
between the bondline and the PZT-4 material is identified as 0.13.
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The bondline used during prior research, EP21, and the optimized bondline configuration
implemented, FM73/AL Mesh, are depicted by markers in Figure 3.3. The development and
implementation of the optimized bondline are discussed in the remainder of this chapter.

Figure 3.3: Bondline Optimization Parametric Study Results
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3.3. Material Selection for Optimized Bondline
Based on the results from the bondline parametric study, materials were selected to match
the optimized mechanical properties. In addition to the optimized mechanical properties, the
bondline was required to meet several physical requirements. It was required for the bondline to
have an electrically conductive layer to apply the voltage potential to the PZT actuator and a nonconductive layer to insulate the voltage from the host structure. The material was also required to
have the ability to fill voided areas between the PZT actuator and airfoil structure. Based on the
current configuration with a NACA0015, 40.64 cm chord, the bondline thickness was required to
be larger than 381 µm to fill the voided area. The optimized shear modulus of the bondline was
determined to be within the range of 4.65-9.61 GPa based on the parametric studies conducted in
section 3.2. The bondline requirements are outlined in Table 3.2. Based on the bondline
requirements, materials were down selected to provide an optimized bondline for an ultrasonic
deicing system.

Table 3.2: Bondline Material Selection Requirements
Requirement Type
Electrical
Stiffness
Thickness

Requirement
Conductive Top Layer with Insulating Bottom Layer
G = 4.65-9.61 GPa
> 381 µm

To meet the electrically conductive requirement, a porous metal mesh was selected. The
metal mesh allows the adhesive to penetrate the conductive layer and adhere to the actuator
surface while maintaining electrical contact with actuator surface. A matted film adhesive was
selected over two part adhesive because of its ability to conform to complex geometries such as
the leading edge of a rotor blade. Additionally, the mat structure provides support pressure for the
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metal mesh. The support pressure to the metal mesh promotes uniform contact of the metal mesh
with the actuator. With a two part adhesive, the metal mesh may float within the adhesive and
eliminate contact between the metal mesh and actuator. By selecting a non-conductive film
adhesive, the film adhesive can also serve as the insulating layer.
After selecting the material types for the bondline, the mesh and film adhesive needed to
be tailored to meet the stiffness and thickness parameters of the optimized bondline. The
minimum required thickness to fill the voided area in the airfoil of 381 µm was selected as
optimal thickness because the average interfacial shear stresses on the ice surface increased with
decreasing bondline thickness.
A Cytec Industries® FM73M (71) thin film adhesive was selected because it met the
operational temperature requirements and could serve as an electrically insulating layer. The
matted variant of the FM73M film adhesive was selected over the unsupported variants because
adhesive must physically support the metal mesh. The FM73M film adhesive is used in main
rotor blade applications, which makes it appealing for blade integration design. The FM73M is
offered in several nominal thicknesses, the 254 µm nominal thickness was selected to meet the
minimum thickness requirement of the bondline.
The FM73M shear modulus, as provided by the manufacture, is 0.842 GPa. To achieve
the bondline, a shear modulus must be increased by 81.9-91.2%. The aluminum metal mesh layer
was used to provide the additional shear stiffness. The aluminum metal mesh layer was 40%
porous and had a thickness of 76.2 µm. The shear modulus of the system was approximated to be
8.9 GPa and the Poisson ratio was assumed to be 0.40.
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3.4. Experimental Validation of the Optimized Bondline
The optimized and implemented bondline was experimentally compared to the bondline,
MasterBond EP21, used during prior research by Palacios (32). The data measured for the FEM
tools validation presented in sections 2.3.2 and 2.3.3 was compared to that of a test specimen with
an EP21 bondline. The experimental results for the EP21 bondline were obtained using the same
test setup as the one used during FEM tools validation (see section 2.3).

3.4.1.

Experimental Bondline Validation: Electro-Mechanical Impedance Measurements
The FEM predicted electro-mechanical impedance for the EP21 and optimized bondline

(FM73/AL Mesh) was compared to the measured experimental data as shown in Figure 3.4. The
correlation for the optimized bondline was also presented in Figure 2.11. The measured
experimental resonant frequencies of the optimized bondline are 0.74% and 6.1% higher, as
compared to the EP21 bondline, for the first and second modes respectively. The measured
experimental minimum impedances of the optimized bondline are 56% and 22% higher, as
compared to the EP21 bondline, for the first and second modes respectively. The small increases
in the resonance frequency and corresponding large changes in impedance for the optimized
bondline are captured by the FEMs predictions indicating an increase in stiffness of the optimized
bondline compared to the EP21 bondline.
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Figure 3.4: Experimental and FE Predicted Comparison of Electro-Mechanical Impedance
vs. Frequency for a Free-Free Aluminum Disk (Diameter = 33.02 cm, Thickness = 0.8128
mm) with a PZT-4 Disk (Diameter = 7.62, Thickness = 1.27 mm) Bonded using a 0.381 mm
Thick Specified Bondline

3.4.2.

Experimental Bondline Validation: Velocity Measurements
To validate the optimized bondline, the out-of-plane velocities were compared for the

two bondlines. The rational for selecting out-of-plane velocities is discussed in section 2.3. In
some cases, the measured velocities on the test specimen with the EP21 bondline differ by as
much as 45% to that of the FEM predicted velocities amplitudes. The average percent error is on
the order of 15%.
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The experimental error for the EP21 bondline may be attributed several experimental
uncertainties. The EP21 is a two part epoxy and the defined material properties are for a 50-50
mix of each epoxy part. An uneven mixture will results in an increase or decrease the modulus of
the material depending on the mix ratio. The thickness of the EP21 bondline is difficult to control
and could lead to experimental errors. The copper tab placed on the lower surface of the actuator
for electrical connection could cause uneven distribution of the bondline.
Despite the under prediction of the velocities in the FEM for the EP21 bondline, the
experimentally measured velocities increased by up to 76% for optimized bondline as compared
to the EP21 bondline. The increase in velocity, for the optimized bondline compared to the EP21
bondline, trend was predicted very well by FEM.

Figure 3.5: Experimental and FE Predicted Comparison of Out-of-Plane Velocities
Normalized to Actuator Voltage Potential for a Free-Free Aluminum Disk (Diameter =
33.02 cm, Thickness = 0.8128 mm) Excited with a PZT-4 Disk (Diameter = 7.62, Thickness =
1.27 mm) Bonded using a 0.381 mm Thick Specified Bondline
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3.4.3.

Optimized Bondline Conclusions
Based on the correlation of the experimental and predicted out-of-plane velocities, the

bondline properties in the FEMs are considered accurately represented. Using the results from the
FEM parametric study, shown in Figure 3.3, the optimized bondline will provide up to a 15%
increase in the ice interfacial transverse shear stresses as compared to the bondline, EP21, used
during prior research. The reliability of the bondline will be evaluated during rotational testing
presented in Chapter 5.

3.5. Implementation of Optimized Bondline
After experimentally validating the optimized bondline, work was conducted on the
implementation of the bondline to airfoil structures. Before airfoil configurations were
implemented, the actuators were bonded using the optimized bondline to flat substrate test
coupons.

3.5.1.

Embedded Actuator with Optimized Bondline
To eliminate the solder joint from the top surface of the actuator, it was proposed to fully

embed the actuator within the optimized bondline. The fully embedded actuator configuration is
depicted in Figure 3.6. The embedded actuator within the optimized bondline to the host structure
was performed in three cure steps and is discussed in section 3.5.2.
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Figure 3.6: Material Layup for Embedded Actuator

A FEM study was conducted using the same model used for the parametric study for the
optimized bondline (see section 3.2). Using the shear modulus and thickness of the optimized
bondline, the actuator was modeled as fully embedded. The actuator was assumed to be perfectly
bonded to the bondline on all sides of the actuator. Predictions using FEMs show the embedded
actuator only decreases the power-normalized average ice interfacial transverse shear stresses by
approximately 1-2% compared to the configuration with the bondline only on the surface between
the host structure and actuator. The small decrease in efficiency was concluded to be insignificant
and implementation of an embedded actuator within the optimized bondline was pursued.

3.5.2.

Bondline Implementation on Flat Substrates
To gain knowledge of the embedded bondline curing process, several test coupons on flat

substrates were developed. A photograph of one of the test coupons developed is shown in Figure
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3.7. The development of the test coupons provided insight to potential issues and allowed for
corrective actions to be taken during the fabrication process.

Figure 3.7: Photograph of Bondline Implementation Test Coupon
During the development of the initial test coupons, inconsistencies of the functionality of
the electrical metal mesh layers were observed. In a few cases, the metal mesh protruded though
the bottom film adhesive layer creating an electrical short to the host structure. In one case, the
metal mesh protruded though the middle film adhesive layer creating an electrical short across the
actuator. A photograph of the visually observed contact of the aluminum mesh layers through the
center film adhesive layer is shown Figure 3.8.

Figure 3.8: Photograph Electrical Short Circuit due to Contact between the Top and
Bottom Aluminum Mesh Layers
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To eliminate the inconsistencies related to the protrusion of the metal mesh, a three step
cure process was implemented. The first cure step was used only to bond the bottom aluminum
mesh layer to the bottom surface of the actuator with a layer of the FM73M film adhesive. The
second cure step was used to create an insulting layer between the top and bottom aluminum
meshes. A single layer of the film adhesive was placed over top of the actuator surface with cutouts slightly undersized to the actuator diameter. The third and final cure step served two roles:
the top aluminum mesh was bonded to the top surface of the actuator and the embedded actuators
were bonded to the host structure.
To allow the film adhesive to flow through the aluminum mesh, several cure cycle
temperatures were explored experimentally. By holding a temperature below the final cure
temperature, the film adhesive was able to flow through the metal mesh to ensure proper contact
to the actuator surface. Proper flow of the film adhesive was achieved with a hold temperature of
135 °F for 30 minutes and 250 °F for 60 minutes. The cure cycle implemented for proper flow of
the film adhesive was used only for the first cure step. The final two cure steps used the
manufacture recommended cure cycle of a linear ramp of 6 °F/min to the cure temperature of 250
°F for 60 minutes.

3.5.3.

Bondline Implementation on Airfoil Structures
The three step cure process developed in section 3.5.2 was used to bond the actuators to

an airfoil structure. The actuators were bonded to a NACA0015 (40.64 cm chord) airfoil. The
airfoil structure is representative of a rotor blade leading edge erosion cap. Three separate airfoils
were fabricated from Aluminum-6061-T6, Strainless-Steel-304, and Titanium-Grade 2. The test
specimens fabricated in this section were used for rotational testing presented in Chapter 5. In this
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section, the fabrication process is outlined. The fabrication process was the same for all three
airfoil substrates.
The geometry mismatch between the rigid PZT actuator and airfoil erosion cap creates a
voided area between the actuator and airfoil erosion cap. The potential for voided regions in the
bondline existed because of the uneven pressure on the film adhesive exerted from the PZT-4
actuator, as shown in Figure 3.9. During the first cure step, when the aluminum mesh is bonded to
the bottom surface of the actuator, the film adhesive was relied on to fill the voided space.

Figure 3.9: Actuator Geometry Mismatch and Potential Bondline Voids

The film adhesive filled the voided space extremely well forming a smooth contour to the
airfoil erosion cap as shown in Figure 3.10. Small surface void regions were observed; however,
these voids were filled during the final cure step to the airfoil erosion cap. No air pockets between
the film adhesive and actuators were observed. If the geometry mismatch could not have been
sufficiently filled with the film adhesive, a paste adhesive would have been explored.
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Figure 3.10: Actuator Bonding to Airfoil Structures Void Area Fill

In second cure step, the electrical insulation layer between the top and bottom aluminum
meshes is added. A photograph of the actuator configuration after the second cure cycle is shown
in Figure 3.11.

Figure 3.11: Photograph of the Bondline Implementation after the 2nd Cure Cycle
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In the third and final cure step, the top surface aluminum mesh is added and the actuators
are bonded to the airfoil surface. A photograph of the preparation for the final cure cycle is shown
in Figure 3.12. In this cure step, thermistors were added between the top aluminum mesh layer
and the top layer of film adhesive. A photograph of a completed test specimen with the
implemented optimized bondline is shown in Figure 3.13.

Figure 3.12: Photograph of the Final Cure Step Setup of the Bondline Implementation to an
Airfoil Structure

Figure 3.13: Photograph of a Completed Test Specimen with the Optimized Bondline

76

4. ULTRASONIC DEICING ROTOR ICE SHEDDING PREDICTION
MODEL

4.1. Model Overview
The goal of the Ultrasonic Deicing Rotor Ice Shedding Prediction (UDRISP) model is to
predict ice shedding from a rotor blade due to activation of an ultrasonic deicing system. The
model uses a known ice shape and predicts shedding location along the rotor blade span due
ultrasonic excitation and rotor centrifugal forces. The UDRISP model was developed for a test
rotor blade as shown in Figure 4.1; however, the model could be extended to full-scale blades.
The model couples commercial available software packages ABAQUS®, PYTHONTM, and
MATLAB® to predict the ice shedding location.

Figure 4.1: UDRISP Test Rotor Blade Setup

An overview of the UDRISP model is shown in Figure 4.2. Before executing the
UDRISP model, a finite model is developed. The details on the development of the finite model
are discussed in section 4.2. The model is divided into four modules. The modules are numbered
in order of execution in Figure 4.2 to Figure 4.4. The module numbers are consistent in each
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figure. Each of the modules contains subroutines. The first three modules contain only one
subroutine. The forth module contains three subroutines. All of the subroutines in the UDRISP
model are described in detail in section 4.3.

Figure 4.2: Ultrasonic Deicing Rotor Ice Shedding Prediction (UDRISP) Model Overview
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To manage the execution of the model, a Portable Batch System (PBS) was used to
perform job scheduling on a batch cluster. The model code structure and data transfer are shown
in Figure 4.3. The ‘input.inp’ I/O shape is the model input and the end terminator, ‘shedding.dat’
is the model output file with the predicted shedding locations. Each of the four modules is
numbered in the figure. Modules 1, 3 and 4 were developed during this research and module 2
directly implements the ABAQUS software package. The I/O shapes between each module are
data files generated from the previous module and input to the next module.

Figure 4.3: Ultrasonic Deicing Rotor Ice Shedding Prediction (UDRISP) Model Code
Structure

Based on the outlined code structure a PBS submit file, ‘UDRISP.pbs’, is created to
execute each module within the model as shown in the start terminator in Figure 4.3. The PBS
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submit file used for the UDRISP model is shown in Figure 4.4. The syntax for each module
execution is highlight and numbered to the corresponding module number.

Figure 4.4: PBS Submit File for UDRISP Model

4.2. Finite Element Model Setup for UDRISP Model
Before executing the UDRISP model, a finite element model must be constructed to
predict the transverse shear stress generated on the ice surface from the ultrasonic deicing system.
The finite element modeling tools presented in Chapter 2 are used for this for this analysis. Using
the ABAQUS/CAE® interface, the test specimen geometry (actuator configuration, airfoil shape,
and ice shape), material properties, boundary conditions and applied voltage potential to the PZT
are defined. A sample finite element model of an erosion cap structure equipped with an
ultrasonic deicing system is shown in Figure 4.5. An input file, ‘input.inp’ is created which
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contains all the necessary information to predict the global (in the global coordinate system)
stress tensors.

Figure 4.5: Sample Finite Element Model of Erosion Cap Structure with Accreted Ice Shape

4.3. UDRISP Model Subroutines
The UDRISP model is divided into six subroutines. The subroutines each perform a
defined task and are described in detail in the following sections.
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4.3.1.

Input File Modification
The process of eliminating the node from the surface sets as described in section 0 is

automated in this subroutine. A script was developed in MATLAB®, ‘tp_point_remove.m’, to
read the input.inp file and modify the surface sets for the boundary condition definition on the
actuator surfaces. The script generates a modified input file, ‘results.inp’, for execution in
ABAQUS/STANDARD®.
This automated process allows the user to easily redefine meshes, ice shapes or actuator
configurations within the finite element model. The redefined input.inp file is then resubmitted to
the UDRISP model for shedding analysis.

4.3.2.

Prediction of Global Stress Tensors
To predict the global stress tensors of the system due to excitation of the PZT actuators,

the results.inp file is executed in ABAQUS/STANDARD®. A file, ‘results.odb’, is generated that
contains all the global stress tensors and node information for the entire model. A detailed
description of the validation of ABAQUS/STANDARD® to predict the global stress tensors is
presented in Chapter 2.

4.3.3.

Read and Write of Global Stress Tensor
A script, ‘abaqus_read.py’, was developed in the PythonTM Language to extract the

predicted stress tensor on the ice-airfoil surface for each frequency step in the analysis. The
information is extracted from the results.odb file. This module generates four data files. The first
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data file, ‘outputN.dat’, contains all the nodes and coordinates of the nodes which lie on the
surface as shown in Figure 4.6. The second data file, ‘outputS.dat’, contains the nodes and
predicted global stress tensor for each node for each frequency step as shown in Figure 4.7. The
third data file, ‘outputF.dat’, contains number of frequency steps in the finite element model. The
final data file, ‘outputZ.dat’, contains predicted electro-mechanical impedance of each actuator.
The third and fourth data files are not used in the UDRISP model. The electro-mechanical
impedance prediction is used for system power predictions.

Figure 4.6: Sample Node Output (outputN.dat) File From Python Script

Figure 4.7: Sample Stress Output (outputS.dat) File From Python Script

83

4.3.4.

Stress Tensor Transformation
The generated data files from the previous module, outputS.dat and outputN.dat, are

imported into MATLAB® for shedding analysis. First, the predicted stress tensors are converted
from the global coordinate system to a local coordinate system. The global coordinate system is
defined as follows: x is along the chord, y in the thickness direction and z is in the radial direction
of the blade. The local coordinate system is defined as follows: x’ is tangent to the rotor blade
surface, y’ perpendicular to the rotor blade surface, and z=z’. A cross-sectional view of the rotor
blade is shown in Figure 4.8 where the local coordinate system, x’y’, and global coordinate
system, xy, are shown for a single node on the airfoil surface. For each node based on the x and y
coordinates, a transformation angle corresponding to the airfoil curvature, β, is calculated. Using
a global 2D stress tensor and a transformation angle, a global stress tensor, σ, is converted to a
local stress tensor, σ’, using equations 4.1 to 4.9 from Cook et al. (66). The local stress tensor is
used to perform the ice shedding analysis.

Figure 4.8: Sample Stress Coordinate Transformation from Global to Local Coordinate
System on an NACA0015 Airfoil
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4.3.5.

Ice Adhesion Area Calculation
After converting the stress tensors of each node from the global (xy) to local (x’y’)

coordinate system, the six stress components are mapped for the entire ice surface. A coordinate
system along the airfoil surface, XS, is defined to map the curved airfoil surface to a 2D plane.
The airfoil surface coordinate is presented in the horizontal axis, where the airfoil leading edge is
equal to zero. Positive numbers correspond to surface locations on the upper surface and negative
numbers correspond to surface locations on the lower surface. Based on the input ice shape, the
icing elements (extent of ice accretion) on the upper and lower surface can be determined in terms
of XS. A sample of the mapped transverse shear stresses, in the local coordinate system, is shown
in Figure 4.10. Note from the figure, the ice accretion areas are marked by the dark line and clean
airfoil surface is marked by the grey line.

Figure 4.9: UDRISP Mapped Airfoil Coordinate System
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The mapped ice surface was segmented into differential elements. For each differential
element, a local ice delamination was determined based on reported ice adhesion strengths of ice
to the rotor blade surface substrate. If the ice interfacial transverses shear stresses, in the local
coordinate system, predicted from the finite element model of the ultrasonic deicing system,
or the vector magnitude,

,

, over the differential area exceeds the reported ice

adhesion strength, the differential area is assumed to be completely delaminated. A matrix is
created for all the differential elements on the ice surface. If the ice is delaminated, the index
corresponding to the delaminated differential area is set to 1. Otherwise the index is set to zero.
This process is conducted over multiple ultrasonic excitation frequency steps. The delaminated
areas vary based on the driving frequency and input power of the ultrasonic deicing system. The
differential areas which remain adhered to the rotor blade are identified as values of 0 within the
matrix. The adhered areas are used calculate the area of ice adhesion in the shedding analysis.

87

Figure 4.10: Sample Plot of the Predicted Ice Interfacial Transverse Shear Stresses in the
Local Coordinate System for Single Frequency on the Mapped Airfoil Surface
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4.3.6.

Ice Shedding Prediction
The final module in the UDRISP model predicts the ice shedding from the rotor blade.

The details of the shedding module are presented in the following sections.

4.3.6.1. Shedding Model
The shedding prediction analysis utilized in the UDRISP model is based on the work of
Fortin and Perron (72) and Brouwers (10). The applied natural forces acting on a generic accreted
ice shape are the centrifugal, shear adhesion, cohesive and aerodynamic forces as shown in Figure
4.11. A method to calculate the aerodynamic force acting on the ice is outlined by Scavuzzo et al.
(73). These forces may be as large as 20% of the centrifugal force acting on the ice. For scale
rotor test in the AERTS facility (~3 m rotor diameter), the maximum operational Mach number of
~0.26 (85 m/s) is much smaller than critical Mach number of 0.46 determined by Scavuzzo et al.
(73). As a result, the aerodynamic force will be neglected for this analysis. The centrifugal forces
are matched to representative full-scale rotors.

Figure 4.11: Applied Natural Forces on Accreted Ice Shape to Rotor Blade
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A sample accreted ice shape is shown in Figure 4.12 with the natural forces considered in
this analysis, ignoring the aerodynamic forces. The ice adhesion area and ice cross-sectional area
are also defined in Figure 4.12.
The centrifugal force can be calculated by a known ice density (ρICE), volume (VICE), ice
radial location (r) and rotor speed (Ω), as shown in Equation 4.10.
4.10
The cohesive force, Equation 4.11, is calculated by a measured ice cross section area, Ac, and
known cohesive strength or tensile strength of ice, σc.
4.11
The shear adhesive force, Equation 4.12, is determined by a calculating the ice adhesion area, ASA,
and a given ice adhesion strength, τ.
4.12

Figure 4.12: Differential Ice Element with Applied Natural Forces and Area Definitions

Thermal based deicing systems rely on the thermal energy to sublimate the ice surface
and delaminate the ice from the substrate. For an ultrasonic deicing system, transverse shear and
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in-plane shear stresses are created at the ice interface. A sample of the through-the-thickness
distribution of the transverse shear stress due to ultrasonic excitation is depicted in Figure 4.13 for
a given radial location.

Figure 4.13: Schematic of the Stress Distribution in the Local Coordinate System due to
Ultrasonic Excitation

4.3.6.2. Predicted Ice Shedding Locations
To predict the ice shedding, the blade is discretized into differential elements in the radial
direction. The ice adhesion area for each radial element is calculated by summing only the areas
that are not delaminated based on the calculations in section 4.3.5 at given radial location. A
graphical representation of the ice adhesion area is shown in Figure 4.14. The filled areas
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correspond to regions delaminated due to the ultrasonic deicing system, values of 1 in the ice
delamination matrix. Only the unfilled regions are considered for the ice adhesion area
calculation, value of 0 in the ice delamination matrix. Note the discretized elements ice surface
are not actual size and shown for explanation purposes only.

Figure 4.14: Sample Discretized Radial Element for Shedding Analysis

For shedding to occur the centrifugal forces must exceed the sum of the cohesive and
shear adhesion forces of the ice. Starting at the rotor tip, Step 1, if the element satisfies equation
4.13, the ice is assumed to be shed from the rotor blade. If the element is not shed, the element is
added to the neighboring inboard element to form a larger element as shown in Figure 4.14, Step
2. The larger element has additional mass and therefore more force on the element to promote
shedding. This process is continued until a shedding event occurs or the inboard radial ice
element is reached. After a shedding event, the process is restarted from the shedding location to
predict a possible second shedding event.
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4.13

The predicted radial shedding location(s) are plotted versus non-dimensional radial
position. A sample plot of the shedding locations is depicted in Figure 4.15. The entire rotor blade
surface is plotted along with the area of accreted ice over test section. The line represents a
shedding event at the non-dimensional radial location. The chord location is represented the
vertical axis, where the airfoil leading edge is equal to zero. Positive numbers correspond to
chord locations on the upper surface and negative numbers correspond to chord locations on the
lower surface.

Figure 4.15: Sample Plot of Predicted Shedding Locations
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4.3.7.

Requirement for Multi-Frequency Excitation
During the development of the UDRISP model, a generic uniform thickness ice shape,

6.5 mm thick that extended 40.64 mm in the chordwise direction, was generated and subjected to
the centrifugal forces that contribute to an ice shedding event. The assumed ice shape has a width
of 30.48 cm in the radial direction and placed at the tip of a 1.42 m rotor (0.79 to 1.0 r/R). The
rotor parameters were selected to match the experimental setup presented in Chapter 5. The
properties of glaze ice and the adhesion strength of ice to an aluminum substrate at -11 °C were
considered to predict the required ice delamination area to promote ice shedding. The input
parameters to the UDRISP model are summarized in Table 4.1.

Table 4.1: UDRISP Input Parameters for Theoretical Ice Shedding Study
Parameter
Ice Radial Width
Ice Thickness
Ice Adhesion Strength, τ
Ice Cohesive Strength, σc
Ice Density, ρice

Value
30.48
6.5
97*
220#
900§

Units
cm
mm
kPa
kPa
kg/m3

Total Ice Adhesion Area, ASA

304

cm2

Ice Cross Sectional Area, AC

697

mm2

Rotor Speed
Rotor Radius
*
Stallabrass (74)
#
Scavuzzo (24)
§
Maklin (31)

500
1.42

RPM
m

To simulate ice delamination from the host structure due the ultrasonic deicing system, an
arbitrary matrix of delaminated areas was created. The percent delamination area was increased
until an ice shedding event was predicted. The determined area is the critical adhesion area
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required to promote ice shedding. For the ice shape and input parameters, defined in Table 4.1,
the critical adhesion area is 9%. With only 9% of the ice adhered to the airfoil surface, a single
ice shedding event is promoted due to the centrifugal forces at 0.81 r/R. For thinner layers of ice,
the critical adhesion area will increase because the centrifugal force is less for a smaller ice mass.
Based on the predicted requirement for the critical adhesion area to be less than 9%,
regions of zero/low ice transverse shear stress must be avoided. The areas with zero/low ice
transverse shear stresses will not delaminate from the host structure. The bridging of delaminated
and adhered regions will prevent the shedding of ice (if the adhesion area is less than the critical
adhesion area). To prevent mentioned ice bridging (lack of ice shedding), multi-ultrasonic
frequency control is suggested. Increasing the actuator power for a given frequency will not
eliminate areas of ice bridging. Once an input power level is determined that promotes ice
delamination, increases in power are useless and inefficient. By shifting the excitation frequency,
the modal response of the structure varies, redistributing the regions of high and low ice
transverse shear stresses. The suggested multi-frequency excitation scheme would ensure full
coverage of the airfoil surface with high ice interfacial transverse shear stresses, and consequent
ice shedding.
The predicted ice shedding locations, actuator voltages and frequency sweep bandwidth
are compared to experimental results in section 5.4.
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5. EXPERIMENTAL DEICING OF IMPACT ICE UNDER ROTATION

5.1. Deicing Test Overview
To evaluate the ice protection performance of an ultrasonic deicing system for rotorcraft
blade applications, impact icing tests were conducted under rotation in the Adverse Environment
Rotor Test Stand (AERTS) Facility as shown in Figure 5.1. Only one of the two blades test
section regions was protected by an ultrasonic deicing system. Details of the test blades and test
specimens are given sections 5.1.1.1 and 5.1.1.2 respectively. A brief facility description is given
in section 1.1 and a detailed description is given by Brouwers (10) and Han (11). The control and
hardware setup of the ultrasonic deicing system is discussed in Appendix A. The reported power
consumption data acquisition method and definitions are discussed in section B.5.1.

Figure 5.1: AERTS Facility Overview with Ultrasonic Rotor Test Blades
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The first deicing tests were conducted on a titanium grade 2 substrate representative of an
erosion cap structure. The titanium substrate is a common erosion cap material for many
rotorcraft main rotor blades. Two titanium test specimens were fabricated. Both of the titanium
test specimens failed due to debonding of the actuators from the host structure. Despite
implementation of the optimized bondline, debonding of the actuators occurred near the edge of
the airfoil test specimen. The actuators at the center of the test specimen remained fully bonded.
The debonding failure of the bondline was not observed during bench-top testing at high
power actuation for the test coupons developed on aluminum substrates (see section 3.5.2). Since
debonding was not observed on prior testing on an aluminum substrate, an aluminum airfoil test
specimen was developed. The aluminum substrate test specimen was developed to investigate
potential debonding mechanism to a titanium substrate. The first aluminum airfoil test specimen
experienced a similar failure to that of the titanium substrate airfoils. The debonding failures near
the edges of the test specimen were attributed to a stress concentration generated by the
mechanical fastening of the test specimen to the test rotor blade (see section 5.1.1.1 for details on
the test rotor). To minimize the potential stress concentrations due to the mechanical fastening of
the airfoil structure, the actuators were placed only near the spanwise center of the airfoil (away
from the clamping locations). Despite the efforts to prevent debonding, a debonding failure was
observed on the second aluminum test specimen. After debonding of the second aluminum test
specimen, the debonding failure was attributed to stress concentrations created at the edge
bondline due to excitation of the PZT actuators. For the test coupons developed during the
bondline implementation process, the bondline was extended approximately one actuator disk
radius (1.9 cm) past the edge of the bondline (Figure 3.7 in section 3.5.2). The debonding failures
and corrective actions are described in detail in Appendix A.
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The bondline was extended to cover the entire airfoil surface and the actuators were
placed near the spanwise center of the airfoil. The bondline was extended more than actuator disk
radius past the edges of the actuators to prevent the debonding of the actuators from the host
structure attributed to stresses concentrations. The extended bondline configuration was applied
to a stainless-steel substrate airfoil without debonding failure during icing tests.
A stainless-steel substrate was pursued, over the previously used titanium substrate, due
to program pressure to experimentally evaluate an ultrasonic deicing system for the Kaman KMAX main rotor. The K-MAX has a stainless-steel erosion cap in the radial locations were ice
protection is typically required (see section 1.4.2). Icing tests conducted on the stainless-steel
erosion cap was performed within the FAR 25/29 Appendix C icing envelopes (18).

5.1.1.

Ultrasonic Deicing Test Rotor Blades and Test Specimens

5.1.1.1. Ultrasonic Test Rotor Blade
A schematic of the test rotor blade used to evaluate the ultrasonic deicing system is
shown in Figure 5.2. The rotor radius of the ultrasonic test rotor blade is 1.42 m. The test
specimen, an erosion cap structure with an ultrasonic deicing system, is removable and has a span
of 30.48 cm which extends 10.16 cm of the 40.64 chord. The test specimen is mechanically
fastened to aluminum ribs along all the edges. The test specimen was designed to be removable to
evaluate various deicing system configurations. The blades are designed to be safely operated up
to 800 RPM.

98

Figure 5.2: Schematic of Ultrasonic Test Rotor

5.1.1.2. Test Specimens
The ultrasonic deicing system was implemented on three erosion cap substrates: titaniumgrade 2 (TI-1 and TI-2), aluminum-6061-T6 (AL-1 and AL-2), and stainless-streel-304 (SS-1).
The aluminum test specimen thickness was 1.016 mm and the titanium and stainless-steel test
specimens were 0.8128 mm. The bondline implementation process described in section 3.5.3 was
used to fabricate the test specimens for rotational testing.
For the AL-1, AL-2, TI-1 and TI-2 test specimens, a limited test matrix was conducted
before debonding failures were observed. Details of the failures, corrective actions are presented
in Appendix A. The final test matrix was conducted on the SS-1 test specimen without failure.
The final test matrix and results are presented in this chapter.
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5.1.1.3. Actuator Selection
A PZT-4 actuator disk with dimensions of 38.1 mm diameter and 1.27 mm thick formed
the ultrasonic deicing system (65 kHz free-free first radial mode). Optimal actuator sizes and
locations were not explored. The actuator size was selected based on physical space requirements.
The curvature of the airfoil leading edge limits the size of the actuator. The placement of the
actuators was selected based on prior experimental experience (60).

5.1.2.

Rotor Speed Selection
The rotor speed was selected to match the centrifugal forces on a full-scale medium lift

sized helicopter. The centrifugal forces for the AERTS ultrasonic test rotor are plotted on the
vertical axis versus varying rotor rpm, on the top horizontal axis. The ultrasonic test rotor is
depicted by the dashed line in Figure 5.3. The Kaman K-MAX main rotor centrifugal forces are
plotted with a solid line versus non-dimensional radial location, on the bottom horizontal axis. An
operational RPM between 400 and 500 was selected to match the centrifugal forces on the
ultrasonic test rotor to the K-MAX main rotor at 38% to58% r/R location. This location was
selected because it lies in the center of the blade region (30-80% r/R) which typically requires ice
protection (see section 1.4.2).
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Figure 5.3: AERTS Scale Rotor G Force Comparison to Kaman K-MAX Main Rotor

5.1.3.

Deicing Test Procedures
To evaluate the deicing performance of the ultrasonic deicing system under impacting

icing conditions a test procedure was established and used for all test cases. The testing procedure
is outlined in Table 5.1. After ice accretion, the ultrasonic deicing system was excited to promote
an ice shedding event. The ultrasonic ice protection system was only excited once for a given test
case in a deicing test regime. The system was not tested in an anti-icing test regime. The ice
accretion time was set pre-test to achieve a desired ice thickness based on the icing conditions.
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Table 5.1: Deicing Test Procedure
Step
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Description
Set deicing system parameters (Frequency Bandwidth, Frequency Steps, EOT).
Record icing conditions (Temperature, MVD, LWC).
Spool up rotor to test rotor speed and stabilize.
Start data recording.
Start icing cloud and accrete ice for the required amount of accretion time.
Maintain rotor speed.
Shut down icing cloud.
Wait 60 seconds for icing cloud to dissipate.
Turn on Ultrasonic Deicing System.
Record time of ice shedding events.
Shut down rotor.
Photograph post-test accreted ice/ice shedding.
Measure stagnation ice thickness on unprotected rotor at 0.79 r/R.
Clean all ice off of the rotor.

5.2. Experimental Testing of Stainless-Steel Erosion Cap with Ultrasonic Deicing

5.2.1.

Test Specimen SS-1
To mitigate the debonding issues of the bondline observed on the TI-1,TI-2, AL-1 and

AL-2 test specimens (see Appendix A for details), the bondline was extended at least one actuator
radius (1.9 cm) from the edge of all the actuators. The extension of the bondline is shown in
Figure 5.4 for the SS-1 test specimen. As it can be observed in the same figure, the ultrasonic
deicing system was segmented into four independently controllable zones. Each zone was formed
by two PZT-4 actuators for a total of eight PZT-4 actuators. Only two actuators per zone,
compared to three per zone in the titanium and aluminum substrate testing, due to space
constraints on the test specimen. To extend the bondline away from the edge of the actuators by at
least one actuator radius, only two actuators could be used. The dashed lines denote the
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approximate actuator locations. The upper case letters correspond to thermistor placement
locations for temperature measurement. For all testing, zones four and two are joined in parallel
to form Zone 2 and zones three and one were joined in parallel to form Zone 1.

Figure 5.4: Test Specimen: SS-1 Configuration

5.2.2.

Test Matrix
Initial tests were conducted at increased LWC values with respect to natural icing

conditions (FAR Part 25/29 Appendix C (18)) in order to accelerate ice accretion rates. Of the
forty-one test cases, thirty-two cases were conducted within the in the natural icing envelope to
evaluate the deicing system performance for representative natural icing conditions. A test matrix
will all of the shedding cases on the SS-1 test specimen is shown in Table 5.2.
The ultrasonic deicing system was excited after the indicated ice accretion times in Table
5.2. The ice thickness measurements were made on the unprotected rotor blade post-test to
determine the accreted ice thickness during shedding of the protected rotor blade. The ultrasonic
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deicing system was not tested in an anti-icing regime. The deicing system was activated once per
a test case from the given ice accretion time.
A summary of the rotor icing test cases conducted within the Appendix C icing envelope
is depicted in Figure 5.6. In the figure, the ambient test temperature is marked by a point, while a
+/- 15% variation on the LWC is indicated by the error bars. The LWC variation is based on the
facility icing cloud control capabilities (11). The LWC for each test was calculated by measuring
the ice thickness at three radial locations (r/R = 0.79, 0.89, 0.98) on the test specimen. The LWC
calculation methodology and steps are outlined by Han et al. (11). A sample LWC distribution on
the test section is shown in Figure 5.5 for test case SS-1-CASE 106.

Figure 5.5: Sample LWC Calculation for SS-1-CASE 106
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Table 5.2: Deicing Test Matrix for SS-1 Test Specimen
TEST
CASE

Temp
(°C)

CASE 33
-10.6
*CASE 51
-10.3
CASE 52
-10.3
CASE 62
-10.8
CASE 86
-10.8
*CASE 87
-10.8
CASE 88
-10.8
CASE 93
-10.8
CASE 94
-10.8
CASE 100
-10.3
CASE 104
-15.5
CASE 106
-19.5
CASE 107
-10.5
CASE 108
-10.5
CASE 114
-5
CASE 119
-5
CASE 121
-5
CASE 123
-5
CASE 125
-5
CASE 128
-17
CASE 133
-5
CASE 139
-5.5
CASE 140
-5.5
CASE 141
-5.5
*CASE 146
-12.7
CASE 147
-12.7
*CASE 150
-12.7
CASE 151
-12.7
*CASE 155
-19
CASE 156
-19.5
CASE 158
-19.5
*CASE 159
-19.5
CASE 160
-19.5
CASE 161
-16.5
CASE 165
-18
CASE 166
-15.6
CASE 167
-5.5
*CASE 168
-5.5
CASE 169
-5.5
CASE 170
-5.5
CASE 172
-12.7
*
Partial Shedding Event

TARGET
LWC
(g/m3)

MVD
(µm)

ICING
TIME
(sec)

RPM

Frequency
Range
(kHz)

Frequency
Steps

Frequency
Bandwidth
(Hz)

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
2
1.8
1.5
1.1
1.7
1.7
1.7
1.7
1.7
0.3
0.5
0.5
0.5
0.5
0.4
0.4
0.4
0.4
0.2
0.2
0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.4

30
30
30
30
30
30
30
30
15
15
30
25
25
25
25
25
20
20
20
20
20
20
20
20
20
20
20
20
20
30
30
30
30
30
30
20

120
120
120
150
120
90
90
150
120
120
120
120
150
150
180
150
180
210
240
240
240
240
240
270
300
360
390
450
450
270
270
270
210
120
90
180

360
400
400
400
400
400
400
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

60-85
50-85
65-85
65-80
50-65
60-85
60-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85
50-85

3
10
10
15
10
10
10
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
1
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25
25

1000
1000
1000
1500
500
500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
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Figure 5.6: Thirty-Two Test Cases Conducted Superimposed on FAR Part 25/29 Appendix
C Icing Envelopes (18)
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5.2.3.

Experimental Multi-Frequency Control
To further experimentally explore the requirement for multi-frequency control

surrounding the ultrasonic resonance of the system needed to promote ice shedding, two tests
were conducted at identical icing conditions. During the first test, SS-1-CASE 61, a coarse
frequency sweep was preformed. It was anticipated that the coarse frequency control would not
promote ice shedding. With the coarse frequency control scheme, regions of low ice transverse
shear stresses create ice bridging, which prevents ice shedding from host structure. The second
test, SS-1-CASE 62, a finer frequency control scheme was performed to prevent areas of ice
bridging and promote ice shedding. For SS-1-CASE 61 and 62, the measured load power levels
are comparable as shown in Figure 5.7. Zones 2 and 4 (labeled as Zone 2) are simultaneously
excited, followed by zones 1 and 3 (labeled as Zone 1).

Figure 5.7: Power Comparison of SS-1-CASE 61 and 62: Comparable Input Power for a
Shedding and Non-Shedding Test, Validating Fine Frequency Control Requirements.

Photographs comparing the ice accretions prior to excitation and post-test for SS-1-CASE
61 and 62 are shown in Figure 5.8. For SS-1-CASE 61, ice fracture and partial delaminations
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were observed. Ice bridging due to the non-delaminated regions prevented ice shedding. For the
same icing conditions and input power, ice shedding was observed in Case 62. An increased
number of frequency steps introduced during SS-1-CASE 62 minimized the non-delaminated
regions which promoted ice shedding. For SS-1-CASE 61 a frequency control scheme of five
frequency steps (coarse) with a bandwidth of 1.5 kHz surrounding the measured ultrasonic
resonance of the system (75 kHz) was used. For SS-1-CASE 62 a frequency control scheme of
twenty-five frequency steps (fine) with a bandwidth of 1.5 kHz surrounding the measured
ultrasonic resonance of the system was used. The total excitation time was held constant for both
cases. This experimental observation was confirmed during additional test cases, experimentally
confirming the requirement for fine frequency control to promote ice shedding.

Figure 5.8: Photographs Comparing SS-1-CASE 61 and 62: Demonstration of Fine
Frequency Control Requirement for Ultrasonic Ice Shedding
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5.2.4.

Sample Ice Shedding Results
A sample test case (CASE 107) is shown in Figure 5.10. During operation of the

ultrasonic deicing system, instantaneous ice fracture was observed from the strobe images of the
accreted ice recorded at the operational RPM. Ice shedding was observed during three shedding
events. The first shedding event occurred during excitation of Zone 2 and the second and third
shedding events occurred during excitation of Zone 1. Ice shedding was promoted when regions
of ice bridging were eliminated due to frequency sweeping. The corresponding zone number and
excitation times are shown graphically in Figure 5.9, along with the fracture and the ice shedding
times.
The ice feathers were not fully shed for this case. This was typical of test conducted at or
below -10 °C as shown in post-test photographs in Figure 5.11. At these temperatures, ice
feathers thickness is less than 0.5 mm and the feathers are not fully attached to the main ice
shape. Attempts to shed the remaining ice feathers by means of higher input power or longer ice
accretion times were not conducted during this research effort.

Figure 5.9: SS-1-CASE 107 Zone Excitation Schedule, Ice Fracture/Partial Delamination
and Ice Shedding Times
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Figure 5.10: SS-1-CASE 107 Strobe Photographs of Ultrasonic Deicing with Annotated
Times
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Figure 5.11: SS-1-CASE 107, Post Test Photographs
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Figure 5.12: SS-1-CASE 107, Actuator Average Powers

Post-test photographs of test cases, SS-1-CASE 121 (-5 °C) , and SS-1-CASE 160 -20 °C,
are shown in Figure 5.13 and Figure 5.14 respectively. In the figures, the unprotected rotor blade
test section and rotor blade test specimen protected with the ultrasonic deicing system are shown.
For SS-1-CASE 121, ambient temperature of -5.0 °C, complete ice shedding was
achieved. At the -5.0 °C ambient temperature, the ice feathers are fully attached to the main ice
shape and of similar thickness to the main ice shape.
For SS-1-CASE 160, ambient temperature of -19.5 °C, ice shedding of the main ice shape
was achieved. Similar to the SS-1-CASE 121 test cases, the ice feathers were not fully shed for
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this test case. From observation of the post-test photographs, the thickness of the ice feathers was
deceased only leaving a thin layer (<0.7 mm) of residual ice on the airfoil upper and lower
surfaces.

Figure 5.13: SS-1-CASE 121, Post Test Photographs
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Figure 5.14: SS-1-CASE 160, Post Test Photographs
For all icing conditions, to achieve repeatable ice shedding events an average power of
0.63 W/cm2 was required. For the power density calculations, the effective deicing coverage area
of 387.1 cm2 was used. The ice thickness for all shedding events at the average input power (0.63
W/cm2) was measured to be between 1.4 and 7.1 mm depending on the icing conditions and ice
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accretion time. To promote ice shedding for different icing conditions, the ice accretion time was
varied to reach a critical ice thickness. Thinner ice layers, between 2.5 mm and 4.5 mm, were
shed at warmer ambient temperatures (-13 to -5 °C) with higher LWC in the icing cloud. For the
same average input power to the actuators, thicker ice, between 4.5 mm and 7.1 mm, had to be
accreted to promote shedding at colder temperatures (-20 to -13 °C) . The larger ice thickness
required to promote ice shedding under ultrasonic excitation is explained by the higher adhesion
strength of ice at colder temperatures, as discussed by Brouwers et al. (20).

5.2.5.

Critical Ice Thickness Testing
In an attempt to shed thinner layers of ice, the similar icing conditions (Temp = -5.5 °C,

MVD = 20 µm, LWC = 0.1-0.5 g/m3) but shorter ice accretion times were used to vary the ice
thickness. To shed the thinner layers of ice, a higher input power to the actuators was required. A
comparison of the measured ice thickness and average load power required to promote ice
shedding are shown in Table 5.3 and depicted in Figure 5.15. For the range of ice thicknesses
considered (1.4 mm to 3 mm) at an ambient temperature of -5.5 °C, the ice thickness was
observed to be inversely proportional to the power density. Post-test photographs for the thinnest
ice layer shed, SS-1-CASE 170, is shown in Figure 5.16.
Table 5.3: Comparison of the Average Load Power Density Required to Promote Ice
Shedding vs. Ice Thickness for the SS-1 Test Specimen, Temp = -5.5 °C
Test Cases

Ice
Thickness (mm)

Average Load Power
Density (W/cm2)

133 139 140 141
168, 169
170

3
2.1
1.4

0.61
0.77
0.89
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Figure 5.15: Average Load Power Density Required to Promote Ice Shedding vs. Ice
Thickness for the SS-1 Test Specimen, Temp = -5.5 °C

Figure 5.16: SS-1-CASE 170, Post Test Photographs
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5.2.6.

System Robustness: Actuation Time
For the entire test regime, the actuators were excited at or above the average load power

(0.63 W/cm2) required to promote ice shedding for 68.3 minutes. The deicing system on the SS-1
test specimen was excited without actuator fracture or debonding. The testing conducted is the
largest ever test matrix performed, without failure, on an ultrasonic deicing system. To further
validate the robustness of the system, the deicing system is recommended for further test as
presented in section 6.2.3.

5.3. Temperature Considerations
The temperatures were measured for all the test cases with thermistors embedded in the
bondline of the test specimens. In all cases, the sensors were placed between the top aluminum
mesh layer and top FM73M film adhesive layer. A schematic of the through the thickness of the
bondline placement of the thermistor is shown in Figure 5.17. The sensor location varied from
test specimen to test specimen. The sensor locations are defined for each test specimen in the test
specimen configuration sections.

Figure 5.17: Thermistor Placement through the Thickness of the Bondline
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In this section, the measured temperatures are presented for several test cases that ice
shedding was observed. Ice shedding times are represented by vertical lines. The thermal energy
created is due to mechanical losses in the system due to excitation of the PZT actuators.
Theoretical predictions for temperatures of structures with integrated piezoelectric elements are
outline by Zhou et al. (75). Analysis of all the experimental thermal data from the ice shedding
cases does not show conclusive evidence that ice shedding was promoted due to the thermal
energy. Comparison of experimental thermal data to predictions was beyond the scope of this
work.
Localized melting of the accreted ice near the actuators was visually observed in some
warmer ambient test cases (>-11 °C) as shown in Figure 5.18. The measured temperatures with
the corresponding ice shedding times are shown in Figure 5.19. Notice the measured temperatures
and heating rates for all the thermistors are similar during the actuation of each independent zone.
The fact that all the thermistors read similar temperatures regardless of the excited zone indicts
that the thermal effects are related to ultrasonic mechanical vibrations. If joule heating was
responsible for the thermal effects, it would be expected that the thermistors near the excited
actuator zone would measure higher temperatures compared to the thermistors place farther away
from the actuation zone.
In addition, ice shedding, in the region of the actuation zone, was only promoted during
zone excitation regardless of the measured temperatures. The thermal trends are confirmed for
multiple tests across the test ambient temperature range as shown in Figure 5.21, Figure 5.22, and
Figure 5.23 for ambient temperatures of -5.5 °C, -10.5 °C and -19.5 °C respectively. In Figure
5.23, the actuator surface temperatures are shown in addition the bondline temperatures. The
contribution of thermal energy to the promotion of ice shedding is believed to be small compared
to contribution of the transverse shear stresses generated at the ice interface. Further

118

investigations are required to quantify the contribution of thermal energy by measuring the airfoil
surface temperature. The suggested testing is discussed in section 6.2.1.

Figure 5.18: Photograph of Localized Melting of Accreted Ice at an Actuator Location Test
Case SS-1-CASE 108
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Figure 5.19: Measured Temperatures for SS-1-CASE-108 with Ice Shedding Times
Indicated

The velocity at the rotor tip during rotation, 74 m/s, (500 RPM, 1.42 m rotor radius)
compared to 67 m/s to 179 m/s for the K-MAX main rotor (290 RPM, 7.35 rotor radius) for 0.30
r/R to 0.80 r/R. The full-scale velocity at the radial location (0.58 r/R) with matched centrifugal
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forces to the ultrasonic test rotor is 129 m/s. The higher velocity field, for the full-scale vehicle,
(43% larger) convects more thermal energy from the blade surface compared to the velocity field
during scale rotor test. The heat transfer rate, q, is proportional to the heat transfer coefficient,

,

as shown in equation 5.3. The heat transfer coefficient, for turbulent flow, is proportional to the
free-stream velocity, V, by the exponent of 0.55 (Equation 5.2). The details of heat transfer
coefficient are outlined in Section 15 of the LEWICE Manual (76). The thermal convection rates
are 63% larger for the full-scale vehicle compared to scale rotor test. The larger thermal
convection rates would likely eliminate any thermal contribution, to the promotion of ice
shedding, from the ultrasonic deicing system.

5.1

5.2

The measured temperatures for test SS-1 Cases 61 and 62 are shown in Figure 5.20. In
test cases 61 and 62, the multi-frequency excitation theory (see sections 4.3.7 and 5.2.3) was
experimentally explored. As shown in Figure 5.20, the maximum temperature is above 10 °C for
both test cases. For case 61, single excitation frequency, ice shedding was not promoted. In case
62, multi-frequency excitation, ice shedding was promoted at a temperature near 0 °C. Similar
measured temperatures for both test cases, suggests the thermal energy is not sufficient to
promote ice shedding.

121

Figure 5.20: Measured Temperatures for SS-1-CASE 61 (No Shedding) and 62 (Shedding)
for Temperature Location A

Figure 5.21: Measured Temperatures for SS-1-CASE-121 (-5.5 °C Ambient Temperature)
with Ice Shedding Times Indicated
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Figure 5.22: Measured Temperatures for SS-1-CASE-107 (-10.5 °C Ambient Temperature)
with Ice Shedding Times Indicated

Figure 5.23: Measured Temperatures for SS-1-CASE-160 (-19.5 °C Ambient Temperature)
with Ice Shedding Times Indicated
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5.4. Experimental Comparison to the UDRISP Model
Comparisons of an experimental ice shedding event to the predict ice shedding from the
UDRISP model, presented in Chapter 4, were made for test case AL-2-CASE 39. Complete
experimental results are presented in section A.2.2.

5.4.1.

UDRISP Model Results
The accreted ice shape, before excitation of the ultrasonic deicing system, is shown in

Figure 5.24. The accreted ice shape was simplified to a uniform thickness ice shape as shown in
Figure 5.25. The ice shape was assumed to be of uniform thickness in the radial direction (6.5
mm). The measured ice thickness was 6.2 mm, 5.9 mm and 6.5 mm at 0.79, 0.88, and 0.98 r/R
locations respectively. The assumed ice thickness was within 10% of the measured ice thickness.
The slight over prediction of the ice thickness was assumed to have a negligible effect on the total
mass of the ice over the relatively short radial (30.5 cm) test section.

Figure 5.24: Accreted Ice Shape Test Case AL-2-CASE 39
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Figure 5.25: Simplified Accreted Ice Shape Test Case AL-2-CASE 39 used for FEM

The input parameters to the UDRISP model for analysis of the AL-2-CASE 39 shedding
analysis is shown in Table 5.4.
The UDRISP model predicted a single ice shedding event at a radial location of 0.86 r/R
as shown in Figure 5.26. The shedding event was predicted using three frequency steps
surrounding the impedance minimum (resonance) for the system with a bandwidth of 1 kHz. The
distribution of the predicted ice interfacial transverse shear stresses versus excitation frequency is
depicted in Figure 5.27. Notice the regions of zero/low (represented by the light colored regions)
ice interfacial transverse stresses vary different excitation frequencies. The assumed ice adhesion
strength has a significant impact on predicted shedding location. The selected adhesion strength
of 250 kPa is within the range of values reported by several authors (see Table 1.1). The ice
predicted ice shedding location was very sensitive to the selected shear adhesion strength. The
surface roughness of the test specimen, at the leading edge, was measured to be 1 µm. For the
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selected adhesion strength (250 kPa), the UDRISP model was rerun for a single frequency (64.7
kHz, system resonance). For a single frequency case, an ice shedding event was not predicted.
Table 5.4: UDRISP Input Parameters for AL-2-CASE 39 Ice Shedding Analysis
Parameter
Ice Radial Width
Ice Thickness
Ice Adhesion Strength, τ
Ice Cohesive Strength, σc
Ice Density, ρice

Value
30.48
6.5
250*
220#
850§

Units
cm
mm
kPa
kPa
kg/m3

Total Ice Adhesion Area, ASA

304

cm2

Ice Cross Sectional Area, AC

697

mm2

Rotor Speed
Rotor Radius
Excitation Voltage

400
1.42
142
64.0
64.7
65.3

RPM
m
V

Excitation Frequencies

kHz

*

Scavuzzo and Chu (24)
Scavuzzo (24)
§
Maklin (31)
#

Figure 5.26: UDRISP Model Ice Shedding Location, r/R = 0.88
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Figure 5.27: UDRISP Model Predict Ice Transverse Shear Stresses for Varying Frequencies
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5.4.2.

Experimental Comparison
From a strobe image captured during rotation, the ice shedding location of the first ice

shedding event was approximated to be 0.84 r/R as shown in Figure 5.28. A repeat test of AL-2CASE 39 was conducted with the same icing conditions and actuator inputs. The repeat test, AL2-CASE 41, had only one ice shedding event at a location of 0.86 r/R as shown in Figure 5.29.

Figure 5.28: AL-2-CASE 39 Ice Shedding Radial Location r/R = 0.84
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Figure 5.29: AL-2-CASE 41 Ice Shedding Radial Location r/R = 0.86

The error in shedding location, ErrorSHED, was calculated using equation 5.3 where End is
the experimental non-dimensional rotor radius shedding location and Pnd is the UDRISP model
predicted non-dimensional rotor radius shedding location. The predicted ice shedding location
from the UDRISP model agrees within 2.3% and 4.5% error as compared to the experimental ice
shedding locations in AL-2-CASE 39 and 41 respectively. The experimental and predict ice
shedding locations are depicted in Figure 5.30.

5.3
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Figure 5.30: Comparison of Experimental Ice Shedding Radial Locations to the UDRISP
Model
Despite only have a single test point, the UDRISP model establishes the requirement for
multi-frequency mode excitation to promote ice shedding. As confirmed by the UDRISP model,
the multi-frequency mode excitation eliminations regions of zero/low ice interfacial shear stresses
that cause ice bridging. The ice bridging prevents ice shedding. A more extensive test matrix is
needed to validate the UDRISP model; however, the modeling framework has been established
and can be utilized for future evaluation of a rotor ultrasonic deicing system.
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

6.1.

Conclusions

6.1.1.

Finite Element Modeling Tools and Validation
A commercially available FEM software package, ABAQUS®, was used to predict the

steady-state forced response of a PZT actuator coupled to an isotropic structure in the ultrasonic
frequency range (10-100 kHz). The predictions were based on a voltage potential excitation to
the PZT actuator at the ultrasonic resonance of the system. The modeling techniques, boundary
conditions and modeling assumptions were defined. A FEM mesh convergence study was
conducted to establish computation requirements to accurately predict the ice interfacial transfer
shear stresses.
To accurately predict the response of the system at resonance, the damping ratio was
quantified. The damping ratio was experimentally measured via the Logarithmic Decrement
Method using a laser vibrometer. The measured damping ratio was represented using a Rayleigh
Damping model in the FEMs.
The FEMs predicted out-of-plane velocities were compared experimental measurements
for an axisymmetric structure. Correlation of the out-of-plane velocities to interfacial shear
stresses was used to validate the FEM predictions for an ultrasonic deicing system.
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Based on the comparison between FEM predictions to experiments conducted the
following conclusions are made:


The damping ratio of the first radial mode (28.3 kHz) of an isotropic, aluminum
substrate, structure excited with a PZT actuator was experimentally measured to
be 0.1885%.



The suggested mesh parameters were determined to be quadratic mesh element
types with a 2 mm element width and 2 elements through the thickness of each
material. The in-plane response of the system converged with 1 element through
the thickness. The critical parameter, transverse shear stress at the ice interface,
converged slower and required 2 elements through the thickness.



FEM tools were used to model ultrasonic deicing system to predict the electromechanical impedance on axisymmetric circular plates. The FEM predicts the
resonant frequency with less than 0.6% discrepancy with respect to the
experimentally measured resonance frequency. The FEM predicted impedance is
correlated with less than 7.2% error compared to the experimentally measured
impedance.



FEM tools were used to model ultrasonic deicing configurations to predict outof-plane velocities on axisymmetric configurations. The FEM predicts with less
than 5% discrepancy with respect to the experimentally measured velocity
amplitudes and node locations of a selected ultrasonic mode.
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6.1.2.

Design and Implementation of an Optimized Bondline
To eliminate failures (observed in prior ultrasonic deicing systems) related to actuator

fracture and debonding, an optimized bondline was designed and implemented. The optimized
bondline mechanical properties, thickness and shear modulus, were designed using a FE
parametric study to increase the ice interfacial shear stresses at ultrasonic resonance frequency of
the system. The results from the parametric study were normalized to the predicted power of
actuator for equal comparison. The ideal thickness and shear modulus of the bondline from the
parametric study were used to implement an optimized bondline.
Materials were selected to meet the optimized bondline parameters. The actuator was
placed in a fully-embedded configuration to provide electrical insulation from the host structure,
while providing a conductive layer for excitation of the actuators. The solder joint was eliminated
with the use of metal mesh conductive layers within the bondline.
The new bondline was experimentally compared to bondline configurations used during
prior research. The experiments were correlated to FEM predictions. The FEM predictions were
used to quantify the increase in ice interfacial transverse shear stresses provided by the optimized
bondline.
To achieve a consistent and repeatable bondline, implementation of the bondline was first
conducted on flat isotropic substrate test coupons. A three step cure process was implemented to
eliminate inconsistencies in the conductive layers of the bondline.
The optimized bondline configuration was implemented to an isotropic structure
representative (NACA 0015, 40.46 cm chord) of an erosion cap typically found on current rotor
blades. The bondline configuration was applied to airfoil structures to evaluate ability of the
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bondline to fill voids due to the geometry mismatch between the actuator and airfoil structure.
The developed representative erosion cap test specimens were used for rotor ice testing.
The optimized bondline was compared, experimentally and with FEM simulations, to
bondline approaches used in prior work. Conclusions that can be drawn from this work are:


The out-plane-velocities on the aluminum circular with the optimized bondline
configuration were measured to be 76% larger compared to the bondline (EP21)
used during prior research efforts.



Based on FEMs, the optimized bondline configurations increased the ice
interfacial transverse shear stresses by as much as 15% with respect to bondlines
implemented during prior research efforts.



The implemented bondline to a NACA0015 airfoil shape with a 40.46 cm chord
was able to successfully fill the voided regions from a geometry mismatch
between the actuator and airfoil structure.

6.1.3.

Ultrasonic Deicing Rotor Ice Shedding Prediction Model
A rotor ice shedding prediction model, Ultrasonic Deicing Rotor Ice Shedding Prediction

(UDRISP), was developed to predict the ice shedding locations of due to excitation of an
ultrasonic deicing system. The model is based on the prediction of ice interfacial transverse shear
stresses, responsible for ice delamination, using commercially available FE software, ABAQUS.
A post processing shedding prediction module, including centrifugal forces and ice cohesive
forces, is coupled to the FE prediction.
The global stress tensors predicted from the FEM are transformed to a local coordinate
system that is normal to the airfoil surface. The local ice interfacial transfer shear stresses were
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used to calculate the ice adhesion area accounting for the delaminated areas due to excitation of
the ultrasonic deicing system. Based on the ice adhesion area, the rotor centrifugal forces, ice
adhesion strength and ice cohesive forces are considered to predict the ice shedding locations.
The UDRISP model was used to conduct a theoretical investigation to determine the
critical ice adhesion area required to promote ice shedding. A multi-frequency excitation
surrounding the resonance frequency of the system is suggested eliminate the areas of ice
bridging (local ice adhesion). Without sufficient centrifugal forces, the ice bridging prevents ice
shedding.
From the development of the UDRISP model, the following conclusions made are:


For a representative icing condition and rotor speed, the critical ice adhesion area
was theoretically required to be 9% to promote ice shedding. With 91% of the
area delaminated, ice shedding was promoted.



To promote ice shedding, multi-frequency excitation is required to eliminate
regions of zero/low ice interfacial transverse shear stresses that prevent local ice
delamination.

6.1.4.

Experimental Deicing of Impact Ice under Rotation
Rotor icing testing of NACA 0015 isotropic leading edge structures under the effects of

ultrasonic excitation was conducted. The non-thermal ultrasonic vibration promoted ice interface
transverse shear stresses that promoted shedding of the accreted impact ice (measured to be as
thin as 1.4 mm and as thick as 7.1 mm). This novel non-thermal, low-power deicing approach has
the potential to decrease the required deicing power by over 85% with respect to currently used
electro-thermal deicing (an average of 0.63 W/cm2 vs. 4.18 W/cm2). The concept also avoids
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drawbacks related to electro-thermal deicing, such as potential localized melting of composite
structures, or lack of heat propagation on non-metallic leading edges. To avoid system reliability
issues encountered during prior testing, an optimized bondline configuration was implemented for
rotor ice testing. In the final configuration on a stainless-steel test specimen, the optimized
bondline configuration coupled with the compression-only excitation of the actuators prevented
actuator failure or debonding.
A comprehensive set of ice shedding events were achieved throughout the ice conditions
defined by the FAR Part 25/29 Appendix C icing envelopes. The requirement for multi-frequency
control was experimentally explored by repeating test cases with the same icing conditions and
actuation times. The critical ice thickness versus the power required to promote ice shedding was
studied by controlling the ice accretion time and actuator input power. The actuator and bondline
configuration was evaluated in terms of robustness based on the total actuation time above the
required input power required to achieve deicing.
Temperatures were measured for all test cases using thermistors. The thermal data is
presented and compared to ice shedding time. The thermal contribution to ice shedding is not
quantified and was beyond the scope of this work.
Based on the results obtained during this investigation, the following conclusions are
made:


Ultrasonic excitation of isotropic structures representative of rotor blade leading
edges promotes impact ice shedding when ultrasonic transverse shear stresses at
the ice interface exceed the adhesion strength of ice.



The average load power consumption for all testing required to promote full
shedding of the main ice shape from stainless steel leading edge structures is 0.63
W/cm2.
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The critical ice thickness, the thickness required to promote ice shedding, was
measured to be in the range of 3 to 5 mm for the average power of 0.63 W/cm2. It
was observed that the colder ambient temperatures (-15 to -20°C) required
slightly larger critical ice (~5 mm). The warmer ambient temperatures (5°C)
required slightly less critical ice thickness (~3mm).



At an ambient temperature of -5°C a study of the critical ice thickness versus
power concluded that the critical ice thickness could be reduced for greater input
power. Ice shedding was promoted at critical ice thicknesses of 3 mm, 2.1 mm
and 1.4 mm for an input power of 0.61 W/cm2, 0.77 W/cm2 and 0.89 W/cm2
respectively. A critical ice thickness study was not conducted at lower ambient
temperatures.



To promote ice shedding, multi-frequency excitation is required such that
transverse shear stress nodes (i.e. local lack of ice delamination) are prevented to
promote ice shedding. For the tests conducted in this research, a 1.5 kHz
frequency bandwidth with 25 frequency steps surrounding the resonance
frequency provided repeatable ice shedding events.



Ultrasonic deicing has shown to provide ice protection for test cases within
natural icing conditions as described in the FAA Part 25/29 Appendix: C icing
envelopes.



Ultrasonic deicing prototypes have provided ice protection under representative
rotor blade centrifugal forces (390 g’s) without system failures.



The ice shedding locations were predicted by the UDRISP model for two
experimental test cases with 2.3% and 4.5% error. The excellent correlation
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between the predicted and experimental shedding locations establishes the
framework of the model. Future test cases are required to further validate the
model.


Optimized bondline and distributed electrode configurations, coupled with
compression-only driving schemes, has prevented actuator fracture or debonding
failures (68.3 minutes, with no failure observed to date) during rotor icing
testing.

6.2. Recommendations for Future work
During this research, advances on the FEM modeling, robustness and control of an
ultrasonic deicing system were accomplished. The ultrasonic deicing system promoted ice
shedding of impact ice from an erosion cap structure. The system will need to undergo further
testing to fully demonstrate its effectiveness and survivability before installation in a helicopter
rotor blade for in-flight testing. In the following sections, the main tasks for complete validation
of the proposed technology are described.

6.2.1.

Quantification of Temperature Contribution to Ice Shedding
To fully understand the ultrasonic deicing system evaluated in Chapter 5, experimental

testing to quantify the heat propagation in the test specimen is required. The temperatures
measured (see section 5.3) did not indicate a contribution from thermal energy promoted ice
shedding.
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The measured blade surface temperatures must be recorded to determine the heat transfer
through the bondline and quantify to the blade surface temperature distribution on the SS-1 test
specimen tested in Chapter 5. It is recommended that the thermal quantification testing should be
conducted in a fixed-frame environment. The surface of the blade should be instrumented with
temperature sensors, in addition to the temperature sensors integrated within the bondline. The
recommended test setup is shown in Figure 6.1. A fan should be used to simulate flow over the
airfoil that is responsible for the convection of thermal energy from the surface. The deicing
system should be excited at the power level (0.63 W/cm2) required to promote ice shedding.
Additionally, impact ice could be accreted on the airfoil to better understand the
propagation of thermal energy on the airfoil with ice accretion. The ice accretion may insulate the
airfoil surface from the flow field, changing the heat transfer rates in the system.

Figure 6.1: Recommended Test Setup for Quantification of Thermal Contribution to Ice
Shedding
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6.2.2.

Conformal Actuators
Ice accretion starts at the stagnation point of the blade. The stagnation point typically

corresponds with the high curvature area of the airfoil. Installation of PZT disks, as the ones used
in this thesis, presents challenges related to placement of plane structures in curved shaped
substrates. The installation of PZT flat disks in the leading edge of an airfoil requires varying
bondline thickness as described in Chapter 3. Also, as discussed in Chapter 3, as the bondline
becomes thinner, higher transfer of actuator mechanical forcing to the host structure is achieved.
Ideally, a thin, evenly distributed bondline would be implemented for maximization of ice
interface transverse shear stresses. For this, it is required to design conformal actuators to the
airfoil leading edge shape.
Conformal solid (entirely PZT) actuator configurations, were explored during this
research effort. Due to high manufacturing costs of prototype components, the use of solid
conformal actuators was postponed. The cost of conformal actuators, once fabrication processes
are in place, should not exceed that of conventional PZT disks. Additionally, a solid conformal
actuator may fracture due to large blade strains in the leading edge. To reduce prototype cost and
alleviate risk related to actuator facture, a segmented PZT actuator concept was developed.
Segmented conformal actuators would ease the installation of the ultrasonic deicing
system to airfoil shape structures (Figure 6.2). The actuators could be placed at the stagnation
point of the airfoil, maximizing the ice interface transverse shear stresses at this point. The higher
transverse shear at the location where ice starts to accrete would reduce the ice thickness required
to promote ice shedding for an equal input power to the actuator.
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Figure 6.2: Segmented Conformal Actuator Concept

6.2.3.

Actuator Survivability
The proposed bondline, electrode configurations, and system controls presented in this

research provided a robust system that did not degrade during over 250 icing tests for a total
driving time of 68.3 minutes. Despite the considerable improvement in actuator survivability,
further testing has to be conducted to ensure that the ultrasonic deicing system could operate for a
required 10,000 flight hours. To reach the required flight hours bench mark, extended driving
time of the ultrasonic deicing actuator must be conducted. It could be conservatively estimated
that a generic rotorcraft vehicle operates under icing conditions for 1/8 of the 10,000 flight hours.
To reach 1250 hours of ultrasonic driving, the PZT system should be left operational for a period
of 2 months.
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Initial continuous driving test would not have to be conducted in a rotating environment.
It is proposed to conduct bench-top testing in a freezer. To monitor the health of the ultrasonic
deicing system, impendence measurements would be taken periodically. The purposed test could
piggyback on the quantification of temperature testing as described in section 6.2.1.
The proposed test would not take into account centrifugal forces encountered during
operation. It is believed that full testing of the robustness and survivability of the system would
require flight testing, (or whirl stand) once an ultrasonically protected rotor blade is designed.

6.2.4.

Actuator Placement and Blade Strain Survivability
The distribution of ultrasonic deicing PZT material in the leading edge of the blade

remains to be determined. The amount of PZT material required and placement to protect the
entire span of a blade has not been determined. FEM predictions of required PZT locations along
the span of a rotor should be conducted to determine PZT material requirements. The UDRISP
model can be used to predict ice shedding locations and guide the system deicing.
The placement of the PZT actuator is critical not only to provide ice shedding, but also to
prevent PZT fracture due to blade strains. The ultrasonic deicing system is formed by multiple
PZT actuators. The inherent segmentation of the system should prevent actuator fracture as the
blade flexes during operation, but modeling and testing must be conducted to validate the system
survivability.
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6.2.5.

Blade Stiffness Modeling and Testing
Tests conducted in this research were conducted on isotropic erosion cap representative

structures (0.82 mm thick stainless-steel). The leading edge shapes were reinforced by a spar and
side ribs, effectively clamping (and stiffening) the structure (see Chapter 5). To implement the
current prototypes into helicopter blades, the leading edge would have to be offset from the
composite d-spar. This proposed configuration would require a new rotor blade design and
certification effort.
In the current blade designs, the leading edge erosion cap is bonded to the D-spar
(typically composite), considerably increasing the stiffness of the structure as compared to the
offset leading edges tested in chapter 5. Given the improvements in actuator authority reached
during this research effort, investigating the deicing capabilities of an ultrasonic deicing system
embedded in a composite D-spar is recommended. The erosion cap would be bonded to the
composite spar, as it is currently found in generic rotor blades. The embedded actuators (Figure
6.3) would excite the isotropic erosion protective surface.

Figure 6.3: Ultrasonic Blade Integration Concept
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APPENDIX A: DEBONDING FAILURES AND CORRECTIVE ACTIONS

A.1.

Experimental Testing of Titanium Erosion Cap with Ultrasonic Deicing

A.1.1. Test Specimen TI-1
A photograph of the integrated ultrasonic deicing system to the titanium grade 2 substrate
erosion cap, TI-1, can be seen in Figure A.1. The dashed lines denote the approximate PZT
actuator locations. The upper case letters correspond to thermistor placement locations for
temperature measurement.

Figure A.1: Test Specimen: TI-1 Configuration

Prior to actuation, the baseline electro-mechanical impedance of the system was
measured. The impedance for each zone is shown in Figure A.2. Each zone is theoretically
identical, but a slight difference in the actuator placement from zone to zone affects the
impedance of the particular zone.
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Figure A.2: Baseline Impedance for TI-1 Test Specimen for Individual Zones

For the TI-1 test specimen, only static (non-rotational) freezer ice test were conducted
before debonding of the PZT actuators from the host structure was observed. All the zones were
excited simultaneously and electrically wired in parallel. A thin layer (~ 2 mm) of freezer ice was
formed on the test specimen. The actuators were driven at the resonance frequency of the system
near the first radial mode of the PZT disk actuator (~65 kHz). Fracture and delamination of the
formed freezer ice was visually observed as shown in Figure A.3.
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Figure A.3: Photograph of Observed Ice Fracture and Delamination of Freezer Ice, TI-1CASE 30

The debonding of the actuator in a zone was experimentally detected by a large change in
the measured impedance of the debonded zone. For the TI-1 test specimen, debonding of the
Zone 2 occurred. The measured impedance before, baseline, and after debonding is shown in
Figure A.4. The debonded Zone 2 approaches the free-free impedance response of the PZT disk
actuator. The debonding of the disk was visually observed as shown in Figure A.16. One of the
actuators in Zone 2, near the center of the test specimen, was not debonded. Due to the debonding
failure, rotational impact icing test were not performed on this test specimen.
Initially, the actuator debonding was believed to be caused by improper surface treatment
of the titanium surface. In preparation for bonding, the extruded metal surface finish was
degreased using Acetone.
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Figure A.4: Comparison of Electro-Mechanical Impedance for the Zone 2 Before (Baseline)
and After Debonding of the Actuators

Figure A.5: Photograph of Test Specimen: TI-1 Actuator Debonding
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A.1.2. Test Specimen TI-2
Surface treatments as described were not available due to high cost of required materials
and processing facilities. In lieu of the recommended surface treatments, the surface was grit
blasted to 2.0 µm and degreased with Acetone in preparation for bonding. The same actuator
configuration from the TI-1 test specimen was repeated. A photograph of the integrated ultrasonic
deicing system to the titanium grade 2 substrate erosion cap, TI-2, can be seen in Figure A.16.
The dashed lines denote the approximate PZT actuator locations. The upper case letters
correspond to thermistor placement locations for temperature measurement.

Figure A.6: Test Specimen: TI-2 Configuration

The TI-2 test specimen was tested in impact icing conditions under rotation. Ice shedding
was promoted for one test case, TI-2-CASE 22. For this test case, each zone was excited
independently in the following order: 4/2/3/1. The zone excitation order was selected to promote
ice shedding of the outboard accreted ice followed by the inboard accreted ice.
The requirement for multi-frequency excitation to eliminate ice bridging locations was
discussed in section 4.3.7. For test case TI-2-CASE 21, the actuators were excited at single
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frequency corresponding to the resonance frequency of the zone (~65 kHz). Local regions of ice
delamination were observed post-test as shown in Figure A.16. For the same icing conditions, ice
accretion time and input power (a repeat test), TI-2-CASE 22, was conducted with multifrequency excitation. A frequency bandwidth of a 1 kHz with five frequency steps was used to
promote ice shedding as shown in Figure A.16.
The measured power consumption in test TI-2-CASE 22 for each zone is shown in Figure
A.9. The average load power for TI-2-CASE 22 was calculated to be 0.42 W/cm2. The zone
excitation times and ice shedding event are depicted in Figure A.16. The multi-frequency control
used in TI-2-CASE 22 promoted ice shedding compared a single frequency excitation used in TI2-CASE 21.

Figure A.7: Local Ice Delamination Regions for Single Actuator Excitation Frequency, TI2-CASE 21
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Figure A.8: : Photographs of TI-2 CASE 22 Post Test, Ice Shedding Summary
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Figure A.9: Average Powers (Forward, Reverse and Load) for TI-2-CASE 22

Figure A.10: TI-2-CASE 22 Zone Excitation and Ice Shedding Times
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Although a successful ice shedding case was achieved, a complete test matrix could not
be completed due to debonding of two zones from the host structure. The debonding propagated
from the edge of the test specimen similar to the failure of the TI-1 test specimen. The actuators
near the spanwise center of the test specimen remained bonded to the host structure.

A.2.

Experimental Testing of Aluminum Erosion Cap with Ultrasonic Deicing

A.2.1. Test Specimen AL-1
Originally it was believed the debonding of the bondline on the titanium substrate airfoil
test specimens was due to inherent difficulties in bonding to a titanium substrate. Additionally,
debonding of the bondline was not observed on the aluminum substrate test coupons develop
during the bondline implementation (see section 3.5.2). The test coupons were excited with
similar power and voltage levels compared to the TI airfoil test specimens without debonding
failure. Other experimental contributions that may have promoted debonding of the bondline
include: centrifugal forces, thermal cycling of the ambient conditions (-20 to 25 C) and moisture
due to icing cloud. To identify the source of failure, the same actuator configuration was applied
to an aluminum substrate eliminating the substrate as the source of debonding failure. A
photograph of the integrated ultrasonic deicing system to the aluminum 6061-T6 substrate erosion
cap, AL-1, can be seen in Figure A.16. The dashed lines denote the approximate PZT actuator
locations. The upper case letters correspond to thermistor placement locations for temperature
measurement.
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Figure A.11: Test Specimen: AL-1 Configuration

No successful deicing tests were achieved before failure of the AL-1 test specimen. The
bondline debonded similarly to that of the TI test specimens. A photograph of the debonding
failure is shown in Figure A.16. The bondline also had several electrical shorting failures as
shown in the same figure. Close inspection of the shorted area showed no evidence of contact
between the top and bottom metal mesh surfaces. The electrical short was attributed to scrap
metal or dirt contamination of the bondline collected during fabrication. The electrical short was
an isolated case that was not observed for any of the other test specimens.
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Figure A.12: AL-1 Test Specimen Bondline Failures

A.2.2. Test Specimen AL-2
After failure of the AL-1 test specimen, stress concentrations generated from the
mechanical fastening of the test specimen to the airfoil were blamed for the debonding failure. It
was believed by moving the actuators away from the edge of the airfoil, an area of potential stress
concentration, the debonding failure would be eliminated. To achieve this goal, a new aluminum
test specimen was fabricated with only two zones placed at the spanwise center of the test
specimen. The number of actuators per zone, three, was held constant for a total of six PZT
actuators placed at the center of the airfoil test section. A photograph of the integrated ultrasonic
deicing system to the aluminum 6061-T6 substrate erosion cap, AL-2, can be seen in Figure A.16.
The dashed lines denote the approximate PZT actuator locations. The upper case letters
correspond to thermistor placement locations for temperature measurement.
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Figure A.13: Test Specimen: AL-2 Configuration

For the experimental deicing case, three excitation frequencies (62.2 kHz, 62.6 kHz, and
62.9 kHz for zone 1 and 62.8 kHz, 63.4 kHz, and 63.7 kHz for zone 2) surrounding the resonance
frequency of the zone. Post-test photographs of AL-2-CASE 39 are shown in Figure A.16. Ice
shedding of the main ice shape was observed in two shedding events. The measured average
powers consumption was measured as shown in Figure A.15. The zone excitation schedule and
ice shedding times are shown in Figure A.16.
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Figure A.14: Photographs of AL-2-CASE 39 Post Test, Ice Shedding Summary
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Figure A.15: Measured Average Powers for test case AL-2-CASE-39

Figure A.16: AL-2-CASE 39 Zone Excitation and Ice Shedding Times
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Several repeat tests of AL-2-CASE 39 test case were achieved with the AL-2 test
specimen before a debonding failure was observed. The debonding failure was consistent with the
previously failed test specimens (TI-1, TI-2 and AL-2).
To determine a solution to the debonding failure of the airfoil test specimens, the flat test
coupons developed during the bondline implementation process were revisited. It was observed,
that the bondline configuration on flat test coupons extended at least one actuator radius (1.9 cm)
from the edge of the actuator (Figure 3.7 in section 3.5.2). The flat test coupons were driven at
high actuation powers (~400 W Load Power) without debonding failure. The extension of the
bondline originally used for development of the bondline configuration is attributed for
preventing debonding failure on the test coupons. The extension of the bondline from the actuator
edge is used from the development of the next test specimen.
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APPENDIX B: ULTRASONIC DEICING CONTROLLER

B.1.

Purpose of Controller Development
To date, a controller for an ultrasonic deicing system has not been developed. During

prior research conducted by Palacios (32), it was difficult to distinguish the exact conditions that
promoted ice shedding in terms of power, frequency and temperatures. The exact actuation
frequencies, impedance settings, and voltage were manually controlled until ice shedding was
observed. Test repeatability was nearly impossible and conclusions as to the exact configuration
required for ice shedding could not be drawn.
As it has been discussed in sections 4.3.7 and 5.2.3, to eliminate regions of zero ice
transverse shear stress to promote ice shedding, multi-ultrasonic mode control is required. In this
research, an Ultrasonic Deicing Controller was designed and implemented to indentify real-time
system impedance minimums and provide control of multiple actuation frequencies surrounding
such minimum. The controller also acquires the power, temperatures and rotor state (RPM and
torque).
The Ultrasonic Deicing Controller creates a system which can autonomously excite the
deicing system based on a limited number of user inputs. Real-time data will be acquired to better
understand the operation of an ultrasonic deicing system. The acquired data will assist in making
conclusions during ice shedding events.
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B.2.

Controller Design
The controller was required to perform several key functions which inherently dictated

the design of the controller. The controller was required to be able to measure the electromechanical impedance and actuate the PZT actuators. The electro-mechanical impedance of
actuators was read periodically between actuation of the structure. To measure and actuate the
PZT actuators, the controller was divided in two distinct functions: Electro-Mechanical
Impedance Measurement and Actuator Driving. The two functions could not be performed in
parallel because the electro-mechanical impedance measurement equipment requires a low
voltage circuit and the actuator driving requires a higher voltage circuit. A mechanical state relay
was used to control the two functions.
The Ultrasonic Deicing Controller was developed using LabVIEWTM. External hardware
(RF Amplifier, Frequency Generator and Impedance Analyzer) was controlled using the General
Purpose Interface Bus (GPIB) (77). A schematic of the Ultrasonic Deicing Controller and the
related external system components is shown in Figure B.1. The LabVIEW interface
communicates, as shown with dotted lines, with the three subsystems: the Impedance Analyzer,
Actuator Driver and State Relay. The actuator driver, as shown inside the dashed lines, is
composed of four components. The four components of the actuator driver are a signal generator,
RF amplifier, impedance matching network and a DC offset device.
The developed Ultrasonic Deicing Controller and the required hardware setup is shown in
Figure B.2. The hardware used during this research is commercially available and intended for a
wide range of uses. After indentifying the approximate actuation frequencies and power
requirements of the system, the Ultrasonic Deicing Controller could be packaged for rotorcraft
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applications. It is conservatively estimated that the controller and hardware could be reduced to
4.5 kg package with dimensions of 15.2 cm x 15.2 cm x 10.2 cm.

Figure B.1: Schematic of Ultrasonic Deicing Controller and External System Components

Figure B.2: Setup of the Ultrasonic Deicing Controller and Controller Hardware
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B.3.

Electro-Mechanical Impedance Measurement
A HP4192A Impedance Analyzer was used to measurement the electro-mechanical

impedance of the system. The optimal ultrasonic deicing mode is the resonant mode of the system
which corresponds to a minimum in the electro-mechanical impedance. The electro-mechanical
impedance measurement is used to determine the resonance frequency and corresponding
minimum impedance of the system. The resonance frequency and corresponding impedance
quantity shifts due changes in ambient temperature, actuator temperature and external loading
such as ice accretion. The ice accretion adds additional mass and stiffness to the system that
causes a shift in the resonance frequency depending on the amount of ice accretion. To monitor
the shift in the resonant frequency of the system, the impedance is measured immediately before
excitation of the actuators.

B.4.

Actuator Driving
After detecting the optimal deicing mode, the mechanical relay switches the electrical

circuit from impedance measurement to the actuator driving.

B.4.1. Frequency Control
From the measured electro-mechanical impedance of the system, the resonant frequency
of the system is distinguished as the frequency with the minimum impedance quantity. As it was
discussed in sections 4.3.7 and 5.2.3, multi-frequency control is required to promote ice shedding.
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To implement multi-frequency a control scheme was developed to actuate a selected number of
frequencies surrounding the resonance mode of the structure.

B.4.2. Amplifier Gain and Impendence Matching Control
An AR® 800A3 Radio Frequency (RF) amplifier was used to provide the excitation
voltage to the actuators. The gain of the amplifier is adjusted to control the input voltage to the
deicing system. The gain was controlled to determine the required input voltage to achieve ice
shedding.
The amplifier has a built-in impedance matching network capable of hot switching,
during actuation, to match the amplifier impedance to the load impedance. The impedance
matching network was controlled to minimize the reflected power of the system. The impedance
matching network had seven controllable impedance quantities: 12.5, 25, 50, 100, 150, 200 and
400 Ω. The controller set the impedance of the amplifier based on the ranges defined in Table
B.1. In the ideal case, the impedance of the amplifier would exactly match the impedance of the
load and the reflected power would be zero. The importance of matching for ultrasonic deicing
applications is discussed by Palacios (32).
Table B.1: Impedance Matching Network Selection Criteria
Measured
Impedance (Ω)
Z < 18.75
18.75 ≤ Z < 37.5
37.5 ≤ Z < 75.0
75.0 ≤ Z < 125
125 ≤ Z < 175
175 ≤ Z < 300
Z ≥ 300
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Impedance
Setting (Ω)
12.5
25
50
100
150
200
400

B.4.3. Compression Only Actuation
The static compression strength of PZT-4 is 7.5 times larger than the static tensile
strength (61), (62). Driving the actuators in compression only, allows greater input excitation
before fracture failure of the actuator. Compression only actuation does not increase the
efficiency of the system, but improves its reliability by preventing actuator fracture.
To achieve compression only driving of the actuators, an external circuit was needed to
provide a direct current (DC) bias to the alternating current (AC) signal from the RF amplifier.
The level of DC bias was equal to the calculated voltage amplitude across the actuator. By setting
the DC bias equal to the voltage amplitude, the actuator is actuated in compression only.

B.5.

Real-Time Experimental Data Acquisition
In addition to the control of the Ultrasonic Deicing System, the Ultrasonic Deicing

Controller acquires pertinent data: actuator power, temperatures, and rotor state (RPM and
torque). All data was recorded real-time for a time history output of acquired data during postprocessing.

B.5.1. Actuator Power Monitoring
The forward and reflected powers were measured by the AR800A3 amplifier. Using
GPIB, the measured powers were recorded real-time by the controller. The load power is the
difference between the forward power and the reflected power as expressed in equation B.1. The
load power is a measurement of the amount power the actuator converts to mechanical energy. It
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is important to recall that with perfect impedance matching, the forward power is equal to the
load power. The reported power consumption values during this research are in terms of load
power.

B.1

The root mean square of the voltage, VRMS, across the actuator was estimated from the
load power, PL, and the real part of the measured impedance, |Z|, using equation B.2. The
estimated voltage assumes that the impedance does not vary during actuation. The assumption
that the impedance does not change during actuation is accurate when the actuator temperature,
ambient temperature and ice loading do not vary. It was observed for short actuation times (< 10
sec) the constant impedance assumption is valid.

B.2

B.5.2. Temperature Measurement
Thermistors are used to measure local temperatures of the system due to ultrasonic
excitation. Temperature measurements are critical to understand the blade temperature during a
shedding event due to ultrasonic excitation. A total of 24 (12 per blade) temperature
measurements can be recorded simultaneously. The real-time display monitor of the measured
temperatures is shown in Figure B.3.
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Figure B.3: Temperature Monitoring Screenshot

B.5.3. Rotor RPM and Torque
The final data acquired in the Ultrasonic Deicing Controller is the rotor RPM and torque.
The rotor RPM is used to calculate the centrifugal forces acting on the accreted ice shape. The
rotor torque is measured during ice accretion and operation of the ultrasonic deicing system. A
shedding event can be distinguished by a sharp decrease in the rotor torque. The torque
measurement is intended to compare the clean airfoil torque to the torque after an ice shedding
event. The increase in torque can be used to quantify the performance of the deicing system. The
residual ice may have a profound effect on the rotor torque and a shedding of the main ice shape
may be insignificant (41). The monitoring screen of the rotor RPM and torque is shown in Figure
B.4.

174

Figure B.4: Rotor RPM and Torque Monitoring Screenshot

B.5.4. Controller Operation and Functionality

Using the Ultrasonic Deicing Controller, the operator selects several input parameters to
control the operation of the Ultrasonic Deicing System. First, the operator selects the number of
cycles to actuate where each cycle corresponds to the actuation of one zone. The operator can
select to drive the actuators in compression-only (DC Bias ON) or tension and compression (DC
Bias OFF). A search frequency is established to set the bounds on the detection of the resonance
mode. The controller will detect and track the resonance mode of the structure within the start and
stop frequency parameters. The operator defines the frequency control scheme by selecting a
frequency bandwidth surrounding the detected resonance mode and the number of steps within
the frequency bandwidth. The gain setting adjusts the gain of the RF amplifier. The downtime is
the amount of time between each excitation cycle. The control settings are defined using the user
interface shown in Figure B.5.
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Figure B.5: Ultrasonic Deicing Controller Hardware Initialization Screenshot
For each cycle the operator can then select the zone number and excitation time for each
frequency step. A zone is defined as set of actuators that are electrically coupled. The number of
actuators per zone varied from test to test but all the actuators were wired in parallel to provide
the same voltage excitation to each actuator. The zone cycle control screenshot is shown in Figure
B.6.

Figure B.6: Ultrasonic Deicing Controller Cycle Zone Selection Screenshot
After establishing all of the controller inputs, the operator can select the time when to
actuate the ultrasonic deicing system as shown in Figure B.7. A Boolean switch is used to
indicate the presence of an icing cloud. The cloud status is recorded as ‘1’ for cloud on and ‘0’ for
cloud off. In the final configuration, the controller would use ice detection sensors to actuate the
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deicing system at the correct operation settings. In the ideal configuration, the deicing system
would be able to detect the ice accretion and activate the deicing system.

Figure B.7: Ultrasonic Deicing Controller Activation Control Screenshot
During operation of the ultrasonic deicing system, the main controller displays (Figure
B.8) the measured impedance, control state (Detect Impedance, Mode Selection, and Deicing),
actuation frequency, driving impedance, measured power and current actuation zone. The
operator can toggle a Boolean switch to record shedding events for data post-processing results of
approximate ice shedding times.

Figure B.8: Ultrasonic Deicing Controller Main Monitoring Screenshot
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