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ABSTRACT
The goal of this research was to test, evaluate, and model a novel pneumatic approach to
protect helicopter rotor blades from ice accretion. The system relied on centrifugally generated
pressures to deform a 0.02 in. (5.08 x 10-4 m) thick titanium leading edge cap. This leading edge
cap was protected from erosion by a TiAlN coating. Six pneumatic diaphragms were installed
beneath the titanium leading edge. The diaphragms were normally deflated under vacuum against
the surface of the blade and were inflated when the ice accretion thickness reached a critical value.
The deformation of the leading edge introduced transverse shear stresses at the interface of the ice
layer that exceeded the ice adhesion strength of ice to the TiAlN coating (126 psi, 8.68 x 105 Pa)
promoting instantaneous ice debonding. The applied input pressures to the system (+/- 3.7 psi, +/2.55 x 104 Pa) were representative of the pressures generated centrifugally by a medium size
helicopter rotor system. With these pressures, the maximum deformation of the leading edge was
quantified to be 0.2 in. (5.08 x 10-3 m). The aerodynamic performance degradation effects related to
the leading edge deformation were quantified during low speed (Re=1,000,000) wind tunnel testing.
Results were compared to the previously recorded aerodynamic performance degradation data due
to ice accretion. It was measured that the penalties related to the deployment of the pneumatic
diaphragms were 35% lower than the aerodynamic drag penalty due to ice accretion. The lower
aerodynamic penalty of deploying the proposed de-icing concept with respect to that of ice
accretion case indicated that the system would not introduce any aerodynamic penalty while
removing accreted ice. The system was tested under representative rotor icing conditions at the
Penn State Adverse Environment Rotor Testing Stand (AERTS). The system was subjected to
centrifugal loads that ranged from 110 to 514 times the force of gravity. The de-icing system
successfully promoted instantaneous shedding of ice thicknesses ranging from 0.06 in. to 0.1 in.
(1.52 x 10-3 m to 2.54 x 10-3 m) and for varying icing conditions within FAR Part 25/29 Appendix C
Icing Envelope.
A finite element model (FEM) was developed to predict the ice removal capabilities of the
pneumatic system. The cohesive zone method was selected to model the ice/leading edge interface.
This modeling approach was mesh-dependent and the cohesive interface parameters needed to be
determined for the final converged mesh density and testing conditions. Two bench top tests were
conducted and modeled to empirically quantify the failure criteria used in the FEM.

All

experimental tests were conducted under the same freezer icing conditions. Aluminum with the
iii

same surface roughness was used across all three tests. The experimental shear adhesion strength
criterion for this aluminum was quantified to be 39.94 psi (2.75 x 105 Pa). The experimental peel
adhesion strength failure criterion was gathered in a mixed-mode test.

The force require to

delaminate an ice patch at the root of a plate in bending was quantified. This loading condition
which induces ice delamination was used in tandem with the FEM to determine the necessary
cohesive zone properties. The pneumatic de-icing system installed on the wind tunnel experimental
model was also used to validate the FEM predictions during freezer ice testing. This wind tunnel
specimen was modeled in ABAQUS and predictions were made to determine the delamination
behavior of ice patches placed at different chordwise locations of the leading edge cap. Five
locations were modeled and predictions indicated that 4 of the 5 locations would fully delaminate.
Only the aft-most position would fail to completely delaminate. These predictions were validated
with experimental results.
Finally, the FEM was used in conjunction with the Penn State AERTS Rotor Icing,
Shedding, and Performance code to investigate the relationship between input pneumatic pressures
vs. impact ice delamination using a pneumatic de-icing system. This code predicts natural ice
shedding and was modified to determine ice delamination using a pneumatic de-icing system. The
model was initially used to determine the critical ice adhesion area required to achieve ice shedding.
A percentage of the ice shape becomes delaminated when the pneumatic de-icer is activated. The
remaining area must then carry all of the shear loads to resist shedding. Once a critical ice adhesion
area was reached, ice shedding was predicted. Based on a theoretical study for a generic rotor setup
- 55.5 in. (1.41 m) radius rotor, 280 RPM, 16 in. (0.406 m) chord NACA 0012 - having a leading
edge surface roughness of 26 +/- 0.9 Ra µin., the critical ice adhesion area was determined to be
61% of the original ice/leading edge interfacial area. The modeled icing environment had a liquid
water concentration of 2 g/m3, a median volume water droplet diameter of 25 µin, and a temperature
of -14˚C. These modeled testing conditions were chosen to match the low centrifugal forces at the
root of a full-scale rotor and the ice/leading edge interfacial properties gathered in the experimental
results obtained in this research effort. Two pneumatic de-icing designs were created and the ice
adhesion surface length was determined depending on input pneumatic pressure. The first design
represented the NACA 0012 design used during wind tunnel testing. The second design removed
two of the pneumatic diaphragms and reinforced the area behind the leading edge with solid
aluminum for increased ballistic protection. The critical pneumatic pressure to induce ice shedding
iv

was determined to be 1.0 psi (6.89 x 103 Pa) for the design tested in this research and 1.1 psi (7.58 x
103 Pa) for the improved design suggested for future research. These pressures were well within the
available pressure supplied from centrifugal pumping (3.7 psi, 2.58 x 10-4 Pa).
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1. INTRODUCTION

1.1.

Icing Research Overview
As an aircraft flies through an icing cloud, super-cooled water droplets impact and freeze on

lifting surfaces. The accreted ice causes an aerodynamic performance degradation that can lead to a
loss of lift and control (1). Aircraft icing was not a concern during the dawn of powered flight.
Early aviators lacked the instrumentation necessary to fly without visual reference and therefore,
did their best to avoid flying through clouds.

In the mid 1920’s U.S. Air Mail pilots were

pioneering instrumental flight in an attempt to maintain scheduled day and night operations between
New York and Chicago. These pilots were among the first group to regularly encounter aircraft
icing. Icing accidents would continue to rise as aviation technologies embraced Instrument Flight
Rules and higher altitude flights (1).
1.1.1. General Icing Research History
Growing markets in the aviation industry and a demand for dependable flight schedules
required “all weather” capabilities from aircraft fleets (1). Given this new problem of aircraft icing,
the National Advisory Council for Aeronautics (NACA) began testing at the first icing wind tunnel
at Langley in 1928 (2). The most frequently attempted method used to mitigate the icing problem
was the use of oil or grease to reduce the adhesion of the ice to vulnerable parts of aircraft (1).
However, these systems failed to provide adequate protection and by the winter of 1935-36 most
airlines had retrofitted their fleets with another de-icing system designed by Goodrich.

The

Goodrich design inflated boots on the “at risk” areas of the aircraft to remove the ice (3). While the
Goodrich de-icing system was a small victory in the war on icing, a substantial research interest
remained to develop more effective, lightweight, and reliable anti- and de-icing systems.

In the spring of 1942 construction began on the Icing Research Tunnel (IRT) at the Aircraft
Engine Research Laboratory, now NASA Glenn (3). General aviation now desired to certify their
aircraft to fly into known icing conditions. This prompted the funding necessary to construct
multiple icing research facilities. The scope of which included fundamental physics investigations,
flight certifications, and ice protection system (IPS) development. These facilities include: Boeing
Aerodynamic Icing Tunnel (BRAIT), Goodrich Icing Tunnel (4), Cox Icing Tunnel (5), and the
Icing Wind Tunnel (CIRA) (6).

Full-scale helicopter icing testing requires highly complex

facilities such as: the NRC Spray Rig which is currently closed (7), Helicopter Icing Spray System
(HISS) (8), and the McKinley Climatic Laboratory (9). The Pennsylvania State University recently
developed the Adverse Environment Rotor Test Stand (AERTS), est. in November 2009. This
facility features a hover icing test stand for small-scale testing of up to 10 ft (3.048m) diameter rotor
blades, Refs. (10), (11), and (12).
1.1.2. Helicopter Icing History
Fixed-wing aircraft advancements have preceded rotary-wing aircraft advancements by a
few decades due to the very nature and complexity of vertical lift. Likewise, rotorcraft have lagged
behind fixed-wing vehicles with regard to anti- and de-icing technology, despite the same necessity
of “all weather” aircraft.
Early rotorcraft icing protection research was driven by military requirements to operate
throughout Europe during winter months as well as commercial needs to service oil rigs in the
North Sea and off the Alaskan coast. The success of the Goodrich de-icing boot for fixed-wing
applications led to a study by Lockheed Aircraft under an Army contract in the 1970’s to adapt the
system to rotorcraft applications. An improved version of the de-icer boots offered a low-weight,
low-cost, and low-power method for ice removal. The concept was ultimately rejected when the
neoprene rubber of the boot was damaged or completely torn off due to a combination of rain
erosion and centrifugal force. This setback meant that more research needed to be performed at the
prototype level at facilities such as the NASA Glenn Icing Research Tunnel (1).
The cost and time required to certify rotorcraft for in-flight icing conditions has been a
significant impediment to the development of helicopter ice protection systems. The IRT was far
too small for full-scale main rotor icing tests.

Full-scale icing tests are also expensive and

dangerous. Natural ice testing is more time consuming as well. Compared to fixed-wing vehicles, a
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helicopter’s range and cost of operation force pilots to wait for icing conditions to “come to them.”
A certification could take years for FAA or military qualification (1). At this point the IRT was
becoming very successful at determining the performance of non-rotating ice protection systems.
In 1982, Sikorsky Aircraft was awarded a contract to test a series of rotor blade airfoils thus greatly
expanding the present ice accretion database. NASA and Sikorsky developed a code to correlate
changes in helicopter performance in icing conditions (3). This was a good start for the rotorcraft
industry; however, work had yet to be done with a rotating main rotor (1). In 1985, the Rotor Icing
Consortium was formed thanks to funding from NASA and the Army. The consortium chose to
model a one-sixth UH-60 Blackhawk helicopter for testing in the IRT, and titled it the Powered
Force Model (PFM). The IRT decided to first test an OH-58 Kiowa tail rotor rig in the tunnel as
they were unsure whether scale icing tests could be applied to a rotating main rotor. The tail rotor
rig was installed in a main rotor configuration. The system was complete with a hub, teetering
components, and collective pitch. The rig was tilted 5 degrees forward to simulate forward flight.
The results from these tests helped pave the way for the PFM experiments. Over a ten-week period
in the fall of 1989 the PFM tests supplied significant improvements to the experimental database
which were used to refine and validate a computer code that predicted rotorcraft performance in
icing conditions (1). Over the past few decades, research into rotorcraft icing and icing protection
systems has driven researchers to develop many novel de-icing systems. These icing protection
systems are covered in Section 1.3.

1.2.

Rotorcraft Operation in Icing Conditions
Helicopters flying into icing conditions encounter super-cooled water droplets that impinge

on the leading edge of rotor blades. These droplets freeze as they impact the surface of the rotor.
The behavior of this ice depends on a complex combination of atmospheric conditions and rotor
characteristics. This accreted ice builds up and adversely affects the performance of the vehicle.
Noise, vibration, flight envelope, and autorotational capabilities are all negatively affected. Two of
the predominate factors that influence the rate at which this ice builds up on the rotor are
atmospheric and flight conditions.
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1.2.1. Ice accretion
Different icing conditions exist depending on certain variables in the icing cloud. The major
factors include temperature, water droplet size, and concentration of the water droplets. Supercooled water droplets are defined as water droplets below the freezing point that have not yet
frozen. This phenomenon is due to the purity of the water droplets. Pure water has no seed crystals
for ice to build upon (2). The temperature of the water droplets will determine if the ice freezes
immediately upon impact or if the droplet splashes before freezing.

This behavior plays a

significant role in the accreted ice shape. The water droplets in the icing cloud may vary in size.
This variation is called the median volumetric diameter (MVD) and is used to characterize the
average size of the water droplets. The liquid water concentration (LWC) of the icing cloud is
measured in grams per cubic meter and influences the rate of ice accretion. For example, a higher
concentration of water in the cloud will lead to an increased rate of ice accretion. Ambient
temperature, MVD, and LWC are used to parameterize the icing envelope as defined by the Federal
Aviation Administration (FAA). Federal Aviation Regulations Part 25 and 29 Appendix C for
aircraft and rotorcraft defines two icing envelopes, continuous and intermittent. The continuous
icing envelope corresponds to less severe icing condition, shown in Figure 1-1. The intermittent
icing envelope pertains to high LWCs and is usually encountered for short periods of time, also
shown in Figure 1-1 (13). These two icing envelopes must both be represented in artificial testing
to determine the effectiveness of an icing protection system (IPS).

Figure 1-1: FAR Part 25/29 Appendix C Icing Envelopes (13)
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1.2.2. Ice Shapes
Performance penalties associated with ice accretion are caused predominately by distortion
to the shape of the airfoil rather than the amount or weight of the ice itself. Airfoil surfaces are
aerodynamically shaped so as not to disturb the even flow of air. Turbulence and eddy currents
caused by the non-streamlined shape of ice degrade the designed lift and drag performance of the
airfoil (1). Different ice shapes are formed depending on temperature, LWC, and MVD of the icing
cloud. Accreted ice is classified as rime, glaze, or mixed.
Rime ice is formed when super-cooled water droplets freeze immediately upon contact with
the leading edge. This requires colder temperatures. When the droplets freeze air is entrapped
between the droplets giving rime ice its characteristic white appearance. Since the ice freezes
immediately rime ice is normally attached to the leading edge with a streamlined shape effectively
becoming an extension of the airfoil. Here the aerodynamic drag is increased because of both
increased surface roughness and early boundary-layer transition (14).
Glaze ice is encountered as temperatures approach the freezing point. The super-cooled
water droplets no longer freeze upon impact. Instead, liquid droplets impact the surface, splash, and
run back slightly as a thin liquid film where they eventually freeze. This gives glaze ice its clear
appearance and horned shape. If the icing encounter is sufficiently long two ice horns grown away
from the stagnation point.

The aerodynamic penalty due to these horns is significant and may

result in the inability to safely control the aircraft (14).
There is no distinct points at which the two ice regimes change. An intermediary condition
called the mixed ice regime exists with a clear main ice shape like the glaze regime and feathers aft
of the main ice shape similar to the rime ice regime (2). These ice shapes have been displayed in
Figure 1-2.

Figure 1-2: Main Accreted Ice Shapes (a) Glaze, (b) Mixed, (c) Rime (2)
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Figure 1-3: Main Ice Accretion Types Based on Conditions (2)
The relationship between the main three icing conditions and each ice shape regime is
displayed in Figure 1-3 (2). It should be noted that the different regimes of ice associated with the
icing conditions described above are general trends.

The location along blade span also plays a

role in determining ice regime. Local velocity and kinetic heating both increase with blade span.
Rime ice usually forms on the colder, inboard section of the rotor blade and transitions to glaze ice
as span increases. Kinetic heating and high centrifugal forces prevent ice accretion towards the
blade tip and the tip of the blade is generally ice free. The typical relationship between ice regimes
vs. blade span is shown below in Figure 1-4 (15).

Figure 1-4: Ice Type vs. Rotor Blade Span (15)
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1.2.3. Rotorcraft Safety
Safety is still the predominant goal of icing research although icing related accidents have
been declining due to advancements in icing condition forecasting, pilot awareness, and icing
protection systems. Rotor blade icing and uneven shedding can lead to catastrophic performance
degradation and rotor imbalance.
Compared to fixed-wing airfoils, the data from experimental ice accretion testing of rotor
blade airfoils is limited. Flemmiming and Lednicer investigated ice accretion on various rotorcraft
airfoils (16). Drag measurements on airfoils with accreted ice shapes have been tested in wind
tunnel experiments by Shaw et al. (17), Olsen et al. (18) and Shin et al. (19) Simulated ice shapes
have also been tested in dry wind tunnels by Papadakis et al. (20), Broeren et al. (21), and Han et al
(22).
Recent wind tunnel experiments performed by Han et al. provide a good summary of the
variations in lift, drag, and pitching moment coefficients due to ice accretion (22). Figure 1-5
depicts one of the ice shapes that was tested.

Figure 1-5: Ice Shape Tested by Han et al. (22)
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Figure 1-6: Drag Coefficient of Clean and Iced Airfoils
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Figure 1-7: Lift and Pitching Moment Coefficients of Clean and Iced Airfoils
The coefficient of drag is roughly 4 times higher for the iced airfoil than it is for the
predicted performance at zero angle of attack, see Figure 1-6. The coefficient of lift and pitching
moment is also negatively impacted by the formation of ice on the leading edge, see Figure 1-7.
These detrimental effects of ice accretion lead to the following conclusions. The increase in drag
coefficient will correspond to an increase in power required to maintain a given flight condition.
Any performance degradation under powered flight will also affect the autorotational capabilities of
the aircraft. The optimal rate of descent under autorotation corresponds to the minimum power
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required to operate the aircraft. If the minimum power is increased then the descent rate will
increase as well. The required descent rates after icing typically exceed the autorotation envelope
of the vehicle.
The negative performance characteristics of accreted ice can be mitigated if the ice is
removed from the rotor blades. The centrifugal forces acting on the accreted ice will eventually
overcome the adhesion strength of the ice to the rotor blade causing the ice to shed. This natural
shedding is rarely symmetric. A well designed icing protection system will shed the ice from the
rotors symmetrically. This is important because uneven shedding will lead to imbalance of the
main rotor. This imbalance induces large one per revolution vibratory loads into the aircraft.
These loads are not only uncomfortable but in extreme cases can cause damage to the vehicle. Even
if the ice is shed evenly, it is a concern for tail rotor impacts or ingestion into the engines. A
controlled icing protection system for helicopter rotor blades is therefore required for safe flight into
icing conditions.
1.2.4. Material Properties of Ice
An understanding of the material properties of ice must be established in order to adequately
model the ice/leading edge interface during ice accretion. Over the past twenty years more many
papers have been published on ice in scientific and engineering literature. Despite this fact, ice is
still one of the more difficult materials to model. The variability in material properties and testing
methodologies have made comparing the results of these papers problematic.
The largest source of inconsistency in the published data is due to the mechanical behavior
of ice. For example, ice fracture and stress/strain relationships are a strong function of temperature
and loading rates. The inability to separate rate-dependent effects and pure elastic behavior may
explain why ice literature is riddled with conflicting data. Other parameters which contribute to the
behavior of ice include grain size, porosity, and crystalline orientation (23).
Even if the material properties of ice can be matched, inadequate testing conditions can still
bring variation in the available data. Many researchers have attempted to quantify the mechanical
parameters of ice. However, the data generated from similar testing conditions often contains large
variability or in some cases is contradictory. These discrepancies can be attributed to different
testing procedures that each laboratory has determined for testing ice (23).
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Although these attributes make modeling ice as a material difficult when compared to
typical isotropic materials. Knowledge of the physical behavior of ice has developed to a point
where ice behavior can be predicted. These models are then used to investigate certain engineering
problems in order to provide insight on design processes. There are two main types of models used
to represent ice. The first is a physical model. This style is based on detailed definitions of
meteorological parameters: such as droplet size, liquid water concentration, wind speeds, and
temperature. These methods are computationally demanding and are therefore progressing with
technological improvements in computing. The second type of model is derived from empirical and
statistical models that have been developed alongside historical and experimental data. Although
this type of model provides a good approximation of material behavior, it lacks the ability to extend
outside its specified limits and should not be used as a forecasting tool of more general ice behavior
(23). The variation in mechanical behavior of ice is briefly mentioned in the following sections:
Ice Elastic Modulus
The typical material properties defined for isotropic engineering materials are Young’s
modulus (E) and Poisson’s Ratio (ν). Other constants are also defined which include bulk modulus
(K), shear modulus (G), and Lame’s constant (λ) which can be calculated from the first two
constants. These constants are defined for isotropic materials; however, ice is only truly isotropic if
the orientations of the ice crystals are random. Defining the material properties of ice can be
problematic if these axes are not completely random.
Typically, the Young’s modulus ranges between 2 GPa at low frequency loading, such as
with glaciers, and up to 9 GPa at high frequency loading, as is the case for pneumatic de-icing.
Poisson’s ratio is typically between 0.29 and 0.32. The Young’s modulus is a strong function of
strain-rate, grain size, temperature, and type of ice (24).
Ice Tensile and Compressive Strength
Results gathered during the testing of tensile and compressive strength of ice will depend
heavily on strain rate.

When ice behaves as a brittle material it has been shown that grain size

determines the tensile strength and can vary from 0.7 MPa to 3.1 MPa. The average tensile strength
of ice in published literature is 1.43 MPa when the temperature is between -10 degrees C and -20
degrees C. Compressive strength over the same temperature range varies from 5 MPa to 20 MPa
(25). These strength values are dependent on strain rate, temperature, volume, and grain size. The
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specific effects of each of the aforementioned parameters are outside the scope of this paper and can
be found in reference (26).
Ice Adhesion Strength
Soltis et al. (27) performed an array of ice adhesion measurements at the Penn State AERTS
facility to determine the effect of multiple variables on ice adhesion strength of impact ice on
stainless steel test coupons. The methodology used in this testing ensures that no mechanical or
thermal loads, which could pollute the adhesions strength data, are introduced into the testing
specimen. This method has produced more consistent results than other testing methods. Brouwers
et al. have organized a good summary of the inconsistency in experimental results for ice adhesion
strength (28).
Table 1-1: Literature Values for the Shear Adhesion Strength of Ice for Al., T=-11˚C
Author
Date (Reference)
Loughborough
1946 (29)

Test Type
Pull

Stallabrass and Price

Rotating

1962 (30)

Instrumented Beam

Itagaki

1983 (31)
Scavuzzo and Chu
1987 (32)
Reich
1994 (33)

Type of
Ice
Freezer Ice

Shear Adhesion Strength
psi
kPa
81
558

Impact Ice

14

97

Rotating Rotor

Impact Ice

4-23

27-157

Shear Window

Impact Ice

13-42

90-290

Pull

Freezer Ice

130

896

The scatter in these data can be attributed to the manner in which the ice was created, lack of
reporting all surface parameters of the aluminum, and differences in test methods and facilities.
Some of these procedures require ice to be accreted in once facility and the shear adhesion strength
test to be performed in another. This can introduce thermal and mechanical stresses into the
interface. The test performed by Soltis et al. have proven to provide more consistent test data. The
variables that were tested by Soltis et al. included liquid water concentration, median volumetric
diameter, ambient temperature, material surface roughness, and material grain orientation. All
parameters were tested within typical values observed in helicopter operation. The test matrix is
outlined below.
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Table 1-2: Test Matrix - Environmental and Material Surface Effects on Ice Adhesion (27)

Liquid Water Concentration (LWC) of the Icing Cloud
Ice adhesion strength did not show any variability within the values of LWC that pertain to
helicopter environments, Figure 1-8. There was a decrease in ice adhesion strength at extreme
values that was attributed to the thermodynamic effect of a high concentration of the super cooled
water droplets. As LWC increases so does the rate of impact of super-cooled water droplets. These
droplets allow more heat to be transferred to the test specimen surface. Therefore, for extremely
high LWC the test specimen itself is warmed by the droplets and the adhesion strength decreases.

Adhesion Strength (psi)

12.00
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Figure 1-8: Ice Adhesion Strength with LWC Variation (27)
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Median Volumetric Diameter (MVD) of the Water Droplets
There is a linear relationship between increasing MVD and decreasing adhesion strength,

Adhesion Strength (psi)

see Figure 1-9. Ice adhesion strength decreased 65% over the range of MVD from 20µm to 40µm.
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Figure 1-9: Ice Adhesion Strength with MVD Variation (27)
Ambient Temperature
As expected, a decrease in temperature yields an increase in adhesion strength, see Figure
1-10. Ice adhesion strength increased 670% over the range of -8˚C to -16˚C.

Adhesion Strength (psi)
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Figure 1-10: Ice Adhesion Strength with Temperature Variation (27)
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Material Surface Roughness and Material Grain Direction
As surface roughness was increased an increase in adhesion strength was also observed, see
Figure 1-11. Ice adhesion strength increased 250% over the range of 24µin to 105µin. The 90˚
grain orientation had a slightly higher ice adhesion value; however, the slight difference is within
the standard deviation of the test.
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Figure 1-11: Ice Adhesion Strength vs. Surface Roughness and Grain Direction (27)
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1.2.5. Cohesive vs. Adhesive Failure of Ice
There are three different failure modes of adhesively bonded surfaces, two of which pertain
to the bond between ice and the leading edge of rotor blades. The first failure mode, which is not
observed in this application, is substrate failure. This failure mode occurs when the adhesive bond
strength is greater than the strength of the bonded substrate material (the rotor blade leading edge).
The second failure mode, adhesive failure, is observed when the strength of the adhesive bond is
overcome and delamination occurs. Finally, the cohesive failure mode is observed when the
adhesive (ice) fractures. These three failure mechanisms are portrayed in Figure 1-12.

Leading Edge
Ice
Figure 1-12: Substrate Failure (left), Adhesive Failure (center), Cohesive Failure (right)
Typically, the failure of an adhesive bond is both adhesive and cohesive. Ice is a brittle
material and exhibits low tensile and compressive strengths.

Even stresses developed in the

freezing process can nucleate micro cracks that induce cohesive failure before adhesive failure.
Generally, the cohesion strength of ice is weaker than the adhesion strength. Thin samples of ice
fracture more readily than thick samples. Thick samples may distribute the internal stresses and
allow adhesive failure to develop.
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1.3.

Rotorcraft Ice Protection Systems
Helicopters are more prone to icing than their fixed wing counterparts. This is due largely to

their thinner airfoil geometries and mission profiles. The thinner airfoil geometry (thickness/chord)
of rotor blades corresponds to a higher collection coefficient and thus an increase in ice accretion
rate. Rotorcraft also operate at the same altitudes where natural icing conditions are often found.
Ideally pilots will avoid icing conditions, however, not all mission profiles can afford this luxury.
Time critical missions such as search and rescue or medical evacuation (medevac) depend on speed
to save lives (15). Modern rotorcraft must have the capability to operate in all-weather conditions.
It is for this reason that significant funding has gone toward helicopter rotor icing protection
systems (IPS) and testing facilities.
The two categories of IPSs are anti- and de-icing systems. Anti-icing systems would be
ideal as they prevent any ice from accreting thus avoiding any performance penalties from altered
aerodynamics.

These systems have proven to be quite elusive seemingly trading increased

effectiveness for a decrease in erosion protection. The second more common system is a de-icing
approach. De-icers allow a critical ice thickness to accrete. The increase in accreted ice uses
centrifugal forces in conjunction with the de-icing system to clear the blades of ice. The only
system certified by the FAA and DoD for flight into known icing conditions is the electrothermal
system (34). Although much has been learned about rotor icing in the past few decades there is still
a desire for a low cost, low weight, and low energy system for rotorcraft de-icing.
1.3.1. Ice Phobic Coatings
At the dawn of icing research, “ice phobic” coatings were the most frequently investigated
method to mitigate aircraft icing. The first test of the IRT in the 1920’s investigated the effects of
coating an airfoil with light and heavy lubricating oils, grease, Vaseline, paraffin, and simonize wax
to retard the formation of ice. None of these coatings proved successful and an “ice phobic”
material for rotor blade application has not been found to date. Hundreds of ice protective coatings
have been investigated in the IRT. Some of the more obscure coatings include corn syrup, honey,
glycerin soap, commercial paint, and goose grease (1).
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Today’s ice protective coatings have been able to significantly decrease the adhesion
strength of ice to rotor blades. However, after the coatings were submitted to sand and rain erosion
they lost their ice protective properties. Without the necessary durability to withstand the high
levels of erosion encountered by helicopter rotor blades, an ice phobic system is ultimately
impractical. The degradation of low ice shear strength of different leading edge materials is shown
in Figure 1-13 (2). Some coatings have been mislabeled “ice phobic” such as super hydrophobic
coatings. These coatings can actually exhibit higher ice adhesion strengths than a smooth metallic
surface. This is the case with the ice phobics and electroformed nickel in Figure 1-13.
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Figure 1-13: Properties of Ice Phobic Coatings Subjected to Water Droplet Erosion (2)
In light of the shortcomings of ice protective materials, active anti-icing and de-icing
systems have been developed for application to rotor blades.
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1.3.2. Electrothermal Icing Protection Systems
Electrothermal de-icing systems are the only IPS for rotorcraft currently qualified for
commercial and military helicopters. Once a critical thickness of ice has accreted, approximately
0.3 in. (7.62 x 10-3 m), the system uses heating elements bonded beneath the surface of the leading
edge skin to remove the ice (34). The ice/leading edge interface melts and the aerodynamic and
centrifugal forces of the rotor are used to clear the ice from the blade. This method allows
conventional metallic leading edge caps to be used for erosion resistance, however, new polymer
based erosion resistant systems may not be compatible with the heat generated by electrothermal
systems. The disadvantages of electrothermal IPS include the potential for water runback, the high
power requirements, and the weight. If the system is not operated properly, there is the possibility
of liquid water to run back along the blade where it freezes on unprotected (unheated) areas. This
water travel in the aft direction is called ‘runback’ and will eventually build a wall along the aft
edge of the blade that severely degrades the aerodynamic performance. The system also requires a
substantial amount of power. Even with energy-saving de-icing cycles 25 W/in2 is required to
activate the system (2). This level of energy exceeds the normal helicopter electrical system
capacity. The demand for power requires a large secondary electrical system with redundant dual
alternator features (34).

The total weight of the system can range from 100-200lbs (34).

Electrothermal systems are effectively limited to large helicopter or helicopters with substantial
power available. Approximately 80% of helicopters worldwide and 90% of helicopters within the
United States operate without IPS (15). Research into more efficient, lightweight, and effective ice
protection systems is necessary for the implementation of IPSs on smaller vehicles (2).
1.3.3. Fluid Icing Protection Systems
The most effective anti-icing system was the fluid icing protection system developed by Bell
Helicopter (34). The fluid anti-icing system had the advantage of being an active anti-icing system.
The anti-icing system mitigated the performance degradations observed in de-icing systems by
keeping the blade free of ice at all times. Several helicopter manufacturers have attempted fluid
IPS. In the 1960s Bell Helicopter, under contract to the U.S. Army, conducted successful natural
and man-made icing tests of a fluid IPS (34). A main and tail rotor system was installed on a UH-1
helicopter.

Bell’s system included an 11-gallon reservoir that contained an alcohol/glycerin
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mixture, an electric pump, and flow controls for each rotor. This system provided 1 hour and 24
minutes of protection. The system weighed 145 lbs., 76 of which was the 11 gallons of anti-icing
fluid. Ice was prevented from accreting on the rotor blade by pumping fluid through a porous
leading edge. The fluid then coated the areas prone to icing. Not only could the system reliably
prevent ice from accreting it could also operate in a de-icing mode. Ice would be allowed to accrete
to a thickness of 0.3 in (7.62 x 10-3m) at which point the system was turned on and the ice shed
(34).
The benefits of a fluid IPS included the low power, the anti-icing capability, and the
avoidance of water runback. The disadvantages of the system pertained to the weight, short
operational time, complicated slip ring assembly, and the potential for the porous surface that
distributed fluid to clog. Bell Helicopter requested additional funding for continued research but
was unable to attain the support (2).
1.3.4. High Frequency Microwave Icing Protection Systems
Electrothermal IPSs have proven that melting the ice-leading edge interface is an effective
approach to de-ice rotor blades. However, as mentioned previously, the power required for such a
system is too large. Microwave IPSs used the same concept of melting the ice interface only
instead of directly applying heating elements to the leading edge, high frequency microwaves were
used to melt the ice. In 1978, the US Army Research and Technology Laboratories tested high (22
GHz) and low (2.45 GHz) microwaves and found that only the high frequency microwaves
possessed sufficient concentration of energy in the ice to promote shedding. Glass and carbon fiber
reinforced polymer (GFRP and CFRP respectively) were also tested with as the predominant
composite variants used in these aerospace structures. It was found that GFRP possesses little
signal attenuation and are more effective at permitting the IPS to emit the microwaves through the
structure to the accreted ice (2). Presently, high frequency microwave de-icing systems are still
being developed (15). A diagram of the microwave IPS concept is shown in Figure 1-14.

Figure 1-14: Schematic of a Microwave De-icing System (35)
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1.3.5. Ultrasonic Icing Protection Systems
The ultrasonic IPS relies on the actuation of piezoelectric materials (PZT) bonded to the
leading edge skin to vibrate and induce interfacial transvers shear stresses that overcome the ice
adhesion strength to promote ice shedding. For this application lead zirconium titanate, namely
PZT-4, was used due to its large stiffness and block force capability compared to other PZT
materials. PZT materials strain when an electric potential is applied across the actuator. For
instantaneous delamination it was critical that the actuators were driven in the ultrasonic range, near
the natural frequency of the actuator (2). Recent work performed by Palacios (36), Overmeyer (15),
and Soltis (2) at the Pennsylvania State University have led to an ultrasonic de-icing system which
demonstrated de-icing capabilities when tested across a wide range of icing conditions at the PSU
AERTS facility. This system performed effectively under a max input power of only 185 W, 6.65
W/in2 (36). Ongoing investigation into optimization of the ultrasonic system is being performed at
PSU AERTS. An example of a leading edge cap with ultrasonic de-icing actuators installed is
depicted in Figure 1-15.

Figure 1-15: Sample Drawing of a Leading Edge Cap with Ultrasonic De-icing Actuators (15)
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1.3.6. Electrovibratory Icing Protection Systems
In 1978, Bell Helicopter conducted a feasibility study on electrovibratory systems.
Electrovibratory systems aim to overcome the shear adhesion strength of the ice/leading edge
interface by mechanically vibrating the blade. A shaker mounted along the blade was operated near
the natural frequency of the blade. Sufficient g-forces are generated (up to 35 g’s) that delaminate
the ice which was then carried away by aerodynamic and centrifugal forces. The shakers consisted
of two 1.25 lbs. eccentric weights driven by a 0.5 horsepower motor (34). The total system for a
two bladed helicopter was estimated to weigh 67 lbs. and require approximately 1.3 kW of electrical
power. A few shaker configurations investigated by the U.S. Army are displayed in Figure 1-16. A
shaker-in-spar configuration, activated for 2 seconds, was observed to provide good de-icing except
near the tip of the blade. Another de-icing system may need to be installed at the tip to address this
issue. The fatigue load concerns and aerodynamic effects related to blade vibration ultimately
ended research into electrovibratory icing protection systems.

Figure 1-16: Possible Shaker Mounting Locations (34)
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1.3.7. Electro-Impulse Icing Protection Systems
Another de-icing system investigated in the 1980’s was electro-impulsive de-icing. ElectroImpulsive icing protection systems used a small amplitude, high acceleration movement of the
leading edge skin to shatter, delaminate, and expel accreted ice. The system itself was comprised of
flat-wound copper coils placed just inside of the leading edge skin. Two methods of mounting the
coils within the leading edge are shown in Figure 1-17 (15).

Figure 1-17: Two Mounting Methods for Electro-Impulsive Rotor IPS (37)
These coils were connected to a high voltage capacitor bank. A rapidly forming and
collapsing electro-magnetic field induced eddy currents in the leading edge skin when this capacitor
bank was discharged through the coils. The repulsive magnetic fields due to the currents in the coil
and skin were on the order of several hundred lbs. but only lasted for a fraction of a millisecond
(34). The general electro-impulsive actuation concepts are shown in Figure 1-18 (15).

Figure 1-18: Conceptual Depictions of the Electro-Impulsive Concepts (38)
Typically, two or three such pulses were performed sequentially and were separated by a
few seconds required to charge the capacitors. The system provided effective icing protection once
a critical thickness of ice has been accreted. Main and tail rotor protection for a medium sized
helicopter (10,000-15,000 lbs. gross weight) would draw 3kW of power and weigh roughly 120 lbs.
Unfortunately, the leading edge of helicopter rotor blades were less conducive than fixed wing
airfoils. Considerably smaller size, comparatively inflexible leading edge caps, and complexity of
routing of wires through the blade structure made application of electro-impulse ice protection
systems to rotorcraft impractical (34).
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1.3.8. Pneumatic Icing Protection Systems
Pneumatic de-icing systems have seen extensive use on fixed wing vehicles and propellers.
Pneumatic de-icing is an attractive means of de-icing due to its low-weight, low-cost, and low
power requirements. The system uses a mechanical principle to remove ice from the leading edge.
Compressed air is directed into inflatable boots on the leading edge of the rotor blade. As the boots
inflate transverse shears stresses at the ice/boot interface overcome the adhesion strength of the ice.
The concept behind pneumatic de-icing is depicted below in Figure 1-19.

Figure 1-19: Pneumatic De-icing Concept
Since this mechanical principle avoids heating the blades, the hazard of melted ice
refreezing aft of the protected surface is avoided. However, until the late 1970’s pneumatic de-icing
systems were unable to withstand the highly erosive environment which rotor blades operate.
1.3.8.1.History of the Pneumatic De-icing Boot for Rotor Blade IPS
An adapted fixed-wing pneumatic de-icing system was fitted to helicopter rotor blades in the
1970’s. Testing in the IRT demonstrated the effectiveness of the adapted version and indicated that
the rise in aerodynamic drag due to system inflation was no greater than the drag due to accreted ice
on a bare rotor. Other tests confirmed that the de-icer’s bond to the blade could withstand the high
centrifugal forces encountered on a full-scale rotor (39). With proof of concept tests completed, the
U.S. Army contracted Lockheed Aircraft to test a full-scale version of the pneumatic boot. This
initial concept was rejected after it was determined that the neoprene rubber used in the boot would
not withstand rain erosion (1).
After investigating a variety of materials, B.F. Goodrich (BFG) had concluded that a
polyurethane material (trade name, Estane) would be able to solve the erosion problems which
originally grounded the program. After six hours of artificial rain testing behind the Army’s
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Helicopter Icing Spray System (HISS) tanker BFG determined that there was no detectable erosion
of the boots. More rigorous icing testing could begin following the success of this new leading
edge material (1).
In the 1980’s Bell Helicopter, B.F. Goodrich (BFG), and the U.S. Army fit a pneumatic deicing boot to a UH-1 Helicopter for rotor de-icing tests. The development of a pneumatic de-icing
system was truly a joint effort incorporating both private and government resources.

BFG

manufactured and installed the pneumatic IPS on a pair of UH-1H main rotor blades provided by
NASA-Ames. Bell Helicopter Textron (BHT) under a NASA contract instrumented the vehicle for
inflight measurement of structural loads. BHT had also designed and installed the pneumatic slip
ring used in the system (40). The icing tests demonstrated that ice was removed most effectively
when 0.3 in. (7.62 x 10-3 m) of ice was allowed to accumulate prior to de-icing. This critical
thickness was also the critical thickness typically recommended by BFG for similar de-icing boots
on fixed-wing aircraft (34). De-icing occurred when air was directed to inflate and stretch the deicing boots. As the de-icing boots fully inflated, the stretched outer wall surface caused shear
stresses at the ice/boot interface that separated the ice from the de-icer’s surface. These broken
particles of ice were removed by the combined action of the aerodynamic and centrifugal forces of
the rotating blade (39).
The de-icing boot itself was composed of multiple layers of elastomers and fabrics. The
outer layer was made using ESTANE rubber, designed by BFG, which provides good rain erosion
resistance as well as slow weathering properties. The next layer was natural rubber. The elastic
properties of this layer helped to remove air after the de-icer was inflated. Both of these layers were
bonded to a stretchable fabric and formed the outer wall of the pneumatic tube. The inner wall was
comprised of non-stretchable fabric adjacent to another elastomer layer. The elastomer layer was
the inner boot surface, which was bonded to the airfoil. Finally, the outer and inner layers were
sewn together to create the pneumatic tube. These layers were then sent to an autoclave to cure and
form a relatively thin and smooth blanket (39). The complete system for the UH-1H weighed 40
lbs. and required a negligible electrical output (34).
The pneumatic de-icing system was activated when turbine engine bleed air was routed to
the pneumatic boots. The delivery system involved a check valve, pressure regulator, a solenoidoperated ejector flow control valve, and a pneumatic slip ring (34). The inflation cycle lasted for 2
seconds with a controlled pressure of 25 psi (1.72 x 105 Pa). Deflation of the boots was obtained
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through an ejector flow control valve providing -8 psi (-5.52 x 104 Pa) and lasted less than 30
seconds (40). This difference in time is due to the low amount of air (cubic feet per minute) the
ejector flow control valve can move compared to the high pressure pump. In order to maintain
optimal aerodynamic efficiency it was important that the tubes remain under vacuum whenever the
system was not being operated. As with any rotor IPS the pneumatic de-icer must be operated in a
manner that retains rotor balance. Therefore, all air pressures were supplied to the de-icing system
through a single air connection. This ensured that during any failure of one component the supply
line would have the same effect on all de-icers (39).
The outboard section of rotor blades is often free of ice as shown previously in Figure 1-4.
Designers were able to take advantage of the kinetic heating and high centrifugal forces at the tips
of rotor blades to decrease the percentage of the blade that needs protection. Without the need for
an IPS at the outboard blade section an elastomeric surface was installed which did not inflate. The
elastomer could withstand the effects of sand and rain weathering, both of which are greatest at the
tip. The thickness of this outboard section was set to 0.04 in. (1.02 x 10-4 m). This thickness was
proven to utilize the low ice/elastomer shear-strength phenomena to promote self-shedding (39).
The self-shedding area on the test UH-1H included the last 44 in. (1.12 m) of the blade. Removing
the active pneumatic IPS from the tips of the blades decreased aerodynamic penalties as well as
reduced the likelihood of erosion damage to pneumatic tubes (39).
Pneumatic icing protection systems have the disadvantage of not maintaining the
aerodynamic shape of the airfoil during actuation. It is important that the penalty due to inflation is
tolerable and there is little to no penalty while deflated. During the inflation cycle an increase in
shaft torque corresponding to a 27% increase from the shaft torque was measured compared to the
deflated state (34).

This increase however, was no more than the increase in drag due to accreted

ice (39). A combination of spanwise and chordwise tubes was investigated to optimize ice removal
while minimizing aerodynamic penalties. Spanwise tubes provided the best ice removal for small
leading edge radius airfoils. Chordwise tubes provided the best aerodynamic performance. The
final design included two spanwise tubes at the leading edge and the remainder of the IPS utilizing
chordwise tubes (39).
A penalty due to inflation was expected; however, during the majority of the vehicles flight
time the de-icer will not be deployed. For this reason, it is crucial that the pneumatic de-icing
system is designed to minimize aerodynamic drag while deflated.
25

This can be achieved by

recessing or contouring the blade so that the natural state of the pneumatic boots will match the
intended aerodynamic shape. As with fixed-wing pneumatic de-icers there exists a finite service
life. The aforementioned method of installation will allow for replacement of the pneumatic boots
at the end of their service life (39).
The first prototype was tested during 41 test flights with a total of 39.6 hours flown between
November 1981 and May 1983. These tests included ground and inflight structural loads surveys,
limited aircraft performance and handling qualities evaluation, and artificial icing tests (40). The
first design is depicted in Figure 1-20.

Figure 1-20: Typical Cross Section of BFG First Generation Design (Inflated) (40)
At the conclusion of testing it was determined that the pneumatic de-icing system was a
successful de-icer; however, the design needed improvement. Multiple problems were encountered
during the testing,
(i)

The internal ventilation material was breaking down,

(ii)

The ESTANE material on the outboard leading edge was beginning to erode.

(iii)

The increase in power required for level flight and hover with the system retracted
was undesirable.

(iv)

During activation of the pneumatic boot de-icing system (PBDS) in forward flight,
large power increases and vertical vibrations exceeded the tolerable limits.

(v)

Once the system was inflated, the deflation cycle would last for 40-50 seconds
before “normal” engine torque was achieved.

All of these problems warranted a revision of the system (40). In November 1983, BFG
returned with two pneumatic de-icer boot designs called the “second” and “third” generation
designs. These PBDS designs also demonstrated the ability to remove ice under all conditions
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tested. The new designs included changes meant to rectify the problem areas encountered with the
first design.

The revised system greatly improved the hover and forward flight performance

compared to the first generation but was still significantly worse than a bare airfoil.

The excess

deflation time was also decreased to between 12 and 16 seconds.
The second-generation design was quite similar to the first generation design. The primary
difference being that a nosepiece was added to the PBDS in an attempt to more closely match the
standard UH-1 blade contour. This small addition represented a 46% lower drag penalty than the
first generation when deflated. The penalty compared to a bare UH-1 airfoil was still undesirable
and the torque increase during inflation was still operating near the maximum torque of the engine.
Despite solving some of the original problems, BFG still needed to address a few more areas. The
internal bleeder material was still breaking down and the boot was still debonding from the rotor
(41).

1.25 in. tapered edge

0.5 in. Tubes, Chordwise

0.085 in. Thickness

2-1.0 in. Tubes, Spanwise
Leading Edge
NEW:
Nose Piece

Figure 1-21: Typical Cross Section of BFG Second Generation Design (Inflated) (41)
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The third generation design included the same nosepiece found in the second generation
design however, a 3 in (7.62 x 10-2 m) wide tapered fairing strip was included behind the boot and
equalized the chord length of the upper and lower boot surfaces. This fairing strip was intended to
smooth transition and thus decrease drag penalties. Finally, the bleeder material was replaced with
a ribbed, rubberized fabric in order to eliminate the breakup.
NEW: Tapered
Fairing Strip, 3 in.

0.5 in. Tubes, Chordwise
0.085 in. Thickness

2-1.0 in. Tubes, Spanwise
Leading Edge

Nose Piece
Figure 1-22: Typical Cross Section of BFG Third Generation Design (Inflated) (41)
These design changes were not fully tested because the third generation design never
proceeded past hover tests. This design exhibited high pitch link loads which exceeded the
endurance limits during un-accelerated forward flight.

A failure of the instrumentation that

transmits rotor system loads ultimately led to termination of the third generation testing (41).
The final testing of the BFG de-icing boots took place between October 1987 and April
1988. Modifications of the second and third generation designs were prepared. At the start of
testing the modified third generation design was not fabricated yet and therefore, was not tested.
The objective of this testing was to determine the impact on performance between the second and
modified second generation design. A study was performed which optimized the area the de-icing
boot must protect. This study concluded that the self-shed property of elastic materials combined
with kinetic heating would provide adequate protection on the outboard 41 in. (1.04 m) of the blade.
The pneumatic boot was removed from the outboard 41 in. (1.04 m) of the blade such that the blade
was restored to bare blade conditions. Finally, the same ESTANE was applied over the blade
surface with a leading edge radius that matches that of the bare blade. This material was designed
to provide erosion protection only (40).
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Testing of the BFG PBDS was not continued after the 1989 testing due to lack of funding
although there were discussions on another combination of tube designs. One option included
smaller spanwise and chordwise tubes.

This would reduce the aerodynamic penalties upon

inflation. The second option involved removing the chordwise tubes altogether and replacing the
system with more small spanwise tubes. Testing was performed and it was concluded that multiple
¼ inch wide de-icing tubes consistently removed accreted ice. While no aerodynamic drag data
exists, examination of the inflated profiles in Figure 1-23 leads one to expect a decrease in drag
penalties (39).

Figure 1-23: Inflated Profiles of Second Generation and Proposed Future Design (39)

1.3.8.2.History of the Pneumatic De-icing at Penn State
The technical barriers faced in the mid 1980’s responsible for grounding the rubber de-icing
boots included a complicated pneumatic slip ring, erosion of the de-icing boots, and poor
aerodynamic performance of the de-icing system. The concept of deforming the leading edge to
delaminate ice was very effective; however, using rubber boots was not a sufficient solution. The
Pennsylvania State University has revisited pneumatically powered de-icing systems by addressing
these issues.
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The first problem addressed was the removal of the pneumatic slip ring. Instead, the system
is powered with +/- 3.75 psi (+/- 2.59 x 104 Pa) generated from centrifugal pumping of air within
the rotor blade itself. The centrifugal forces generated by full-scale helicopter blades are sufficient
to generate high and low pressures which can be used to actuate active tabs and flaps on the rotor
blades. Active tabs and flaps have been investigated and can be used for noise suppression,
vibration reduction, and performance benefits, Refs. (42), (43), and (44).

Typically, traditional

actuation systems have been used to power active tabs and flaps. These systems attain their benefits
often at the cost of added blade weight, complex mechanical motion amplifiers, and high voltage
slip rings. Recent work by Palacios et al. at Penn State and Szefi at Invercon LLC.., funded by the
Vertical Lift Consortium, has introduced a low weight, low power method of generating pneumatic
pressures for on blade actuation (45). This system was implemented to operate micro-trailing edge
effectors (45), and trailing edge flaps (46). . Centrifugally powered pneumatics have demonstrated
the ability to drive an active flap actuation system on a full scale Kaman KMAX blade. These
pneumatic pressures are envisioned to power the de-icing system at extremely low power
requirements.
The concept of centrifugal pumping is based on the following simple hydrostatic equation:
𝑑𝑝
= 𝜌 𝑟 𝑟Ω!
𝑑𝑟
Where p is the pressure, ρ=density, r=radius, and Ω=rotor speed.

1
This equation

demonstrates a change in the pressure of a rotating column of air that is a function of radial position
and rotational frequency squared. The span and rotational speed of helicopter rotor blades are
sufficient to take advantage of this behavior. Two hollow tubes that extend spanwise in a rotor
blade contain two columns of air. One of these tubes is sealed at the root and open at the tip. As
the blade, rotates air is forced out of the column due to centrifugal forces. This results in a negative
pressure “vacuum” at the root of the blade. Conversely, if the other tube is sealed at the tip and
open at the root then centrifugal forces will generate a high pressure region at the tip of the blade as
air is compressed due to centrifugal loading. The concept of centrifugal pumping is depicted in
Figure 1-24.
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Figure 1-24: Pneumatic Pressure vs. Span (46)
Full scale testing at the KAMAN Whirl Tower has confirmed a pressure differential of up to
7.5 psi (5.17 x 104 Pa) on a 24 ft (7.31 m) radius KMAX rotor operating at 280 RPM. The results
from these tests are displayed in Figure 1-25. These pressures were demonstrated to be sufficient to
actuate the pneumatic de-icing system. This technology has been patented by Invercon LLC.
“Pneumatic Actuator System for a Rotating Blade”, EFS ID: 9369871, Application Number:
13020333

Figure 1-25: Full Scale Pneumatic Pumping Pressures (46)
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The second problem regarding the erosion properties of the leading edge were mitigated
with a metallic leading edge cap.

The leading edge cap was bonded to the pneumatic bags for

erosion protection rather than using the bags alone. The deformation of the metallic cap produces
the interfacial stresses required for delamination.

Finally, the aerodynamic performance was

improved because of the smooth metallic cap. The metallic cap conforms to the aerodynamic shape
of the airfoil while un-deployed.
A schematic of the first generation pneumatic de-icing system at Penn State is shown in
Figure 1-26. The leading edge cap was stamped to the aerodynamic shape of the airfoil then lasercut into strips.

Air pressure is supplied to the pneumatic diaphragms beneath the metallic strips

causing the strips to deform. These diaphragms run spanwise beneath the leading edge cap.

Pneumatic Bags

Segmented
Leading Edge

Pneumatic Bags

Figure 1-26: First Generation Pneumatic De-icing Design from Penn State
Icing tests showed that the system was effective at removing ice. A wind tunnel model was
prepared to investigate the aerodynamic performance of the system. The segmented leading edge is
clearly visible on the wind tunnel model shown in Figure 1-27.
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3 in
16 in

Segmented
Leading Edge

Figure 1-27: First Generation Pneumatic De-icing System Aerodynamic Testing Model
The laminar prediction was performed for the 2D airfoil using XFOIL and was plotted
below in Figure 1-28 as well as Figure 1-29. These tests were conducted for the comparison of the
first generation PSU pneumatic de-icing design to the expected performance of a clean airfoil.
Aerodynamic testing showed that segmenting the leading edge led to an unacceptable aerodynamic
performance in both the un-deployed and deployed states. This poor performance is likely due to
early boundary layer separation. The coefficient of lift experimental results are plotted in Figure
1-28 and the coefficient of drag results are plotted in Figure 1-29. Both of the pneumatic de-icer
results were compared to the standard, unmodified, airfoil prediction.
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Figure 1-28: Coefficient of Lift Results: First Generation PSU Pneumatic De-icing System
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Figure 1-29: Coefficient of Drag Results: First Generation PSU Pneumatic De-icing System
The aerodynamic penalty associated with the segmented leading edge warranted a system
redesign.

The segmented leading edge was removed and a smooth leading edge cap was

implemented. The system design, operation, rotor icing, and aerodynamic results are explained in
detail in Chapter 2.

1.4.

Objectives
The goal of this research was to model and test a novel pneumatic de-icing system for

helicopter rotor blades. The second generation Penn State centrifugally powered pneumatic deicing system was tested and evaluated for aerodynamic performance as well as rotor de-icing
performance. The system was modeled in order to predict ice shedding upon to pneumatic system
actuation. In order to accurately model ice delamination an understanding of the mechanical
delamination of ice was key. The finite element method for modeling ice delamination was studied
and applied.

This approach potentially offers the ability to design mechanically based icing

protection systems more efficiently. Initially, the pneumatic de-icing system was modeled to
predict bench top freezer ice delamination events. This confirmed the ability of the FEM interface
to be determined using bench top testing. The delamination model was then used alongside a
natural ice shedding code to predict the necessary input pressures require to shed ice from a rotor
blade.
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To achieve these goals, the objectives of the present work include:
1) Perform aerodynamic and rotor icing tests of a prototype pneumatic de-icing system.
2) Develop bench top tests to gather the input parameters necessary to model ice
delamination from a pneumatic de-icing system.
3) Design an experimental procedure for validation of finite element tools to predict
delamination.
4) Use finite element tools to further the understanding of applied pneumatic pressure to ice
shedding results of present and future pneumatic de-icing system designs.

1.5.

Thesis Overview

Chapter 2: Aerodynamic and Rotor Icing Testing
Introduction to the design and actuation of the Penn State, second generation centrifugally
powered pneumatic de-icing system.

An NACA 0012 airfoil was modified to incorporate a

pneumatic de-icing system for aerodynamic testing.

The impact of system deployment on

aerodynamic properties was evaluate. A rotor blade was retrofitted with the pneumatic de-icing
system for rotor icing tests in the Penn State rotor icing facility. These tests investigated the
effectiveness as an icing protection system along with the system robustness under CF loading and
system power requirements.
Chapter 3: Delamination Modeling Using a Finite Element
The growth of composite materials in the last 40 years have increased the demand for
accurate methods to predict composite delamination. Progress in the modeling capabilities of
commercially available software to predict delamination may be useful for the application of
rotorcraft ice delamination as well.

This chapter examines the capabilities of delamination

modeling techniques.
Chapter 4: Experimental Testing and Modeling for Cohesive Zone Parameters
Experimental tests were performed to gather the necessary inputs to model ice delamination.
These experimental tests were modeled in FEM and the interfacial failure parameters required to
define the cohesive zone are reported. The values determined in this chapter are required before
complex delamination can be modeled.
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Chapter 5: Prediction of a Pneumatic IPS and Experimental Validation
The NACA 0012 Pneumatic IPS prototype airfoil used in wind tunnel testing was used to
validate finite element delamination predictions. The model was created in ABAQUS and the ice
interface was defined from the parameters gathered in Chapter 4. Ice patches were modeled in
different chordwise locations on the pneumatic leading edge and delamination was predicted.
Experimental tests were also performed on the NACA 0012 Pneumatic IPS airfoil to validate FEM
models.
Chapter 6: Pneumatic IPS Shedding Predictions Including Centrifugal Forces
The AERTS Rotor Icing, Shedding, and Performance code (ARISP) was developed in 2010
by Brouwers et al. (11) to predict ice accretion, rotor performance degradation, and natural ice
shedding events. This code was modified using the 2-D FEM delamination results presented in
Chapter 5 to predict ice shedding events using two pneumatic de-icing system designs. The effect
of the magnitude of pneumatic pressure supplied to the pneumatic de-icing system on the de-icing
capabilities was also investigated.
Chapter 7: Conclusions and Recommendations for Future Work
Conclusions were drawn for the experimental testing and modeling analysis.
Recommendations for continuation of FEM pneumatic delamination work were explained. An
outline for integrated FEM/ARISP validation was provided.
addressed.
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Simplifying assumptions were

2. Aerodynamic and Rotor Icing Testing

Helicopter icing protection systems must be effective at removing ice accreted on a rotor
blade without significantly compromising the overall efficiency of the vehicle. Ideally, an IPS
would be lightweight, low power, and avoid performance penalties while not in use. A novel
pneumatic de-icing system was tested for aerodynamic performance, robustness, required power,
and de-icing capabilities to evaluate the overall practicality of the system.

2.1.

Aerodynamic Testing of an Pneumatic IPS Airfoil
The un-deployed pneumatic de-icing system was held to aerodynamic shape using

centrifugally generated vacuum pressure and was not expected to induce aerodynamic penalties.
The deployed system deformed the leading edge using centrifugally generated pressure. The effect
of deforming the leading edge on airfoil performance was of interest. An NACA 0012 airfoil
internal geometry was modified to accommodate the pneumatic de-icing system for aerodynamic
performance evaluation.
2.1.1. Testing Facility: The PSU Low-Speed Wind Tunnel
The Pennsylvania State University low-speed wind tunnel is a closed-circuit, single return
atmospheric tunnel. This subsonic wind tunnel includes a 24 in. x 36 in. (6.09 x 10-1 m x 9.14 x 101

m) test cross section (turbulence 0.2%) (22). A load cell with resolution of 1/64 lb. (0.69N) was

used to record lift and drag measurements for un-deployed and deployed airfoil geometries. The
load cell was connected to one of the turntables on either side of the test section. These turntables
allowed for the angle of incidence of the airfoil to be adjusted. The maximum test-section speed of
the wind tunnel is 150 ft/s (45.72 m/s).
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2.1.2. Pneumatic Test Airfoil
NACA 0012

16 in.

Flow: 36 m/sec
Figure 2-1: Photograph of the Pneumatic IPS
An NACA 0012 airfoil, shown in Figure 2-1, was modified and fabricated to include a
pneumatic IPS by Invercon LLC in State College, PA. It was designed to permit installation of the
pneumatic leading edge with an NACA 0012 geometry. This involved the removal of material from
the leading edge area for pneumatic diaphragms and rubber stoppers. The locations of the
pneumatic bags are indicated by the white arrows in Figure 2-2. The location of the stoppers are
indicated in by the black arrows in Figure 2-2. The pneumatic diaphragms run the span of the
model and when inflated and deflated they deform the leading edge. The pneumatic diaphragms
were bonded to the main airfoil shape as well as a 0.04 in. (1.02 x 10-3m) thick leading edge cap that
had been stamped into the NACA 0012 leading edge geometry. Vacuum pressure was applied to
the pneumatic diaphragms when the system was in the un-deployed mode to retract the leading
edge. The leading edge was pulled down onto the stoppers installed beneath the leading edge to
help to maintain NACA 0012 geometry when the leading edge was pulled into the un-deployed
state.

These stoppers were bonded to the base airfoil but not the leading edge.

When the

diaphragms were inflated the leading edge deformed, called the deployed state. The un-deployed
and deployed airfoil geometries are shown in Figure 2-2.
Required spacing for system

Maximum deformation, 0.24 in.

installation, 0.05 in.
Pneumatic Bags
Rubber Stoppers

Figure 2-2: Pneumatic IPS: Un-Deployed (Left) and Deployed (Right) Geometries
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The maximum deformation of the aft section of the pneumatic leading edge cap was
measured to be 0.24 in. (6.10 x 10-3 m) with respect to the airfoil surface. This measurement was
taken with all four diaphragms fully inflated. It is worth noting that the gap between the undeployed pneumatic leading edge and airfoil surface was increased to 0.2 in. (5.07 x 10-3 m) for
ease of installation of the pneumatic IPS and can be decreased for a full production design to be as
small as 0.05 in. (1.27 x 10-3 m). The gap between the un-deployed leading edge and the airfoil
surface need only be the thickness of the deflated pneumatic bags.
2.1.3. Aerodynamic Testing Results
The Pneumatic IPS airfoil was installed in the wind tunnel and measurements were taken at
Re=1,000,000 (118 ft/s, 36 m/sec flow velocity). Lift and drag measurements were recorded using
the aforementioned load cell for the un-deployed and deployed configurations.

These

measurements were compared to XFOIL predictions of a typical NACA 0012 airfoil for angles of
attack between 0 and 14 degrees, Figure 2-3 and Figure 2-4.

Figure 2-3: Cl vs. Angle of Attack
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Figure 2-4: Cd vs. Angle of Attack
The body of the airfoil was machined using a 3-axis CNC machine and matched the NACA
0012 airfoil geometry.

The un-deployed configuration displayed a slight deviation from the

predicted performance of a NACA 0012 with the same testing conditions using the XFOIL analysis
program. These discrepancies were attributed to the prototypical nature of the stamped leading
edge. The leading edge cap was stamped to shape with a press that deformed the initially flat
leading edge cap into a female mold. This process did not yield an exact NACA 0012 shape. This
was evident in the variation from predicted lift and drag measurements of the un-deployed system.
Despite these deficiencies, it can be assumed that a well-fabricated pneumatic de-icing system will
exhibit insignificant aerodynamic penalties when un-deployed.
The deployed geometry led to an early onset of stall, roughly 12 degrees, and a step increase
in drag with 4.5 times the drag when compared to the un-deployed airfoil at 10 degrees angle of
attack. It is important to consider that before the pneumatic system would be deployed, there must
be ice accreted on the rotor blade. The drag for an ice shape has been included on the lift and drag
coefficient graphs (47). The same ice shape, AERTS ICE 3, depicted in Figure 1-5. The increase in
drag due to system deployment was less than that associated with accretion of ice. The negative
effects of ice accretion were more than that of system deployment by a factor of 2.3 at 10 degrees
angle of attack. This trend was observed for other angles of attack. Once ice accretes, the system
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only aids in the removal of the accreted ice without further degrading the aerodynamics of the
system during ice removal. Moreover, the system deployment lasts mere seconds before returning
to the un-deployed state. Assuming the vehicle has sufficient installed power to fly with a nominal
amount of ice on the rotor blades then it will have sufficient power to fly with the system briefly
deployed.
It is worth noting that during the aerodynamic testing the pneumatic diaphragms were
simultaneously inflated with 3.75 psi (2.59 x 104 Pa). This inflation condition represents full
deployment, and it represents a worst-case scenario airfoil geometry.

Rotor icing tests

demonstrated almost instantaneous delamination, indicating very little deformation was required to
shed ice.

2.2.

Experimental Rotor Icing Testing of a Pneumatic IPS with an Erosion Resistant

Cap
A prototype of the pneumatically powered IPS was developed and tested in the Penn State
AERTS facility. The prototype was used to evaluate the icing protection capabilities of the system.
Tests were performed at representative temperatures and LWC with respect to natural icing
conditions. During this testing, the robustness of the system under comparable full-scale centrifugal
loading was observed. The power required to actuate the system was also measured. It should be
noted that the icing facility was only used to test the icing protection capabilities. The aerodynamic
analysis was conducted during the wind tunnel tests.
2.2.1. Testing Facility: The PSU Adverse Environment Rotor Testing Stand (AERTS)
The AERTS facility, est. 2009, was developed to evaluate icing protection systems and
protective surfaces. The facility is also involved in improving and validating ice accretion tools.
The rotor stand is powered by a 120 HP electric motor capable of operating up to 1000 RPM. The
facility can spin rotor blades up to 5 ft (1.52 m) in radius and is equipped with collective and cyclic
controls.

A ballistic wall surrounds the rotor stand to protect against shed ice and any structural

blade failures. The rotor stand and ballistic wall are housed in a 20ft x 20ft x 20ft (6.10 m x 6.10 m
x 6.10 m) walk-in freezer capable of maintaining any temperature between 0˚C and -25˚C.
facility is depicted in Figure 2-5.
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Figure 2-5: The Penn State AERTS Facility
An artificial icing cloud is dispensed through spray nozzles installed in the freezer’s ceiling.
Adding or removing these nozzles predominantly controls the LWC of the icing cloud.
Manipulating the air and water pressures sent to the nozzles controls the MVD of the icing cloud.
The facility has been proven to create ice shapes that closely replicate those found in nature.
Palacios et al. validated the AERTS ice shapes versus those generated in the NASA Glenn Icing
Research Tunnel (48). These tests showed the repeatability of AERTS test results and the accuracy
of the accreted ice shapes. A typical AERTS ice shape and a NASA Glenn ice shape (10) are
plotted together for comparison on Figure 2-6. These airfoils, as well as the pneumatic de-icing
system geometry, are all NACA 0012 airfoils.
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Figure 2-6: Ice Shape Correlation (48)
Active rotor blades systems are controlled through four slip rings that carry 48 signal
channels and 24 power channels from the rotor’s rotating frame to the control room’s fixed frame.
A pneumatic slip ring is installed at the top of the rotor shaft that transfers high pressure and
vacuum pressure from mechanical pumps to the pneumatic IPS.
2.2.2. Pneumatic Test Rotor Blade
A 2-D schematic of the test blade is shown in Figure 2-7. Spanwise tubes are deflated to
retract the leading edge and inflated to deform the leading edge.
Leading Edge Cap

Leading Edge Cap
Pneumatic Bags

Pneumatic Bags
Airfoil Surface

Airfoil Surface

Figure 2-7: Schematic of the Un-deployed (left) and Deployed (right) Pneumatic De-icer
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This design was installed on a truncated QH-50 helicopter blade. The fiberglass blade
spanned 62 in. (1.57m) and the outboard 12 in. (3.05 x 10-1 m) of the blade was retrofitted with the
pneumatic de-icing system. The outboard section of the QH-50 blade with the pneumatic de-icing
system installed is shown in Figure 2-8. The system extended 3 in. (7.62 x 10-2 m) of the chord aft
of the leading edge.

3 inches
12 inches
Figure 2-8: Pneumatic De-icing System Installation
The leading edge of the pneumatic IPS was 0.02 in. (5.08 x10-4 m) thick Grade II-Ti and was
protected by a TiAlN erosion resistant coating. The erosion resistance capabilities of the TiAlN
coating were evaluated and compared to titanium grade 5. A summary of the results is shown in
Figure 2-9.

Figure 2-9: Erosion Testing Results for Ti and TiAlN
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The erosion rate of the surface treated with TiAlN was orders of magnitude lower than that
of Grade II-Ti, demonstrating the excellent capability of the selected coating to protect against sand
erosion. The surface of the titanium baseline and two coating thickness (10 µm and 20 µm) was
imaged after erosion with a scanning electron microscope (SEM) at magnifications of 500x and
5000x. The comparison of the surface images is shown in Figure 2-10, demonstrating the coating
capability to protect against sand erosion.

Figure 2-10: SEM Surface Morphology after 500 Gram Exposure, 30 Degrees, 156m/s, 50µm
alumina, 0.5 Wear Diameter, 22 cm Stand-off Distance, and 100 g/min. Dosage Rate.
The use of erosion resistant coatings with the proposed system is an option to increase the
life of the system, but not a requirement for the implementation of the technology. Titanium leading
edge caps without coating protection would also provide ice protection to the blade while
maintaining current erosion resistance capabilities. However, the erosion resistance capabilities of
TiAlN can allow for a thinner leading edge cap. This decrease in cap thickness will improve deicing capabilities by allowing more system deformation with lower applied pressures.
Six independently controlled pneumatic diaphragms were bonded to the new leading edge
and were also bonded to the QH-50 blade surface. On the test blade, these bonds were responsible
for holding the pneumatic leading edge in place under centrifugal forces (CF). The bonds on the
test blade were the only mechanical tie that help the leading edge cap to the blade. Full-scale
designs will use mechanical fasteners to grip the leading edge cap at the root. The pneumatic bags
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were inflated and deflated through high and low pressure lines because the truncated rotor blades
lacked the necessary radius required to generate sufficient pneumatic pressures by centrifugal
pumping. These pressures were transferred through a pneumatic slip ring mounted at the top of the
rotor shaft down to the root of the blade. The high- and low-pressure lines were routed to pressure
transducers installed at the root of the rotor blade. The two pressure transducers ensured that the
input pressures did not exceed those available from centrifugal pumping.

From the pressure

transducers, the high- and low-pressure lines were routed to six 3-way control valves that controlled
which bags receive pressure or vacuum. The locations of the two pressure transducers as well as
the 6 pneumatic control valves at the root of the test blade as shown in Figure 2-11.

Figure 2-11: Pressure Transducers and Pneumatic Control Valves Schematic
The calibration of these sensors is outlined below. Full scale testing of the centrifugal
pumping concept was conducted by Szefi et al. at the KAMAN whirl tower (46). Full-scale testing
confirmed analytical predictions and demonstrated a max pressure of +/- 3.75 psi (2.59 x 104 Pa).
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Pressure Transducer Calibration
Pressure sensors were used during rotor ice testing to monitor and regulate the pressures in
the pneumatic lines running through the de-icing system. This was done to ensure the pressures
used in the test would be no greater than the pressure available from centrifugal pumping. A

Voltage Readout (V)

calibration of the pressure sensors was performed using known pressure values.
25
y = 7.2351x - 2.7061
R² = 0.99961
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Figure 2-12: Calibration of Pressure Sensors
The voltage readout corresponding to known pressure values were plotted, Figure 2-12.
There is a linear relationship between pressure and voltage for each of the pressure sensors along
with an offset value. This relationship is not the same from sensor to sensor. Once this relationship
was determined a LabView code was formulated to interpret the incoming voltages and output the
corresponding pressures.
2.2.3. Test Matrix and Results
The testing conditions were chosen to represent natural temperatures, MVD, and LWC
conditions. The tests were conducted at 0 degrees angle of attack. A test matrix was developed
which spans both the continuous and intermittent icing envelopes as defined by FAR Part 25/29
Appendix C. The targeted LWC conditions included 0.2, 0.3, 0.47, 0.5, and 2.1 g/m3. Each LWC
condition was tested at different MVD and temperature conditions to cover the entire icing
envelope. This ensured a good spread of testing and evaluated the effectiveness of the IPS across
all icing conditions.

The target points are indicated by blue squares in the continuous and

intermittent icing envelopes, Figure 2-13 and Figure 2-14. The error bars shown represent the 10%15% variability in MVD and LWC that exist in the AERTS facility. The actual tested conditions
for each test are shown in Table 2-1.
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Figure 2-13: Continuous Icing Envelope with Targeted Icing Conditions
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Figure 2-14: Intermittent Icing Envelope with Targeted Icing Conditions
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Table 2-1: Rotor Icing Testing Conditions
MVD

Temp

Rotational Frequency

Ice Thickness

LWC

Accretion Time

Test #

(microns)

(Deg. C)

(RPM)

(cm)

(g/m3)

(min.)

1

20

-18.7

268

0.186

0.2

2

2

20

-17.9

540

0.549

0.2

4.5

3

15

-17.4

268

0.312

2.1

1.5

4

15

-16.7

268

0.270

2.1

0.75

5

15

-16.3

268

0.370

2.1

1

6

15

-15.1

540

0.147

2.1

1

7

20

-14.7

540

0.488

0.3

2

8

40

-14.3

268

0.677

0.5

3

9

40

-14.2

540

0.551

0.5

2

10

30

-12.5

540

0.329

0.2

2

11

23

-11.9

540

0.323

0.47

1.5

12

15

-11.6

268

0.234

2.1

1

13

20

-11.5

540

0.481

2.1

2

14

30

-11.5

268

0.437

0.2

2

15

20

-11.3

268

0.578

2.1

2

16

15

-11

540

0.168

2.1

1

17

25

-9.8

268

0.301

0.3

2

18

25

-9.3

540

0.398

0.3

2

19

20

-8.5

268

0.462

0.47

2.5

20

20

-8.1

540

0.433

0.47

2

21

33

-8

540

0.400

1

2

22

33

-7.9

268

0.536

1

2

23

23

-5.4

268

0.325

0.47

2

24

30

-5.3

268

0.277

0.3

1.5

25

30

-5.3

540

0.190

0.3

1.5

26

30

-5

540

0.315

0.47

2

27

30

-4.9

268

0.187

0.47

2.25

28

23

-4.7

540

0.424

0.47

2

29

45

-4.7

268

0.174

0.47

2

30

45

-4.7

540

0.174

0.47

2
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Matching icing conditions alone is not sufficient for scale rotor ice testing. Full-scale testing
can evaluate de-icing capabilities along the entire span of a rotor blade at once.

The high

centrifugal forces at the tip of a rotor blade have been shown to bind some mechanical actuators,
rendering them useless. Therefore, a mechanically driven IPS must be tested to prove its ability
withstand high centrifugal forces. Most IPS use the added benefit of centrifugal forces to remove
accreted ice. The low centrifugal forces acting on near the root of a rotor blade may not be
sufficient to promote delamination. Therefore, testing was conducted at two different rotational
speeds; 268 RPM and 540 RPM. This was done to simulate the icing conditions and centrifugal
forces at the two extreme points along a representative full-scale rotor blade of a Boeing CH-47.
The targeted areas were 90% full-scale CF “at the tip” represented by the higher 540 RPM and 20%
full-scale CF “at the root” represented by lower 268 RPM. The 20% span was selected because that
is the point at which the root cut-out section of the blade typically ends and the normal airfoil shape
begins.
The procedure required to operate the rotor stand has been outlined in Table 2-2. Operating
the rotor stand requires high attention to detail to ensure the tests are run safely while accurately
reproducing the icing conditions. The icing conditions were maintained through the control room
interface, Figure 2-15 .

Live Video from Test
Chamber
Cooling Fan and
Icing Water/Air
Line Controls

Icing Condition
Control Interface

Rotor Speed
Controller

Transmission and
Engine
Cooling/Lubrication
Systems
Figure 2-15: Rotor Stand Control Center
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The control center allowed for the test conditions to be manipulated through modification of
the temperature, water droplet size (MVD), air pressure, and rotor RPM. Manipulating these
variables allowed individual points of the testing envelope to be replicated. The control center also
displayed the rotor balance conditions and icing conditions inside the chamber. It was critical that
the rotor balance was monitored to detect a dangerous rotor imbalance condition. While the blades
were balanced upon installation it was observed that de-icing the one blade with the IPS introduced
an imbalance as that blade shed a mass of ice and the control blade did not. The TV in the control
room added another safety component. It allowed visual inspection of the ice chamber to ensure it
was clear of personnel, tools, and any other potentially dangerous conditions.
Table 2-2: Operational Procedure for Rotor Ice Testing
Step

Description

1

Set and record icing conditions (Temperature, LWC, MVD, RPM)

2

Prepare test stand for operation (Turn on water, cooling, oil pumps, etc.)

3

Spool up rotor to target RPM, monitor rotor balance, torques, forces, & moments

4

Start vacuum pump to retract pneumatic leading edge for icing

5

Start icing cloud and accrete ice for a desired duration of time (ice thickness)

6
7
8

Maintain rotor RPM (as ice accretes, the drag causes a decrease in rotor RPM
because the electric motor outputs constant torque not constant RPM)
Shut down icing cloud and wait for the cloud to dissipate
Operate pneumatic de-icer and wait for the audible/visual impact of ice on the
ballistic wall

9

STOP ROTOR (Shed ice resulted in a rotor imbalance), turn off vacuum pump

10

Measure accreted ice and photograph/document observations

11

Clean residual ice from rotor
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A LabView code was designed to allow control of the pneumatic system. One feature
included in the code was the ability to actuate the pneumatic bags individually. It was useful to
inflate and deflate the bags individually during trouble shooting to check for holes, inspect valves,
electronics, and inflation efficiency. Any combination and sequence of air bags could be inflated
and deflated in cycles in order to actuate the de-icing system automatically. The length of each
inflation cycle as well as how many cycles were run could also be controlled. A visual check via a
light indicator showed which bags were being deployed and allowed for a quick and intuitive
understanding of how the leading edge was being manipulated. The program also included the
interpreted signals from pressure sensors mounted on the prototype blade. These sensors were
calibrated by relating known pressures to the output voltages. These readings in LabView helped
determine that only representative pressure and vacuum were used that could be attained from
centrifugal pumping. Finally, there was a trigger mechanism that was used during the high speed
camera, targeted shedding testing. Assuming the time required to shed ice upon system actuation
was repeatable, the system could be triggered to shed ice over a certain blade azimuth using the
rotor stand’s Hall sensor to initiate the beginning of the pneumatic cycle. A time delay which
relates the rotor RPM to degree of azimuth was used to change the blade azimuth to initiate the bag
actuation.
One advantage of the pneumatic de-icing system was its capability to de-ice thicknesses less
than the thicknesses required by electrothermal systems, 0.3 in. (7.62 x 10-3 m). The duration of
icing cloud exposure was gradually decreased to determine the critical ice thickness that could be
delaminated. This process was continued until the ice was no longer shed. A typical critical ice
thickness test procedure is shown below in Table 2-3. The tests below further demonstrate the
repeatability of the AERTS facility. The 90, 60, 45, and 30 second tests accreted ice at a rate of
0.140, 0.146, 0.144, and 0.152 in./min., respectively. This linear relationship between icing time
and ice shape thickness was useful when targeting a specific ice shape thickness. It is worth noting
that the ice accretion rate was linear for any given icing condition, however, it can change from
icing condition to icing condition depending on LWC, temperature, MVD, and RPM.
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Table 2-3: Critical Ice Thickness Data
Average Ice
Rotational
Temperature
Duration Thickness Ice Shed
Frequency
(˚C)
(s)
(Yes/No)
(RPM)
(in)

Test
Number

LWC
(g/m3)

MVD
(µm)

1

2.1

15

-17.4

268

90

0.210

Yes

3

2.1

15

-16.3

268

60

0.146

Yes

4

2.1

15

-16.7

268

45

0.108

Yes

5

2.1

15

-16.7

268

30

0.076

No

Ice shedding was determined to be successful if the main ice shape was removed from the
pneumatic leading edge. The main ice shape is the section of the ice shape towards the leading
edge. This main ice shape does not include the “feathers” which often form aft of this section. The
feathers are not attached to the main ice shape and often are carried away due to aerodynamic forces
after the main ice shape is removed. More information on ice shapes is provided in Section 1.2.2.
A sample de-icing case is included in Figure 2-16.

Figure 2-16: Ice Accretion (a) before and (b) after Pneumatic De-icing Protection (Case 29)
The icing results are summarized on the continuous and intermittent icing envelopes in
Figure 2-17 and Figure 2-18.

Both RPMs, 540 and 268, are summarized on these figures. The

green points represent icing conditions in which a thicknesses of 0.1 in. (2.54 x 10-3m) and below
was successfully de-iced. The red points represent icing conditions that required at least 0.2 in.
(5.08 x 10-3m) of ice. There were two parameters in these conditions that combined to require
slightly more ice thickness to promote shedding. Ice adhesion strength increases as temperature
decreases therefore the ice becomes harder to remove. Secondly, the pneumatic diaphragm material
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used in this system was polyolefin.

This material is also used in shrink tubing and is very

temperature sensitive. At the lower temperatures of the icing envelope the polyolefin material
became stiff and the actuation of the pneumatic system was decreased as it needed to overcome this
as well as deform the leading edge. The combination of these two effects required slightly more ice
accretion to allow centrifugal forces to aid in shedding.
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Figure 2-17: Results - Continuous Icing Envelope
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Figure 2-18: Results - Intermittent Icing Envelope
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3. Delamination Modeling Using a Finite Element Approach

Finite element models (FEM) can be used to predict physical systems to gain better
understanding of complex interactions.

The goal of this FEM analysis was to aid with the

understanding of the delamination of accreted ice from helicopter rotor blade leading edges. First,
an understanding of how delamination is represented within finite element analysis must be
discussed and understood. The different delamination modeling techniques used in FEM were
considered, the best approach for this analysis was chosen, and the delamination failure was
quantified.

The finite element analysis can then be used to investigate the behavior ice

delamination from the leading edge of rotor blades.

3.1.

FEM Delamination Introduction
Composite materials are becoming more and more prominent in the aerospace industry for

their low weight and high directional stiffness. However, this technology introduces a new failure
mode called delamination. Composite delamination occurs when a crack is nucleated between two
layers of a composite laminate followed by a combination of peel and shear stresses that propagate
the delamination front. Great interest has been focused on improving modeling of composite
delamination to better predict its initiation and growth. This same technology can be adapted to
model the delamination of an ice/surface interface.
The virtual crack closure technique is a popular method for modeling crack propagation or
delamination. This method is based on energy release rates and fracture toughness. More recently,
the cohesive zone method of modeling delamination crack growth has been developed.

The

constitutive equations for this method are outlined in Section 3.2 and can be applied to one of two
approaches namely, cohesive elements or cohesive surfaces. The advantages and disadvantages of
these methods are briefly outlined in the three subsequent sections.
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3.2.1. Virtual Crack Closure Technique
The virtual crack closure technique (VCCT) utilizes the linear elastic fracture mechanics
method to analyze delamination. The VCCT can only be used to model brittle crack propagation
and does not take into account the energy dissipated by the formation of plastic zones at the crack
tip. Crack propagation is based on Griffith’s principle where, for single mode delamination, a crack
will propagate when the energy release rate, GI, is greater than the critical energy release rate, GIc
(49), ie if

!!
!!"

≥ 1.

VCCT is very efficient at modeling crack propagation; however, the method requires an
initial crack to be defined. In some cases, the crack path must be known as well. This may require
multiple re-meshing of the model. The site of crack nucleation is unknown in the case of ice
delamination from rotor blades and for these reasons the VCCT method was not chosen for this
research (49).
3.2.2. The Cohesive Zone Method
The cohesive zone method (CZM) assumes that the stress transfer capacity between two
delaminating faces is not completely lost at the onset of damage (49). Instead, the CZM assumes
the load carrying capability of the cohesive interface is gradually lost through stiffness reduction
defined by traction-separation laws. The cohesive interface can be modeled by one of two types of
cohesive elements.
3.2.2.1.Cohesive Elements
The cohesive element approach defines a layer of elements with finite thickness. This
approach is most useful when modeling adhesives that have a finite bond thickness. These elements
are based on regular continuum (σ-ε) constitutive behavior.
3.2.2.2.Cohesive Surfaces
The cohesive surface approach defines a layer of zero thickness elements at the interface.
These elements must be defined based on a traction-separation (σ-𝛿) constitutive behavior. This
method is more practical when modeling interfaces where the bond thickness is negligible. For this
reason the cohesive surface approach was selected to model the ice interface.
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3.2.

Cohesive Material Theory
Cohesive material theory is defined in terms of a traction-separation law that allows for

useful modeling capabilities. Delamination at interfaces is modeled using traction vs. separation
rather than typical stress vs. strain relationships, which permits the definition of zero thickness
elements. Mixed-mode behavior is accounted for by specification of fracture energy as a function
of the ratio of Mode I normal deformation to Mode II shear deformation. Prior to damage a linear
elastic traction-separation law (stiffness) is enforced. Once an ultimate strength value is exceeded,
progressive damage is imparted to the cohesive element. This approach degrades the stiffness of
the element until delamination occurs.
There are three failure modes defined in fracture mechanics, depicted in Figure 3-1. Mode I
is the peel failure mode. This mode of failure is due to tensile, i.e. crack opening stresses, which are
normal to the two delaminating surfaces. Mode II is the shear failure mode. This failure mode is
due to the in-plane stresses along the interface. Finally, Mode III is the tearing failure mode and is
the most difficult to test independently. Since Mode II and Mode III are both shear dominated it is
often assumed that Mode III has the same failure behavior, failure strength and fracture energy, as
Mode II.

Figure 3-1: Delamination Modes: Mode I (A), Mode II (B), and Mode III (C)
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Figure 3-2: An 8-Noded Cohesive Element at Time = 0 (Left) and Time > 0 (Right)
A typical 3-D cohesive element in both un-deformed and deformed geometries is depicted in
Figure 3-2. Most often, a linear elastic softening model (bilinear) is used to define the stiffness
behavior of cohesive elements, but more complex models have been implemented in prior research,
Figure 3-3.

Figure 3-3: Alternative Softening Constitutive Models (50)
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Figure 3-4: Double Cantilever Beam Test (Top) and Bilinear Constitutive Model (Bot) (49)
A more detailed outline of the bilinear constitutive model for a single mode of stress is
provided in Figure 3-4.

The double cantilever beam diagram provided in Figure 3-4 (top)

represents a pure Mode I loading condition for reference. Before the onset of damage the behavior
of the material at the interface is in the linear elastic range. The linear elastic range includes all
points along the line with reference point 1. In this region the cohesive element exhibits a high
stiffness, Kp, called the penalty stiffness that holds the two surfaces together. Kp relates the
separations, δ, of the originally collocated element nodes to their surface tractions, σ.

Reference

point 2 indicates damage initiation. For single-mode delamination reference point 2 corresponds to
the interlaminar strength of the interface (49). Let T be the Mode I interlaminar tensile strength and
S and N be the Mode II and Mode III interlaminar shear strength values. Then the displacements at
the onset of damage can be solved by:
𝛿!! =

𝑇
𝑆
𝑁
!
                        𝛿!!! =                       𝛿!!!
=
𝐾!
𝐾!
𝐾!

2(a) (b) (c)

The element stiffness is decreased along the line 2-4 once the critical traction value σc is
exceeded. The stiffness decreases until the failure separation, δF, is reached. This failure separation
indicates the point at which the element no longer transfers load and is effectively removed from the
problem (49). The failure separation can be calculated by:
𝛿!! =

2𝐺!"
2𝐺!!"
2𝐺!!"
                    𝛿!!! =
                    𝛿!! =
𝑇
𝑆
𝑁

3(a) (b) (c)

Where GIc, GIIc, and GIIIc represent the fracture energy of the interface and define the area
under the traction separation curve (49).
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The input parameters required to define a bilinear interfacial softening method are the
penalty stiffness, Kp, the interlaminar peel and shear strengths, T, S, and N, and the fracture
energies, GIc, GIIc, and GIIIc. Under pure Mode I, II, or III loading the onset and evolution of
damage in the cohesive element can be predicted relatively easily from the equations listed above.
Realistically, most applications will undergo mixed-mode loadings. Under these conditions,
delamination can occur below the pure Mode I, II, or III damage thresholds. Therefore, a mixedmode failure criterion must be used to predict delamination. A very common mixed-mode failure
criterion is the power law. This method is based on some simplifying assumptions. It is assumed
that the damage initiation is predicted with the quadratic failure criterion:
𝜎!
𝑇

!

+

𝜏!"
𝑆

𝜏!"
𝑆
!

+

!

𝜏!"
𝑆

+

𝜏!"
𝑆

!

!

= 1            for            𝜎! > 0

= 1            for            𝜎! ≤   0

4

5

Where 𝜎! is the normal traction and 𝜏!" and 𝜏!" are the transverse shear tractions. Again T
is the Mode I interfacial tensile strength and S is the interfacial shear strength. Since Mode II and
Mode III are both shear dominated they can be assumed to have the same interfacial shear strength
value. This allows Mode II and Mode III to be combined (49).
The mixed-mode shear displacement,  𝛿!! , is defined using the two orthogonal tangential
relative displacements, 𝛿!!   &  𝛿!! by:
𝛿!! =

𝛿!! + 𝛿!!

6

Then the total mixed-mode relative displacement, 𝛿! :
𝛿! =

𝛿!! + 𝛿!!!

7

Where 𝛿! is the Mode I relative displacement normal to 𝛿!   and  𝛿! .
Assuming the penalty stiffness is the same in the Mode I and Mode II directions, the
tractions before damage are defined as:
𝜎! = 𝐾! 𝛿!                     𝜏!" = 𝐾! 𝛿!                     𝜏!" = 𝐾! 𝛿!
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8(a) (b) (c)

The displacements associated with single mode damage onset are:
𝛿!! =

𝑇
𝑆
                                  𝛿!!! =
𝐾!
𝐾!

9(a) (b)

Then the damage initiation displacement, 𝛿! , for mixed-mode loadings can be expressed:
1 + β!
δ!!! ! + 𝛽𝛿!!

𝛿! = 𝛿!! 𝛿!!!

10

!

Where the mixed-mode ratio 𝛽 is expressed by:
𝛽=

𝛿!!
𝛿!

11

Assuming 𝛿!    ≠ 0.
!

Using similar analysis the failure opening and tangential displacements, 𝛿!!   and  𝛿!! , are used
in the power law to help define the two critical fracture toughness parameters:
𝐺!" =

𝑇𝛿!!
𝑆𝛿 !
                            𝐺!!" = !!
2
2

12(a) (b)

The interaction of energy release rates are used to predict the propagation of delamination
for mixed-mode loading by:
𝐺!
𝐺!"

!

+

𝐺!!
𝐺!!"

!

=1

13

Where the exponent 𝛼 is selected to be 1 or 2 depending on the interfacial behavior (49).
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3.3.

Mesh Size Effects in the Cohesive Zone Method
The mesh density of the subsequent finite element models must be identical to obtain an

accurate delamination prediction. This is required due to the fact that the cohesive zone method is
mesh dependent. Therefore, the response of the cohesive zone varies depending on the size of the
elements in the direction of delamination propagation, 𝑙! . The results from a study performed by
Turon et al (51) investigating the mesh size effect of delamination using cohesive zone models are
plotted in Figure 3-5.

Figure 3-5: Sample Load-Displacement Curves with Different Mesh Sizes (51)
In other words, the same model with different mesh densities will predict different
delamination events. This mesh dependency is not to be confused with convergence of a finite
element model. Before a mesh analysis is performed on the cohesive zone a mesh convergence
study must be performed on the finite element model. The procedure for determining finite element
model cohesive zone properties are as follows (51):
I.

Develop the finite element model that will be used to analyze a complex delamination event.
Let’s call this the “final” model.

II.

Perform a convergence study on the final model to ensure accurate deformation and/or
stress-strain response.

III.

Develop a finite element model of the tests that gather the pure Mode I and Mode II/III
delamination criteria.
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a. For example: In composite analysis these tests are the double cantilever beam test
(DCB) and the end notch flexure test (ENF).
i. These FEM models should match the loading and dimensions of the actual
test conditions.
b. The strengths of the cohesive elements are then iteratively solved for the
predetermined final model mesh density.
c. These Mode I and Mode II/III delamination models must have a mesh density the
same size or finer than that of the final model.
d. If the mesh density has changed (been made finer) then this new mesh density must
be applied to the final model and convergence must be checked again.
IV.

The final model now has a converged mesh which also ensures the cohesive zone behavior
matches pure Mode I and Mode II/III experimental delamination tests.

V.

3.4.

Analysis of delamination can be performed on the final model.

Determining Failure in the Cohesive Zone Method
The cohesive zone method uses traction-separation to define damage initiation and failure

rather than the more common stress-strain relationships.

Therefore, failure of elements is

determined by the separation of nodes in contact pairs. A contact pair is defined as two nodes that
lie next to one another on adjacent surfaces. The cohesive constitutive equations in Section 3.2 are
defined between these two nodes and “hold” them together.

ABAQUS provides the output

variables for the displacement in the Mode I and Mode II directions. The Mode II output variable
that was used pertained to the relative tangential motions of the contact pairs. This refers to the
distance the nodes of the contact pairs have traveled along the plane tangent to the surface. The
Mode I output variable that was used provided the contact pair opening normal to the surface.
Determination of failure can be performed through analysis of these displacements. For a
given penalty stiffness, ultimate strength, and fracture energy, the displacement single-mode
damage initiation can be calculated from Equation 9. The displacement for damage initiation of
mixed-mode loading can be determined from Equation 10.

The traction-separation curve,

calculated from sample values obtained in Section 4.2.3, is displayed in Figure 3-6. The shear
failure displacement is calculated to be 2.05 x 10-6 m (8.07 x 10-5 in.) for the ice in this study.
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Figure 3-6: Traction Separation Curve for Pure Mode II
A sample data set is provided in Figure 3-7 that represents the tangential displacement of
contact pairs along the interface in a pure shear failure case. The blue arrow represents the
progression of damage through a finite element model that ultimately predicts a complete
delamination.

As the time step of the model increases, damage is imparted to the cohesive

elements. The displacements of the contact pairs exceed the failure displacement as the model
progresses. This model fails when the displacement at every contact pair has exceeded the contact
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Figure 3-7: Progressive Interfacial Shear Failure with Sample Ice Patch
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1

A similar analysis can be applied to the contact pair opening for mixed-mode failure. The
total contact pair displacement is then compared to the mixed-mode interfacial failure displacement.
The contact pair displacements in the Mode I and Mode II directions have been shown in Figure
3-8. Also shown are the single-mode failure displacements. This data in particular represents the
zone 5 ice patch on the Pneumatic IPS freezer icing model, explained in detail in Section 5.1. The
forces at the ice interface upon system actuation are depicted in Figure 5-2. It is worth noting that
the shear displacements have been taken as the absolute value. The contact pair can shear in both
the positive and negative directions, however, if the total shear displacement exceeds the shear
failure displacement then that particular cohesive element fails. This data indicates that none of the
elements would fail according to the shear displacements alone. The normal displacement is always
positive. If the normal displacement exceeds the normal failure displacement, then that element
fails. This data indicates that the elements in the center of the ice patch fail. However, some of the
elements near the edges of the patch would not fail. For the entire ice patch to delaminate, the
cohesive elements must all exceed the failure displacements.
Mode I Displacement
Mode II Displacement

Mode I Failure Displacement
Mode II Failure Displacement
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Figure 3-8: Single-Mode Outputs and Failure Criteria (Zone 5)
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Analyzing the pure Mode I and Mode II/III failure displacements is not appropriate for this
data since this test is mixed-mode. The Mode II shear and Mode I normal displacements are
combined and the total displacement and failure displacement was calculated. The interaction
between these displacements as well as the effect of combined loading on failure has been plotted in
Figure 3-9.
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Figure 3-9: Mixed-Mode Output and Failure Criterion (Zone 5)
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4. Experimental Testing and Modeling for Cohesive Zone Parameters

One of the objectives of this research was to model delamination of ice from the leading
edge of a prototype pneumatic de-icing system using the finite element method. Moreover, it would
be useful to know if simple bench top tests can be used to gather the necessary input data to define
the cohesive properties of these finite element tools for a given icing condition. Three tests were
conducted and modeled. Two of which were used to gather the necessary shear and peel failure
strength inputs that defined the cohesive zone of the final model. The final FEM model, the
Pneumatic IPS model, matched the geometry and actuation behavior of the physical wind tunnel
model from Section 2.1.

This finite element model predicted the delamination of various ice

patches located on the leading edge.

These predictions, along with experimental results, are

discussed in Chapter 5.
The aforementioned finite element models incorporated the cohesive zone method to define
the ice/aluminum interface. This approach required particular failure parameters that needed to be
experimentally determined. Section 1.2.4 describes the high variability of ice adhesion strength vs.
temperature, surface roughness, type of ice, etc. For this reason, literature values for ice adhesion
strength were inadequate for use in this analysis. Testing was conducted to determine these input
values for given icing conditions. Mode I peel and Mode II/III shear failure strengths of the
interface were determined through two separate tests. The first test was designed to determine the
pure Mode II shear adhesion strength, titled the “Pusher” test. The second test was a mixed-mode
test, which was used to gather the Mode I peel strength input, titled the “Plate Bending” test.
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4.1.

Interface Property Testing Overview
The material properties of adhesives are typically measured by subjecting a specially

designed test specimen to relatively simple loading conditions.

For example, the composite

industry determines the Mode I peel strength of composite plates by subjecting the laminate to a
double cantilever beam test (DCB). An end notched flexure test (ENF) is used to determine pure
Mode II shear failure strength in composites. These tests are specially designed to induce pure
Mode I and pure Mode II loading while minimizing mixed-mode effects.

However, the

aforementioned testing methods are difficult to perform with ice. The cohesive strength of ice is
generally larger than the adhesive strength of ice. Both of these strength values are relatively low.
Therefore, the bending stresses associated with DCB and ENF test will often initiate fracture in the
ice before the adhesive failure strengths can be determined. Consequently, two novel testing
methods were employed to determine these values without inducing cohesive failure.
4.1.1. Sample Preparation and Icing
Testing conditions were held as constant as possible to avoid variation in ice adhesion
strength between tests. Controlled conditions included type of ice, temperature, surface roughness,
and sample preparation methods. These conditions are summarized in Table 4-1.
Table 4-1: Testing Conditions
Parameters

Type/Quantity

Type of ice

Freezer Ice Patches

Air Temperature

-10˚C

Surface Roughness

Surfaces prepared with
600 grit SiC paper

Material

Al 2024

The Pusher test specimen, Section 4.2, and the Plate Bending test specimen, Section 4.3,
were both cut from the same 12 in. x 12 in. (0.305 m x 0.305 m) sheet of 0.04 in. (1.02 x 10-3 m)
thick aluminum alloy 2024.

All three test surfaces were systematically sanded to achieve

comparable surface roughness. This procedure involved progressively sanding the test surface with
220, 400, and finally 600 grit wet sic paper.
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4.2.

Pusher Test
The pure Mode II shear adhesion strength value is simpler to obtain than the Mode I peel

strength for ice/solid interfaces. The Pusher test was designed to induce pure Mode II shear failure.
To achieve this a patch of ice was loaded from the edge to induce shear stress at the ice/aluminum
interface. This approach attempted to minimize the contributions of Mode I peel stress.
4.2.1. Experimental Setup
The experimental method was very similar for all three tests and is outlined in Table 4-2.
The surface of the test specimen was cleaned with acetone to remove any residual water and/or
adhesive left behind from the previous test and edge dam before every test was performed. An edge
dam was built and aligned with markings on the test specimen to ensure repeatable ice patch
geometry. The configuration for the Pusher test edge dam is shown in Figure 4-1.
Table 4-2: Experimental Procedure
Step

Description

1

Clean the specimen surface with acetone

2

Create an edge dam

3

Place specimen in freezer

4

Add water to desired thickness

5

Remove edge dam once the water has frozen

6

Perform test

7

Record/Analyze data
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Edge Dam

Ice Patch
Location
Force

1 in

1 in

Figure 4-1: Example Pusher Test Edge Dam
A 1in. x 1in. (2.54 x 10-2 m x 2.54 x 10-2 m) ice patch was created on the test plate using the
edge dam pictured above. The material chosen to create the edge dam was thick double-sided tape.
The tape allowed for a waterproof seal and easy removal once the ice had frozen. To avoid Mode I
effects the ice patches were formed with a thickness of 0.1 in. (2.54 x 10-3m).

Clamps

Force

Test Specimen

Figure 4-2: Side View of the Pusher Test Setup without Ice Patch
The test specimen was secured in the freezer with two clamps, shown in Figure 4-2 without
the ice patch and edge dam. The water was applied inside of the edge dam with a dropper and
allowed time to freeze. The edge dam was carefully removed once the water had frozen.
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The

removal of the edge dam was a critical step as delamination could be initiated if the edge dam tape
was not removed properly.
Loading was applied to the ice by the face of a carriage that housed a force transducer.
Force was applied to the carriage via a pneumatic piston that extended a pusher rod attached to the
carriage. A model SSM-AJ-250 force transducer with a max load capacity of 250 lbf was selected
for this test. A portable air compressor supplied variable pressure to the pneumatic piston. As the
pressure was increased in the pneumatic piston, the force being applied to the ice patch increased
until either adhesive or cohesive failure occurred. The test was concluded once the ice patch had
failed. Schematics and photographs of the Pusher test setup are provided in the figures below.

Figure 4-3: Schematic of the Pusher Test Setup
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Figure 4-4: Side View of the Pusher Setup (Not to scale)

Force

Pneumatic Piston
Pusher Carriage
Force Transducer

Test Specimen
1 in2

Clamps
Figure 4-5: Front View of the Pusher Test Setup without Ice Patch

72

4.2.2. Experimental Results
The goal of the Pusher test was to determine the force required to delaminate freezer ice
under pure shear loading. As the pneumatic pressure sent to the piston was gradually increased, the
force transducer registers an increasing force until the stress at the ice/aluminum interface surpasses
the adhesion shear strength of the ice and the output force goes to zero. The force required for
failure was determined as a drop off in force measurement output. A sample data set is provided in
Figure 4-6. This graph indicates that a force of approximately 39 lbs. was required to delaminate
this ice patch.
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Figure 4-6: Sample Pusher Test Data
Both cohesive and adhesive failures were encountered during testing. Example photographs
of both failure modes are provided in Figure 4-7.

Force

Initial Ice Patch
Location

Initial Ice Patch
Location

Clean Adhesive Failure
Ice Remaining from
Cohesive Failure

Sample Ice
Patch
Figure 4-7: Adhesive (left) and Cohesive (right) Failures
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Table 4-3: Pusher Test Results
Test Number

Failure Strength (psi)

Ice Thickness (in.)

Ice Surface Area (in2)

13

44.5

0.1

1

14

39.5

0.1

1

17

43.2

0.1

1

18

34.4

0.1

1

19

38.1

0.1

1

Figure 4-8: Pusher Test Results
This study attempts to model the delamination of ice/solid interfaces so the cohesive failure
values were not considered in the interfacial failure results. Results from the adhesive failure cases
are summarized in Table 4-3 and Figure 4-8. The results in Figure 4-8 have been shifted so that the
failure event takes place at the same point, zero. This figure shows the data from Figure 4-6, Test
19, as well as other test results. However, this figure is shown over a smaller time interval because
data points were taken every 0.00024 seconds for each test to capture the failure load. The force
required to remove 1.0 in2 (2.54 cm2) of freezer ice at -10˚C under pure shear stress was quantified
to be 39.94 +/- 4.05 lbs. This translates to approximately 40 psi adhesion strength. This shear
adhesion strength is nearly the same as that found for impact ice on grade II titanium with a surface
roughness of 26.4 +/-0.9 Ra µin tested in an environment with an LWC of 2 g/m3, a MVD of 25 μin,
and temperature of -14˚C. This test condition was experimentally determined by Soltis (27) and is
shown below in Figure 4-9.
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Figure 4-9: Ice Adhesion Strength of Ti Grade 2 vs Temp. and Surfaces Roughness (27)
4.2.3. Finite Element Model
This model, along with the other models, takes advantage of 2-D analysis with plane stress
assumptions. This can be used because there are no changes in loading or boundary conditions
through the length (z-axis) of any model. This greatly decreased the time required for analysis.
Each subsection title corresponds to the ABAQUS module in parenthesis.
4.2.3.1.Model Geometry (Part)
The part module allows the user to define the geometry of the test being modeled. The
geometry of the Pusher model is relatively simple. The ice patch is 1.0 in. (2.54 x 10-2m) in length
and width and 0.1 in. (2.54 x 10-3m) thick. The actual test specimen geometry was 3in. x 4 in. (7.62
x 10-2m x 1.02 x 10-1m) however, the plate that was modeled was 7.5 in. (1.9 x 10-1m) long and 0.04
in. (1.016 x 10-3m) thick. This was done to allow the Pusher FEM to be reused during the Plate
Bending FEM with slight modifications to the boundary and loading conditions.
75

4.2.3.2.Material Property Definition (Property)
The material properties E (Young’s modulus) and ν (Poisson’s ratio) for all materials were
taken from literature values and have been displayed in Table 4-4. This module also includes the
definition of plane stress/strain thickness. The out-of-plane thickness is 1 in. (2.54 x 10-2m) for the
Pusher model.
Table 4-4: Material Properties (26)
Material

Young’s Modulus (Pa)

Poisson’s Ratio

69 x 109

0.32

9 x 109

0.27

Aluminum
(Plate)
Ice
(Ice Patch)

4.2.3.3.Model Assembly (Assembly)
The individual parts are assembled here and the physical locations of each part are specified.
There were only two parts in this model, the ice patch and the aluminum plate. The location of the
ice patch on the aluminum plate 0.25 in. (6.35 x 10-3 m) from the edge.
4.2.3.4.Solution Type (Step)
A static, general analysis was performed for model execution. An automatic incrementation
operation was chosen with an initial step size of 1 x 10-5, minimum step size of 1 x 10-60, and
maximum size of 1.0. The relatively small minimum step size was required due to the high number
of interactions. For the same reason the maximum number of cutbacks was increased from 5 to 100
to allow more solution attempts at each step.
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4.2.3.5.Constraints (Interaction)
The constraints used to connect the ice and the aluminum plate are defined in this step. This
FEM required one kinematic coupling and one cohesive surface constraint to be defined.
Kinematic Coupling

Reference Point

Ice Patch

Kinematic Coupling

Aluminum Plate

Figure 4-10: Kinematic Coupling in the Pusher Model
A kinematic coupling constraint was applied between a reference point and the ice in the
Pusher model. This coupling provided a constraint that coupled select degrees of freedom of the
reference node to selected nodes on the surface of the ice. The nodes that were coupled to the
reference point were the nodes on the edge of the ice patch that contacted the pusher’s carriage.
Cohesive Interactions
The ice/aluminum interface must behave like a tie constraint until the applied loading
overcomes the adhesion strength of the ice. A cohesive surface interaction was defined along this
interface. A cohesive surface consists of a layer of zero-thickness cohesive elements along the
ice/aluminum interface. A stiffness called the penalty stiffness defined the initial stiffness of the
cohesive elements. Once the strength of the interface was exceeded, the stiffness of the cohesive
element was gradually degraded until it no longer carried load. More information on cohesive
element constitutive behavior can be found in Section 3.2.
The penalty stiffness, fracture energy, and mixed-mode behavior were taken from literature
(52). It is worth noting that the penalty stiffness is assumed to be the same for all three failure
modes. Effectively saying that until failure, the interface has the same stiffness in all directions.
The ultimate Mode I delamination peel strength was unknown for this icing condition so the value
was also taken from literature for a starting value. The initial Mode I delamination peel strength,
along with the remaining data, pertain to ice/aluminum delamination modelling performed by Riahi
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et al. Riahi’s data was selected because of the similarity of the testing conditions. Also, the
equipment required to gather these data are extremely precise and not available in the AERTS lab.
The ultimate shear strength failure value was modified during the finite element test to tune the
FEM to the experimentally determined failure. There were no Mode III forces or stresses in this
analysis, however, ABAQUS requires an input for the Mode III behavior. Recall, the Mode III
behavior is shear dominated and is often assumed to have the same parameters as the Mode II
behavior. For this reason the Mode III values were assumed to be the same as the Mode II values
but did not impact the FEM results. A detailed description of the cohesive zone used in this
analysis is shown below in Table 4-5.
Table 4-5: Cohesive Zone Properties used in the Pusher FEM (52)
ABAQUS Option

Interface Properties

Elastic

Cohesive surface modulus (penalty stiffness) in

type=traction

all three direction Knn, Kss, Ktt

Damage initiation,
criterion=quads

Damage evolution,
Type = energy
Mixed-mode
behavior

Values
1 x 1012 (N/m3)

Ultimate strength in Mode I, T

8 x 105 (N/m2)

Ultimate strength in Mode II, S

UNKNOWN (N/m2)

Ultimate strength in Mode III, N

UNKNOWN (N/m2)

Mode I fracture, GIC

1 (N/m)

Mode II fracture, GIIC

2 (N/m)

Mode III fracture, GIIIC

2 (N/m)

Power law, α

2

4.2.3.6.Boundary Conditions and Loading (Load)
The pusher FEM must match the experimental pusher test failure conditions.

The

experimental testing demonstrated a load of 39.94 lbs. was required to delaminate the patch of 1.0
in2 (2.54 cm2) ice. This load was applied to the reference point that was kinematically coupled to
the face of the ice patch. The boundary conditions on the reference point enforced that the
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displacement in the direction transverse to the plate and rotation about the z-axis was equal to zero.
These boundary conditions were therefore enforced at the nodes that were kinematically coupled to
the reference point. The aluminum plate was clamped to the base of the workstation during the
experiment.

Therefore, the nodes beneath the aluminum plate were clamped.

Enforcing all

displacement and rotational degrees of freedom were equal to zero.

Figure 4-11: Boundary Conditions for the Pusher Model
4.2.3.7.Mesh Creation (Mesh)
All elements in this analysis were 2-D plane stress elements. These elements were 8-node
biquadratic quadrilaterals chosen with reduced integration to reduce computational time. The
number of elements was determined through a convergence study. This mesh density needed to be
the same in each model to avoid mesh dependent effects along the cohesive interface. This mesh
dependency is explained in detail in Section 3.3.
4.2.4. Finite Element Model Results
The Pusher finite element model provided the pure shear strength input for the ice/aluminum
interface.

The loading conditions to induce delamination were determined experimentally in

Section 4.2.2. The finite element model matches these conditions however, the interface properties
must be determined depending on mesh density. The value of S was manipulated to determine
which value caused the finite element model to fail appropriately. This was done to determine the
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correct ultimate shear strength input for the Pneumatic IPS model. The iterative process of refining
the S parameter until failure was achieved for the known failure case is depicted in Figure 4-12. The
red line represents the pure Mode II failure displacement calculated from Equation 9. Recall that all
contact pair Mode II displacements must surpass this failure displacement for the ice patch to fail.
Failure was observed when the value of S was set to 1.95 MPa. This value of S was used in
subsequent models with matching mesh density.
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Figure 4-12: Pusher Failure Results
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4.3.

Plate Bending Test
The low cohesive strength of ice in tension makes traditional methods of measuring Mode I

peel strength difficult due to ice specimen fracture. A novel method was used to determine the
Mode I interfacial failure stress. Instead of a double cantilever beam test a mixed-mode test was
used. The deformation required to delaminate a patch of ice at the base of a plate in bending was
measured. The ice patch was put in compression by bending the plate upward. Ice has a higher
failure strength in compression than tension which allows the ice to delaminate before fracturing.
This test did not measure the Mode I strength directly. Rather, the value for Mode I strength was
solved for using the finite element method described in Section 4.3.3.
4.3.1. Experimental Setup
A schematic and photograph of the Plate Bending test setup are provided in Figure 4-13 and
Figure 4-15.

Figure 4-13: Schematic of Plate Bending Setup
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Figure 4-14: Schematic of Plate Bending Setup (Close up)

Figure 4-15: Plate Bending Setup
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The pneumatic actuator used in the Pusher test was mounted vertically in the freezer. A hole
was drilled in the work platform within the freezer to allow the pneumatic piston to push the bottom
of a 7.375 in. x 7.735 in. (1.87 x 10-1 m x 1.87 x 10-1 m) plate in the transverse direction. The pusher
carriage was removed and an “L” bracket was attached to the force transducer itself. The L-bracket
was included to distribute the force of the pusher evenly across the length of the plate. The Lbracket contacts the bottom of the plate 6.25 in. (1.59 x 10-1m) from the clamped condition at the
plate’s root. As pneumatic pressure was increased the pneumatic piston extended, bending the plate
until the ice interface failed. The small force required to bend the plate and delaminate the ice
meant that the time of the loading was slightly faster than the pusher test. The plate was clamped at
the root between two 0.5 in. (1.27 x 10-2 m) thick plastic plates and secured with ten screws. The
plastic plate was then clamped to the base of the work station.
Two patches of ice were formed 0.25 in. (6.35 x 10-3 m) from the clamped section of the
plate. The ice patches were 1 in. (2.54 x 10-2 m) long in the bending direction and span the width of
the plate to allow plane stress assumptions for 2D modeling. A similar edge dam procedure was
followed as in the pusher test, although the ice thickness was chosen to be 0.3 in. (7.62 x 10-3 m) to
resist fracture.
4.3.2. Experimental Results
The goal of this test was to determine the force required to delaminate freezer ice at the root
of a plate in bending. This force determined the curvatures that induced mixed-mode failure which
can be used later to determine the Mode I peel strength. As the pneumatic pressure sent to the
piston was increased, the force transducer registered an increasing reaction force until the
ice/aluminum interface failed. This failure was reflected as a discontinuity in the load vs. time
curve. A sample load vs. time curve for the Plate Bending test is provided in Figure 4-16.

Load (lbs)

4
3
2
1

Delamination

0
0

0.1

0.2

0.3

0.4(s)
Time

0.5

0.6

Figure 4-16: Sample Plate Bending Data
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It is worth noting that the median value of the oscillations taken after delamination likely
indicates a step change in load which corresponds to the decrease in system stiffness due to ice
patch removal. Both adhesive and cohesive failures were observed, Figure 4-17. This is likely due
to small fractures in the ice patch which are formed during freezing or edge dam removal. These
small cracks act as nucleation sites for cohesive failure. Only the adhesive failures are considered
in this analysis.

1 in
Adhesive Failure
(Fracture)

Cohesive Failure
(Fracture)

Figure 4-17: Adhesive (left) and Cohesive (right) Failures
Table 4-6: Plate Bending Failure Loads
Test Number

Pusher Force (lbs.)

1

2.2

3

2.9

4

2.9

5

2.1

6

2.8

7

2.5

A summary of the Plate Bending tests is provided in Table 4-6. The average force required
to remove one inch of freezer ice at -10˚C from the root of a plate in bending was quantified to be
2.56 +/- 0.3559 lbs.
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4.3.3. Finite Element Model
The Plate Bending model and the Pusher model use the same aluminum plate part and
general cohesive surface definition. This ensures that the mesh density used in the both models was
identical. The Plate Bending model increases the ice thickness to 0.3 in. (7.62 x 10-3 m),
incorporates the L-bracket, and modified the boundary conditions.

Each subsection title

corresponds to the ABAQUS module in parenthesis.
4.3.3.1.Model Geometry (Part)
The part module allows the user to define the geometry of the test being modeled. The
geometry of the aluminum plate in this model was relatively simple. The plate was 7.375 in. (1.87
x 10-1 m) long and 0.04 in. (1.02 x 10-3m) thick. The ice patch is 1 in. (2.54 x 10-2 m) long and 0.3
in. (7.62 x 10-3 m) thick spanning the width of the plate. A part was created to model the L-bracket
in the Plate Bending model. Since the only important part of the L-bracket required for the finite
element analysis was the part in contact with the plate the L-bracket was modeled as a rectangle
with dimensions of 1 in. (2.54 x 10-2 m) long and 0.3 in. (7.62 x 10-3 m) thick.
4.3.3.2.Material Property Definition (Property)
The material properties E (Young’s modulus) and ν (Poisson’s ratio) for all materials were
taken from literature values and have been displayed in Table 4-7. This module also includes the
definition of plane stress/strain thickness. The out-of-plane thickness was 7.35 in. (1.87 x 10-1 m)
for this model.
Table 4-7: Plate Bending Material Properties (26)
Material
Aluminum
(Airfoil/Leading Edge)
Ice
(Ice Patches)

Young’s Modulus (Pa)

Poisson’s Ratio

69 x 109

0.32

9 x 109

0.27
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4.3.3.3.Model Assembly (Assembly)
The individual parts were assembled here and the physical locations of each part were
specified. For the Plate Bending model it was critical to locate the ice patch and L-bracket pusher
the correct distances from the clamped boundary condition. The ice patch was positioned 0.25 in.
(6.35 x 10-3 m) from the clamped boundary condition. The L-bracket was located in contact with the
bottom of the plate 6.25 in. (1.59 x 10-1m) from the clamped boundary condition.
4.3.3.4.Solution Type (Step)
A static, general analysis was performed for model analysis. An automatic incrementation
operation was chosen with an initial step size of 1 x 10-5, minimum step size of 1 x 10-60, and
maximum size of 1.0. The relatively small minimum step size is required due to the high number of
interactions. For the same reason the maximum number of cutbacks was increased from 5 to 100 to
allow more solution attempts at each step.
4.3.3.5.Constraints (Interaction)
This module defines all interactions in the model including contact, coupling, and cohesive
surface definitions. The constraints used to define the ice, aluminum, and L-bracket with regards to
one another were defined in this step.
Contact
The physical interaction between the L-bracket attached to the force transducer and the
aluminum plate in the Plate Bending test is shown in Figure 4-15. The initial position of the Lbracket on the plate was aligned with two markings that are 6.25 in. (1.59 x 10-1 m) from the
clamped condition. The bending of the plate resulted in a change of location as the L-bracket slid
along the plate. This requires that the edge of the L-bracket in contact with the plate was allowed to
slide as well. A surface-to-surface contact constraint allowed for this behavior without permitting
surface penetration.
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Kinematic Coupling

Figure 4-18: Kinematic Coupling in the Plate Bending Model
Kinematic coupling was used in the Plate Bending model to couple select nodes from the Lbracket to the reference point. This coupling provided a constraint that coupled select degrees of
freedom of the reference node and select nodes on the surface of the L-bracket. The next subsection
outlines how loads and boundary conditions were applied to the reference point.
Cohesive Interactions
The ice/aluminum interface was defined in the same manner as the Pusher test interface.
The penalty stiffness, fracture energy, and mixed-mode behavior were again taken from literature
(52). The value of the ultimate shear strengths, S and N were determined in Section 4.2.4 to be 1.95
x 106 N/m2. The value of the Mode I failure strength is initially unknown and will be determined
from the Plate Bending FEM. The detailed description of the cohesive surface used in this analysis
is provided in Table 4-8.
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Table 4-8: Cohesive Zone Properties used in Plate Bending FEM
ABAQUS Option
Interface Properties
Values
Elastic

Cohesive surface modulus (penalty stiffness)

type=traction

in all three direction Knn, Kss, Ktt

Damage initiation,
criterion=quads

1 x 1012 (N/m3)

Ultimate strength in Mode I, T

UNKNOWN (N/m2)

Ultimate strength in Mode II, S

1.95 x 106 (N/m2)

Ultimate strength in Mode III, N

1.95 x 106 (N/m2)

Mode I fracture, GIC

1 (N/m)

Mode II fracture, GIIC

2 (N/m)

Mode III fracture, GIIIC

2 (N/m)

Power law, α

2

Damage evolution,
Type = energy
Mixed-mode
behavior

4.3.3.6.Boundary Conditions and Loading (Load)
The Plate Bending experiment provided the force required from a pneumatic piston through
an L-bracket located 6.25 in. (1.5 x 10-1m) away from a clamped condition to delaminate a patch of
ice at the root of the plate. This experimentally determined critical force of 2.56 lbs. (11.39N) was
applied to the reference node.

This force was then distributed amongst the nodes that were

kinematically coupled to the reference node. A boundary condition applied to the reference node
and thus, the coupled nodes along the L-bracket, only allowed those nodes to translate in the ydirection. The x-direction displacement and the rotation about the z-axis were set to zero. This
boundary condition simulated the degrees of freedom of the pneumatic pusher with the L-bracket.
Aluminum Plate

Top Face of
Pusher

Applied
Load

Displacement
Boundary Conditions
Top Face
Reference Point
of Pusher

Figure 4-19: Boundary Conditions for Plate Bending Model
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All elements in this analysis were 2-D plane stress elements. These elements were 8-node
biquadratic quadrilaterals chosen with reduced integration to reduce computational time. The
number of elements was determined through a convergence study. This mesh density needed to be
the same in each model to avoid mesh dependent effects along the cohesive interface. This mesh
dependency is explained in detail in Section 3.3.
4.3.3.7.Finite Element Mesh Convergence (Load & Displacement)
A mesh convergence study was performed before any of the finite element models were
used for determination of the cohesive zone inputs. The mesh density dependence of the cohesive
surface required the same mesh size along the interface for all three models.

The complexity of

the Plate Bending and Pneumatic IPS models required mesh convergence studies. The Pusher
model was conducted using the same finite element model as the Plate Bending model but with
different boundary conditions and loadings. Therefore, the mesh convergence result from the Plate
Bending model was used in the Pusher model.
The Plate Bending experiment demonstrated that a load of 2.56 lbs. (11.39N) was required
from the piston to induce delamination. This load was applied to the plate and a dial gauge was
used to measure the vertical displacements of the plate along its length. The first displacement
measurements under-predicted the displacement of the plate. This was due to the fact that the finite
element model used the original thickness of the plate (0.04 in., 1.02 x 10-3m) instead of the final
thickness of the plate (0.033 in., 7.62 x 10-4m). The change in thickness of the plate was due to the
surface preparation process. Sanding the surface of the plate was required to achieve a similar
surface roughness across each test. This process removed material from the plate. The correct
thickness improved the results and mesh convergence was found for 3,094 quadratic elements.
3,094 quadratic elements yielded the same results as 11,314 elements, as shown in Figure 4-20.
The most important parameter with regards to mesh size was the size of the elements along the
length of the interface. These parameters are outlined in Table 4-9.
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Figure 4-20: Mesh Convergence Results
Table 4-9: Interface Mesh Sizes
Mesh Size
Part

Mesh Size Length
(inches)

Through Thickness
(inches)

Aluminum/Leading Edge

9.84 x 10-3

1.0 x 10-2

Ice

3.40157 x10-2

1.0 x 10-2

4.3.4. Finite Element Results
The Plate Bending test was a mixed-mode failure test. Therefore, the contact pair opening
and tangential displacements were combined as explained in Section 3.4. The loading conditions
required to induce delamination were determined in Sections 4.2.2 and 4.3.2. The finite element
model matched these conditions, however, the Mode I peel failure strength needed to be
determined. The Pusher finite element model showed that the Mode II shear failure strength was S=
1.95 MPa. To determine the correct Mode I peel failure strength input for the Pneumatic IPS model
the value of T was manipulated to determine which value caused the finite element model to fail at
the given failure loading. Some of the mixed-mode displacements and the failure displacement that
were tested in the finite element model as plotted in Figure 4-21. The Mode I peel failure strength T
was determined to be 1.4 MPa.
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Figure 4-21: Plate Bending Failure Results
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5. Prediction of a Pneumatic IPS and Experimental Validation

The modified NACA 0012 airfoil used in Section 2.1 for aerodynamic testing of the
pneumatic IPS was used as a complex ice delamination test. The input parameters required to
define the cohesive zone were gathered in Sections 4.2.4 and 4.3.4. This test was used to evaluate
whether or not these relatively simple tests could be used to define the cohesive zone and model
ice/aluminum delamination from the leading edge of the IPS. Different size ice patches were
modeled at various chordwise locations on the leading edge of the pneumatic IPS. The model
predicted the delamination of these ice patches. These predictions were compared to experimental
results.

5.1.

Experimental Setup
The FEM predictions were performed before the experiment was conducted, however, the

experimental setup was prepared before the finite element model was created. It was important to
develop a good understanding of the behavior of the experiment before using the finite element
method to model it. The experimental setup and procedures will be discussed in this section, before
the FEM, for the same reason. This test was designed to induce mixed-mode delamination at the
ice/aluminum interface. As the leading edge deformed, a contrast in stresses at the ice/aluminum
interface occurred due to the mismatch of Young’s modulus between ice and aluminum. These
stresses were greatest at the tip of the leading edge and decreased towards the aft direction due to
the high curvature at the tip. The area of aluminum aft of the last pneumatic diaphragm only
translated with system deployment and did not bend. This concept implied that there was a point at
which the interfacial stresses would no longer be sufficient to delaminate the ice. Ice patches placed
along the leading edge of the pneumatic IPS were used to experimentally determine the ability of
the finite element model to predict this behavior. A schematic and photograph of the experimental
setup have been provided in Figure 5-1 through Figure 5-3.
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Figure 5-1: Pneumatic IPS Freezer Schematic

Figure 5-2: Pneumatic IPS Close-up (Not To Scale)
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18 in

Ice
Patch

0.5 in

1 in

0.5 in

0.5 in

Figure 5-3: Pneumatic IPS Freezer Setup
Table 5-1: Pneumatic IPS Freezer Ice Procedure
Step

Description

Photo

Using a vacuum
1

pump, retract the
leading edge to undeployed state

Clamp leading edge
2

to maintain undeployed state

3

Create edge dam to
desired geometry
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Place airfoil in freezer
4

and add water, allow
time to freeze

5

Remove edge dam

Test Specimen
after Ice
Delamination
Remove clamps,
6

inflate pneumatic
diaphragms, record
delamination event

The test procedure was outlined in Table 5-1 along with photographs for reference. The
pneumatic leading edge was initially pulled into the un-deployed state with a vacuum pump. This is
the state that the system will function while a helicopter is flying and potentially accreting ice. To
resist fracture in this test the ice must have a thickness of approximately 0.3 in. (7.62 x 10-3m). The
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large volume of ice used in this particular test required approximately four hours to freeze at -10˚C.
The vacuum pump was not designed to run for extended time. Therefore, the airfoil had to be held
in the un-deployed state without the vacuum pump while the ice was freezing. Two stiff aluminum
restraints were clamped to the aft section of the leading edge cap to constrain the leading edge. An
edge dam was built using double-sided tape that was held in place by vacuum bagging sealant tape.
The double-sided tape was chosen to form the vertical walls because the backing of this tape could
be easily removed from the ice. The vacuum bagging sealant tape ensured a watertight edge dam
and supported the double-sided tape wall. The length of the edge dam was always 18 in. (0.46 m)
and the width was 0.5 in. or 1.0 in. (1.27 x 10-2 m or 2.54 x 10-2 m) dependent on the ice patch
location being tested. This edge dam was responsible for the non-rectangular shape of the ice
patches. This shape was not believed to influence the delamination results as the results were
expected to be dependent on surface area of the interface and the adhesion strength of the ice. The
airfoil was then lowered into the freezer and water was poured into the edge dam. Once the water
had frozen the edge dam was carefully removed. The clamps had to be removed at the same time to
avoid initiating a delamination. The pneumatic bags were then inflated actuating the leading edge.
Results indicating whether or not the ice delaminated were recorded. The testing zones for icing are
depicted in Figure 5-4. The black horizontal lines that were used to fabricate the edge dams were
0.5 in. (1.27 x 10-2 m) apart. Therefore, ice patches 1, 3, and 5 are 0.5 in. (1.27 x 10-2 m) wide in the
chordwise direction and patches 2 and 4 were 1.0 in. (2.54 x 10-2 m) wide. A schematic of the top
view of the test patches on the leading edge is provided in Figure 5-4. Sample ice shapes are
presented in Figure 5-5 through Figure 5-7.

Figure 5-4: Top View Schematic of Pneumatic Leading Edge with Ice Patch Locations
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Figure 5-5: Sample Ice Shape for Zone 1

Ice Patch
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Leading
Edge
Figure 5-6: Sample Ice Shape for Zone 2
Ice Patch
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Leading
Edge

Base Airfoil

Figure 5-7: Sample Ice Shape for Zone 4

5.2.

Finite Element Model
The Pusher and Plate Bending finite element models developed for this analysis were used

to gather the shear and peel inputs for the Pneumatic IPS finite element model used to predict
delamination of ice from the leading edge of a prototype pneumatic de-icing system. Mixed-mode
failure displacement was predicted from Equation 10.
The Pneumatic IPS finite element model was the most complex of the three finite element
models developed for this analysis. This model, along with the previous models, took advantage of
2-D analysis with plane stress assumptions.

There was no variation of loading or boundary
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conditions in the spanwise direction. This greatly decreased the time required for analysis. Each
subsection title corresponds to the ABAQUS module in parenthesis.
5.2.1. Model Geometry (Part)
The Pneumatic IPS prototype airfoil was modeled in the un-deployed state. To avoid
complex groupings in the assembly module the pneumatic leading edge was designed as one part.
The geometry of the outer surface of the leading edge was generated using standard NACA 0012
geometry with a 16 in. (4.06 x 10-1 m) chord. The thickness of the leading edge cap was given by a
0.04 in. (1.02 x 10-3 m) offset from the outer geometry. The airfoil surface was offset from the inner
geometry of the leading edge by 0.125 in. (3.18 x 10-3 m) as measured from the physical prototype.
The bags had a width of 0.8 in. (2.03 x 10-2 m) when bonded to the airfoil in the un-deployed state.
The bag wall thickness was 0.014 in. (3.56 x 10-4 m) as obtained from the manufacturer. Rubber
stoppers were installed in the physical prototype which helped the airfoil retain proper aerodynamic
shape when un-deployed. These stoppers were also modeled. Each stopper is roughly 0.1 in. (2.54
x 10-3m) wide and spans the gap from the airfoil to the leading edge. The geometries and parts are
depicted in Figure 5-8. It should be noted that the non-rectangular ice shapes were designed to
match the geometries and locations of the test patches, Figure 5-9 through Figure 5-13.

Figure 5-8: Part Description of Pneumatic IPS Prototype
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0.2 in

0.5 in

Figure 5-9: FEM Ice Patch Zone 1

0.2 in
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Figure 5-10: FEM Ice Patch Zone 2
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Figure 5-11: FEM Ice Patch Zone 3
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Figure 5-12: FEM Ice Patch Zone 4
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0.5 in

1.0 in

0.2 in

Figure 5-13: FEM Ice Patch Zone 5
5.2.2. Material Property Definition (Property)
The material properties E (Young’s modulus) and ν (Poisson’s ratio) for all materials were
taken from literature values and have been displayed in Table 5-2. This module also includes the
definition of plane stress/strain thickness. The out-of-plane thickness was taken as 12 in. (3.05 x 101

m) for the Pneumatic IPS model. The out-of-plane thickness is not as important in this model as

the previous ones because the force and interfacial stresses are both a function of out-of-plane
thickness, unlike the previous models.
Table 5-2: Material Properties for the Pneumatic IPS FEM
Material

Young’s Modulus (Pa)

Poisson’s Ratio

69.0 x 109

0.32

7.5 x 107

0.50

Rubber (Stoppers)

1.0 x 108

0.50

Ice (Ice Patches)

9.0 x 109

0.27

Aluminum
(Airfoil/Leading Edge)
Polyolefin
(Pneumatic Diaphragms)
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It should be noted that the Pneumatic IPS model included the pneumatic bags, airfoil,
leading edge, and rubber stoppers in the same part. Thus, each different section had its own specific
material properties defined in this module.
5.2.3. Model Assembly (Assembly)
The individual parts were assembled here and the physical locations of each part were
specified. The advantage of designing the Pneumatic IPS as ‘one part’ is observed in this module.
The positioning of the pneumatic bags, stoppers, and leading edge with respect to the airfoil were
defined in the part module and did not need any adjustment here.
5.2.4. Solution Type (Step)
A static, general analysis was performed for model analysis. An automatic incrementation
operation was chosen with an initial step size of 1 x 10-5, minimum step size of 1 x 10-5, and
maximum size of 1. The relatively small minimum step size was required due to the high number
of interactions. For the same reason the maximum number of cutbacks was increased from 5 to 100
to allow more solution attempts at each step.
5.2.5. Constraints (Interaction)
This module defines all interactions in the model including tie, contact, coupling, and
cohesive. The constraints used to connect the ice, pneumatic bags, stopper, leading edge, and airfoil
to one another were defined in this step.
Tie Constraints
Fully constrained contact behavior was defined using surface tie constraints. Tie constraints
consist of a master-slave formulation where the slave nodes were prevented from separating or
sliding relative to the master surface. This represents a bond that cannot be broken. The rubber
stoppers were tied to the airfoil surface. The pneumatic bags were tied to the airfoil on one side and
tied to the leading edge on the other.
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Contact
The geometry of the Pneumatic IPS prototype airfoil had multiple surfaces that could come
in contact with each other depending on the loading condition. For instance when the pneumatic
system was un-deployed the vacuum pressure in the bags pulled the leading edge down onto the
rubber stoppers. Therefore, a surface-to-surface contact was defined at the edges of the leading
edge and the stopper that might otherwise penetrate each other. Similarly, when the system was
deployed the pneumatic bags inflated and pressed against the leading edge and/or the airfoil surface.
Another contact constraint was applied at these locations that didn’t allow the bag surface to
penetrate the leading edge. A few areas of concern for contact are indicated in Figure 5-14.

Figure 5-14: Potential Sources of Contact
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Cohesive Interactions
A cohesive surface interaction was defined along the ice/aluminum interface. The detailed
descriptions of the cohesive surface used in this analysis are in Table 5-3.
Table 5-3: Cohesive Zone Properties used in Pneumatic IPS FEM
ABAQUS Option

Interface Properties

Elastic

Cohesive surface modulus (penalty stiffness) in

type=traction

all three direction Knn, Kss, Ktt

Damage initiation,
criterion=quads
Damage evolution,
Type = energy
Mixed-mode
behavior

Values
1 x 1012 (N/m3)

Ultimate strength in Mode I, T

1.4 x 106 (N/m2)

Ultimate strength in Mode II, S

1.95 x 106 (N/m2)

Ultimate strength in Mode III, N

1.95 x 106 (N/m2)

Mode I fracture, GIC

1 (N/m)

Mode II fracture, GIIC

2 (N/m)

Mode III fracture, GIIIC

2 (N/m)

Power law, α

2

The penalty stiffness, fracture energy, and mixed-mode behavior were taken from literature
(52). The ultimate interfacial strength of each failure mode was determined experimentally and
used with the finite element method models in Chapter 3.
5.2.6. Boundary Conditions and Loading (Load)
The Pneumatic IPS model had simple boundary conditions because the leading edge
deformation was related to the inflation of the pneumatic diaphragms rather than some applied
loading and/or boundary conditions. This meant the applied load, a pressure of 3.75 psi (2.59 x 104
Pa), need only be applied to the interior edge of each of the pneumatic bags. This pressure load
recreated the pneumatic loading of the deployed state of the prototype.

The only boundary

condition required the entire airfoil base to be clamped, as it was assumed to be rigid.
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5.2.7. Mesh Creation (Mesh)
All elements in this analysis were 2-D plane stress elements. These elements are 8-node
biquadratic quadrilaterals chosen with reduced integration to reduce computational time. The
number of elements was determined through a convergence study. This mesh density needed to be
the same in each model to avoid mesh dependent effects along the cohesive interface. This mesh
dependency was explained in detail in Section 3.3.
5.2.8. Finite Element Mesh Convergence
A mesh convergence study was performed before the finite element models were used to
define the cohesive zone. The mesh density dependence of the cohesive surface required the same
mesh size for all three models. A displacement comparison method was used to validate the
Pneumatic IPS model. An applied pressure of 3.75 psi (2.59 Pa) was applied to the pneumatic
diaphragms and the displacement of the leading edge was matched. It is worth noting that the bag
locations in the Pneumatic IPS FEM were not symmetric about the thickness. This was due to the
slight asymmetry of the bag installation on the physical wind tunnel model. The location of the
pneumatic bags and rubber stoppers in the FEM closely matches that of the physical model.

Figure 5-15: Mesh Convergence Results
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Figure 5-16: Deformation of Pneumatic IPS prototype airfoil and FEM Models
Inspection of Figure 5-16 indicates that the FEM closely matches the physical displacements
of the Pneumatic IPS model in both the un-deployed and deployed configurations. The results
presented in this chapter were taken at fully un-deployed and fully deployed.

Intermediate

deployments were not possible due to the prototypical nature of the system. Slight leaks in the
pneumatic system required higher input pressures than an ideal, perfectly sealed system.
Nevertheless, the matching deformations ensure that the same stress state at the ice/leading edge
interface was achieved. The lengths of the elements at the ice/aluminum interface that were used in
this model are displayed below in Table 5-4.
Table 5-4: Interface Mesh Sizes, Pneumatic IPS FEM

Leading Edge/Plate

Mesh Size
Length along Interface
(inches)
9.84 x 10-3

Mesh Size
Through Thickness
(inches)
1.0 x 10-2

Ice

3.40 x 10-2

3.20 x 10-2

Part
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5.3.

Pneumatic IPS Finite Element Results
The delamination in this test was mixed-mode as with the Plate Bending model. Therefore,

the mixed-mode failure displacement was used. The five ice patch locations depicted in Figure
5-22 were analyzed and the results have been shown in Figure 5-17 through Figure 5-21. Recall,
the shape of the figures below was due to the initial curvature of the ice and leading edge before
actuation. The deformation of the leading edge causes a “bridging” effect at the center of the ice
patch, depicted in Figure 5-2. This is reflected in the FEM results as a large Mode I displacement
and thus, a large total contact pair displacement.
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Figure 5-17: Zone 1 FEM Delamination Results
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Figure 5-18: Zone 2 FEM Delamination Results
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Figure 5-19: Zone 3 FEM Delamination Results
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Figure 5-20: Zone 4 FEM Delamination Results
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Figure 5-21: Zone 5 FEM Delamination Results
Recall, points that exceed the red mixed-mode failure displacement threshold have
delaminated. The finite element models predicted that the first four ice patch locations would
delaminate. This can be observed in the results for each ice patch, Figure 5-17 through Figure 5-20.
The small fraction of the ice patch that remains beneath the red line in these cases was predicted not
to delaminate because the majority of the patch had delaminated such that there was not enough
remaining force on the ice to free this small section. This slight bond was also observed in
experimental tests. The shapes of the contact displacement curves were due to the initial curvature
of the ice patch resisting the bending motion of the leading edge. This is reflected as a large, final
Mode I displacement. The behavior was previously depicted in the schematic of the Pneumatic IPS
schematic, Figure 5-2.
The fifth ice patch was predicted to partially delaminate. The forward and aft sections of the
patch were not predicted to delaminate. These sections represent 4.6% and 11% of the original
ice/aluminum interface surface length respectively.
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5.3.1. Pneumatic IPS Prototype Airfoil Experimental Results
The goal of this test was to validate and gain confidence in the finite element capabilities of
delamination modeling using simple tests to gather the input data. The FEM model predicted
complete delamination for all but one ice patch location. The experimental test conditions mirrored
the finite element procedures. Ice patches were placed at 5 different geometric locations along the
airfoil. The different locations did or did not delaminate depending on the individual stress state
and bending stresses associated with system actuation. Each test was performed three times. For
every location, each of these three tests showed the same delamination behavior. The results have
been indicated in Figure 5-22. The patches with green circles delaminated, patches 1-4. An
example photograph of the leading edge after ice delamination is provided in Figure 5-23.

Figure 5-22: Top View of Pneumatic Leading Edge Ice Patch Location Experimental Results

Delamination

Figure 5-23: Sample Delamination of an Ice Patch
The ice patch location marked with a red “X” failed to completely delaminate, ice patch
location number 5. Experiments showed that the fifth patch location exhibited audible delamination
but required significant manipulation to remove the remaining ice patch. Once the remaining patch
was removed the delamination area was observed. This area was surrounded by a cohesive fracture
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area likely due to physical manipulation after actuation, Figure 5-24. This area covered roughly
7.9% and 12.5% of the forward and aft areas of the ice patch location.
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Figure 5-24: Partial Delamination of the Zone 5 Ice Patch
In conclusion, the FEM closely predicted the delamination of ice patch locations 1 through 4
as well as the partial delamination of ice patch location number 5. Continuing to move ice patches
further in the aft direction was not practical because the restraints used to maintain the un-deployed
airfoil shape inhibited the ability to create and remove the edge dam required to make ice shapes. It
is believed that moving ice shapes any further back would result in either no delamination or
artificial delamination results due to premature delamination initiation upon edge dam and restraint
removal.
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6. Pneumatic IPS Shedding Predictions Including Centrifugal Forces

The ability to model delamination of ice from the pneumatic leading edge was verified in
Chapter 5. This chapter focuses on the ability of the finite element method to investigate pneumatic
de-icing system modifications without the need for time consuming and expensive testing.
Parameters that were not analyzed during the rotor ice testing were modeled using the presented
FEM. This included a new pneumatic de-icer design that addresses potential ballistic impact
concerns and the effect of the pneumatic air pressure applied to the bags versus accreted ice
delamination. That is to say that a minimum pressure must be supplied to the pneumatic bags
which is sufficient to actuate the system and induce delamination. In order to model delamination
of accreted ice from a rotor blade, an analytical ice accretion and performance code was used in
tandem with the FEM tools.

In 2010, the Penn State AERTS Rotor Icing, Shedding, and

Performance (ARISP) code was designed to predict natural ice accretion and shedding (11). Some
of the input parameters for the ARISP code that are used to predict ice shedding include the mass of
the ice, surface area of the ice/leading edge interface, spanwise location of the ice, and rotor blade
RPM. The pneumatic de-icer helped promote ice shedding upon actuation after it delaminated a
percentage of the ice shape. This decreased the area of the ice shape bonded to the airfoil surface,
therefore, increasing the interfacial stresses due to centrifugal forces on the remaining area. The
ARISP code was used to determine the percentage of an ice shape which must be delaminated to
promote ice shedding with the aid of centrifugal forces. Then the FEM was used to determine the
minimum pneumatic pressure required to induce this delamination.

6.1.

Modeling Rotor Ice Delamination
One area of interest that was not analyzed in the rotor ice testing efforts, Chapter 2, was the

impact of pneumatic pressure on ice delamination. This information could be used to reduce the
applied pressure/deformation or investigate the effects of leakage of the bags which ultimately
decreases the available pressure. The FEM allows for quick determination of 2-D percent ice shape
delamination versus input pneumatic pressure. Modeling 3-D delamination was computationally
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expensive and thus impractical.

It was necessary to have the same mesh density at the ice/leading

edge interface in the 2-D models as the 3-D models. The leading edge of the 2-D model required
1,156 elements. The length of the elements along the interface was 9.84 x 10-3 in. (2.50 x 10-4 m).
Therefore, roughly 117,500 elements per inch, in the spanwise direction, would be required to
maintain this mesh length along for a 3-D model of the leading edge alone. The pneumatic bags
also required a fine mesh to replicate the actuation behavior. This mesh, along with the mesh of the
base airfoil, would also need to be extended into the spanwise direction. Ultimately, the time
required to run a 3-D delamination prediction was excessive for design purposes.
The AERTS Rotor Icing, Shedding, and Performance (ARISP) code is an analytical code
that can be used to predict ice accretion, rotor performance, and natural ice shedding. The 2-D
analysis of percent ice shape delamination combined with the ARISP code produced an efficient
method for predicting delamination.
6.1.1. The AERTS Rotor Icing, Shedding, and Performance Code
The ARISP code is a combination of NASA’s Lewis Ice Accretion program (LEWICE),
blade element momentum theory (BEMT) code, and a natural ice shedding code. The ARISP code
has been shown to predict ice accretion, rotor performance degradation, and natural ice shedding
events as a function of rotor geometry and icing conditions (11).
6.1.1.1.LEWICE Overview
The LEWICE program was developed by the icing branch at NASA Glenn (formerly Lewis)
Research Center (53).

The program is designed to aid in the analysis of rotorcraft in icing

conditions. Compared to a fixed-wing ice accretion model the LEWICE program must take into
account the constantly changing aerodynamic environment of a rotor blade. The angle of attack
varies with azimuth in forward flights and the accreted ice shape may alter the effective angle of
attack of the airfoil section. The program is capable of modeling azimuthal variations in airspeed
velocity due to forward flight, although, the present analysis focuses on hover conditions. The most
significant inputs to the code include LWC, MVD, Temperature, rotor blade geometry, and flight
conditions. These inputs are then used to model the thermodynamics of super cooled water droplets
impacting and freezing on a body. The program operates through three modules. First, a flow field
is calculated with a potential flow solver for the initial airfoil geometry. Second, the droplet
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trajectories are modeled using a particle dynamics approach. Third, the thermodynamic and ice
growth rate calculations are performed and the body coordinates are modified due to accreted ice.
Finally, the new geometry is recorded and the process begins again starting with the modified
geometry.
LEWICE has been validated in the NASA Glenn Icing Research Tunnel (IRT) during over
842 data runs with 7 airfoil geometries. Wright et al. validated the program demonstrating a 7.2%
deviation from the experimental tracing and an overall variability of 2.5% (54).
6.1.1.2.ARISP Analysis Concept
The icing analysis must be broken into multiple steps to allow for analysis of modified
airfoil geometry due to ice accretion or shedding events. These steps allow for performance
analysis of the new airfoil geometry. A schematic of this process is depicted in Figure 6-1.

Figure 6-1: ARISP Process (11)
The time step for analysis is user specified and was set at the default value of 10 seconds for
the purpose of this analysis. At each time step the code is stopped, ice shapes are updated, then
performance characteristics are updated, and the tensile and shear forces are calculated to determine
if a shedding event has occurred. The new airfoil geometry is input back into LEWICE and the
program begins again once these calculations are complete. This process repeats until the preset
final icing time is reached. A more thorough depiction of this process is depicted in Figure 6-2.
Each module is explained in more detail in the following sections.
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Figure 6-2: ARISP Code Flow (11)
Blade Element Momentum Theory (BEMT)
Rotor system forces such as total torque and thrust are calculated in this module. These
results are not investigated in this analysis, however, other outputs are required for the subsequent
input into LEWICE as the airfoil geometry changes due to ice accretion. The spanwise angle of
attack and velocity distribution are calculated and input to the LEWICE module to determine
sectional ice accretions.
The BEMT code was developed based on the methods outlined by Leishman (55). Detailed
description and validation of the BEMT code were performed by Brouwers upon designing the
ARISP code (11). Significant changes between a typical hover BEMT code and the ARISP BEMT
code include the ability to modify the local lift, drag, and pitching moment characteristics of the
blade. The modified local lift coefficient, Cl, and drag coefficient, Cd, are constantly updated in a
dynamic library that is being modified by the performance module.
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LEWICE
Ice shapes are generated and useful information such as the 2-D cross sectional area and the
2-D length of the ice/leading edge interface are output in the LEWICE module. These two outputs
are used to calculate the centrifugal forces on the ice shape and the shear force at the interface.
LEWICE 3.0 was chosen for ARISP code due to its accuracy and ease of integration with
MATLAB. Once limitation of the ARISP code pertains to the flow velocity. The LEWICE
program is only validated up to Mach 0.45 due to testing limitations in the IRT. While higher Mach
numbers can be predicted, the heat transfer coefficient does not behave as expected. The next
limitation is due to the use of the potential flow solver. Potential flow is accurate at low (<0.7) and
high (>1.3) Mach numbers. In the transonic range, the potential flow solver is inaccurate because
part of the flow is subsonic and part is supersonic. Using a potential flow solver can also cause
errors near stall. This can be an issue for rotorcraft particularly, however, present analysis operates
at AOA=0 and μ=0 so this is avoided.
The integration of LEWICE to the ARISP code is relatively simple and has been outlined in
Figure 6-3.

Figure 6-3: LEWICE Integration (13)
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The ARISP code iterates multiple times. Each time a LEWICE batch file is called that
contains an input file. This input file is constantly being updated after every iteration. The function
“lewice_input_gen.m” formats and arranges the user inputs from the ARISP code. Some of these
inputs include the interval time (TSTOP), the MVD (DPD), chord (CHORD), angle of attack
(AOA), and temperature (TINF). A sample input file is provided in Figure 6-4.

Figure 6-4: Sample LEWICE Input File
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The second input file required for the LEWICE batch file contains the geometry of the
airfoil. This geometry is non-dimensionalized by the chord. The first iteration uses the “clean”
geometry of the airfoil being studied. As ice accretes LEWICE outputs a file titled “final1”. This
file contains the new airfoil geometry with the accreted ice shape. This new geometry is written to
the “working_airfoil_xyd” and the working airfoil geometry is used in the next iteration as the input
geometry for LEWICE. This working airfoil geometry continues to accrete ice and is updated until
a section of ice has shed. Once a part of the ice shape has shed the “clean” geometry is then
implemented over the shed section. The working airfoil file now contains an iced blade geometry
until the spanwise location of shedding. The clean airfoil geometry is then applied and extends until
the blade tip. The next iteration will accrete more ice on the unshed ice shape and begin to accrete
ice on the clean airfoil section. This process repeats for multiple shedding events until the final
icing time is reached. The batch file which is called by the ARISP code contains the LEWICE
executable, Figure 6-5. This process is necessary because LEWICE requires two input files. First
the ARISP code calls the batch file, Figure 6-6. The batch file then calls the LEWICE executable
which contains the input and geometry files. The line which contains “y” is required to bypass the
LEWICE warning messages that are generated if the user exceeds any of the aforementioned
limitations.

Figure 6-5: LEWICE Executable

Figure 6-6: Windows Batch File
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Ice Shedding Module
The ARISP was initially designed to predict natural ice shedding. Natural shedding occurs
when the centrifugal forces acting on the ice shape overcome the shear adhesion strength and tensile
strength of the ice shape.
The ARISP model of shedding is similar to that developed by Fortin et al. (56). The
accreted ice shape has been discretized into small sections. A schematic of the discretization of the
rotor blade, along with the net forces acting on the ice shape, is provided in Figure 6-7. In some
cases, the aerodynamic forces may be as large as 20% of the centrifugal forces on the ice element.
Scavuzzo et al. have developed a finite element method approach for quantifying the influence of
aerodynamic forces in ice shedding (57).

They concluded that at high speeds and high angles of

attack the stresses from direct aerodynamic loading must be considered in the analysis of stresses of
impact ice accreted on aerodynamic surfaces. The critical Mach number for significant influence of
aerodynamic effects was determined to be M=0.46 (57). The present analysis had zero angle of
attack and a max Mach number of M=0.17 at the tip of the test section, consequently, the effect of
aerodynamics was ignored.

Figure 6-7: Discretization Process with Applied Forces (11)
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The two critical forces evaluated in the ice shedding module are the shear adhesion and
tensile forces. Equation 14 was used to determine the centrifugal force, 𝐹!" , on a differential ice
element.
𝐹!" = 𝑚!"# 𝑟Ω!

14

Where 𝑚!"# is the mass of the differential ice element. The mass is calculated from the
cross-sectional area, 𝐴! , of the differential ice element output by LEWICE file ‘thick.dat’. This
value is multiplied by the spanwise length of the differential element and the density of ice. The
location of the differential element, 𝑟, and the rotational speed of the blade, Ω, are also required to
determine the centrifugal force acting on any differential ice element. Equation 15 calculates the
ice tensile force (cohesive force):
𝜎!∗ = 𝜎! 𝐴!

15

In the ARISP code, the cross sectional area is not always equal to the output value directly
output by LEWICE. The cross sectional output is the cross section of the ice shape accreted in the
most recent iteration. The new “working airfoil” geometry is input at each iteration. This new
geometry contains the newly iced geometry of the airfoil. For this reason the area values from the
‘thick.dat’ file are iteratively added to those from the previous ‘thick.dat’ file to determine the
current ice cross sectional area. A schematic of this process is provided in Figure 6-8.

Figure 6-8: Ice Cross Sectional Area Process (13)
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Figure 6-9: Tensile and Shear Parameters (11)
The shear adhesion pressure generated at the ice/leading edge interface is dependent on the
centrifugal force and the surface area of the ice/leading edge interface. The ice impingement limits
are calculated in the LEWICE module. These limits are used to determine the surface length, 𝑠!"# ,
of the interface. The ‘imp.dat’ output file contains the upper and lower limit of the ice shape. This
information is output in multiple forms including non-dimensional absolute coordinates x/c, y/c,
surface length coordinates based on the airfoil stagnation point,
coordinates based upon the leading edge,
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determine the non-dimensional surface length of the ice/leading edge interface by Equation 16.
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𝐴!"! = 𝑠!"# ∗ 𝑙!"#

17

𝑠!"# =
The adhesion surface area is then,

Where 𝑙!"# is the length of the discretized ice section.
The ARISP code was modified in this section to account for pneumatic de-icing. A percent
of the surface length along the ice/leading edge interface left remaining after system actuation can
be determined from the 2-D FEM. Therefore, it is useful to know how much of the ice shape must
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be delaminated using the pneumatic IPS in order to promote ice shedding. The percent of the ice
shape which remains attached to the airfoil can be gradually decreased in order to find the critical
value. Equation 17 becomes,
𝐴!"! = (𝑠!"# ∗ %!"#$%&%&' ) ∗ 𝑙!"#

18

As more ice is delaminated the remaining area available to withstand the centrifugal shear
forces is decreased. This increases the shear adhesion stresses over the remaining area until the
shear adhesion strength is exceeded and the ice delaminates. The ice shear adhesion and tensile
strength values are required to determine failure.

The shear adhesion strength value can be

determined in the ARISP code depending on surface roughness and icing conditions. However, for
this analysis the shear adhesion strength was set to 39.94 psi. This is the value which corresponds
to the shear adhesion strength used in the FEM. The tensile strength of ice is calculated in the
ARISP code. This value is a function of icing conditions and the ARISP code uses the relationship
developed by Chu et al. (58).
Delamination predications begin at the rotor tip.

If both the tensile forces and shear

adhesion forces overcome the tensile strength and shear adhesive strength for a discretized ice
section then that section is considered to have shed. The process continues inboard until the
discretized ice shape is no longer shed. Once the shedding analysis is complete the new geometry
of the blade is input to the LEWICE code and the process repeats. The red sections in Figure 6-10
represent a discretized section which has been analyzed and shed. This process continues until the
section does not shed.

Figure 6-10: Shedding Analysis (11)
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6.1.1.3.Testing Conditions and Results
A test scenario reproducible by the AERTS facility was selected, mostly based on the
limitations of LEWICE. The first group of parameters were determined from the experimental tests
in Chapter 4. The shear adhesion strength value that was gathered for the FEM model corresponds
to grade II titanium with a surface roughness of 26 +/- 0.9 Ra µin tested in an environment with a
LWC of 2 g/m3, an MVD of 25 µin and temperature of -14˚C (27). For convenience the
aforementioned icing conditions will be used. This allows for the implementation to the analysis of
the same ice/leading edge cohesive parameters used in Chapter 5. A full-scale rotor blade exceeds
many of the limitations of LEWICE so a smaller scale test was modeled (as reproducible in
AERTS). The AERTS facility often performs rotor IPS tests at two RPMs. A high RPM to
represent the actuation difficulties of high CF at the blade tip and a low RPM to represent the low
CF at the root that make ice is difficult to remove. Chapter 2 demonstrated that the pneumatic deicing system can operate under high CF. Therefore, this model examined the capabilities of the
system to de-ice under CF comparable to the root of a full-scale blade. To match the low CF at the
20% span of a typical rotor blade with a span of 30 ft (9.14m) rotating at 225 RPM the model was
performed at 280 RPM. A rectangular planform blade was modeled with the same airfoil geometry
(NACA 0012) as the FEM model. Namely, a NACA 0012 geometry with a chord of 16 in. (4.01 x
10-1 m). The blade was 55.5 in. (1.41 m) long with a 12 in. (3.05 x 10-1 m) test section protected
with the pneumatic de-icing system located from 78-100% span. Just as the blade used in Chapter
2, the test rotor blade is only protected with the pneumatic de-icing system towards the tip. In order
to accrete 0.25 in. (6.35 x 10-3m) of ice the model was run for 130 seconds. This resulted in an
average ice thickness in the test section of 0.2553 in. (6.48 x 10-3m). The rate of ice accretion of
this model without pneumatic system deployment is depicted in Figure 6-11. The final accreted ice
thickness of this model without pneumatic system deployment is depicted in Figure 6-12. The final
ice shapes along the test section of the blade are shown in Figure 6-13.
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Figure 6-11: Rate of Ice Accretion before Actuation

Figure 6-12: Final Ice Accretion Thickness before Actuation
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Figure 6-13: Final Ice Shapes before Actuation
Once the desired ice accretion thickness was reached, the percent of the ice shape surface
area in contact with the airfoil surface was gradually decreased in the ARISP code. This adhesion
area was decreased until entire test section area was shed.

This represents a gradual increase in

bag pressure causing an increase in the delamination due to pneumatic actuation. It was found that
62% of the ice shape must remain bonded for the ice to not fail. In other words, if after actuation
only 61% of the ice shape remained attached, then the centrifugal forces were sufficient to
completely delaminate the ice on the test section. The results of this delamination are depicted in
Figure 6-14, Figure 6-15, and Figure 6-16. The rate of ice accretion of this model with pneumatic
system deployment is depicted in Figure 6-14. The ice shape has been shed. This is represented by
the decrease in ice thickness along the protected section of the blade. The final ice accretion
thickness of this model with pneumatic system deployment is depicted in Figure 6-15. Again the
ice thickness along the protected section of the blade indicates that the ice shape has been shed. The
final ice shapes along the test section of the blade are shown in Figure 6-16. Here it can be seen
that the blade is clean of ice along the protected area.
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Figure 6-14: Rate of Ice Accretion after Actuation

Figure 6-15: Final Ice Accretion Thickness after Actuation
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Figure 6-16: Final Ice Shapes after Actuation
6.1.2. FEM Design Modifications
The FEM development for this analysis was nearly identical to that used in Section 5.1 The
models used in this section were modified from the existing Pneumatic IPS model. The same
cohesive surface from Section 5.1 was defined at the ice/leading edge interface.

To avoid

redundancy, only the specific FEM modifications will be discussed in detail.

The three

modifications that were made included the addition of a LEWICE generated rime ice shape, a
symmetry constraint, and slight pneumatic de-icing system geometry redesign.
This analysis focused on the 2-D delamination of an accreted ice shape due to pneumatic deicing system deployment. An ice shape was generated using LEWICE and attached to the leading
edge cap of two pneumatic de-icing system designs.
The Pneumatic IPS model in the aforementioned section incorporated the entire 2-D cross
section of the pneumatic de-icer. This was chosen because the ice patch was only located on the top
of the leading edge and the bag location was not symmetric about the mid-plane on the physical
wind tunnel model. Both of these conditions could influence the final ice patch delamination result
had they been ignored by using a symmetry boundary condition. This chapter will assume that the
pneumatic de-icer is built symmetrically. The Pneumatic IPS model in this analysis included a ysymmetry constraint applied about the mid-plane, see Figure 6-17.
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The use of a symmetry

constraint decreased the computational time for each model. Recall, a symmetry constraint allows
the model to be simplified. The behavior of the model still performs as if the entire model was
present.

Figure 6-17: Pneumatic IPS Model with Ice Shape
One potential concern with regards to the Pneumatic IPS design was the ballistic tolerance
of the leading edge. The leading edge is “floating” on the pneumatic bags 0.2 in. (5.08 x 10-3m)
from the airfoil substructure. If a small object such as a pebble was to impact the leading edge cap
it could dent the leading edge cap and degrade the aerodynamics. This concern led to a slightly
different design concept called the “Ballistic Design,” Figure 6-18. The ballistic design features a
reinforced area behind the leading edge cap. This reinforced area has the potential to transfer
impact stresses from the leading edge cap to the airfoil substructure and improve the ballistic
tolerance of the system. The ballistic design model was the same as the model depicted in Figure
6-17 except the forward bag was been removed and replaced with an aluminum substructure. The
leading edge cap is not attached to the substructure.

The un-deployed state of this de-icing

prototyped uses the vacuum pressure of the remaining bags to pull the leading edge against the
substructure.

Forward Pneumatic
Bags Removed

Figure 6-18: Ballistic Pneumatic IPS Design with Ice Shape
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6.1.3. 2-D Ice Delamination Results
The finite element models provide an efficient method of determining the percent of the
ice/leading edge interface remaining after system actuation and subsequent delamination. The
maximum pressure available to the pneumatic diaphragms due to centrifugal pumping is roughly 4
psi (2.76 x 104 Pa). Analysis was initially run on the two pneumatic de-icing designs, baseline and
ballistic, for 4, 3, 2, and 1 psi of applied pressure. The results for these models are displayed in
Figure 6-19 and Figure 6-20 where the percent value in the legend corresponds to the percent of the
ice shape that had not delaminated. The 4 psi (2.76 x 104 Pa) case is not included in the baseline
figure because the entire ice shape delaminated.

Figure 6-19: Baseline Pneumatic IPS Delamination
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Figure 6-20: Ballistic Pneumatic IPS Delamination
Table 6-1: Percent Delamination vs. Applied Pressure Summary
Applied Pressure
(psi)

Baseline Model: Percent Ice
Shape Remaining

Ballistic Model: Percent Ice
Shape Remaining

4.0

0

13.7

3.0

15.9

18.7

2.0

25.5

28.3

1.0

60.1

75.5

The results in the two previous figures are summarized in Table 6-1. This test demonstrates
that for 2 psi (1.38 x 104 Pa) or 3 psi (6.07 x 104 Pa) the two forward bags do not significantly aid in
delamination. The forward bags are predicted to add roughly 15% more delamination at very low
pressures. At very high pressures the forward bags are predicted to also improve delamination by
roughly 15%.
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The true nature of ice shedding must take into account the effects of centrifugal forces.
Section 6.1.1.3 determined that the pneumatic de-icing system must delaminate 39% of the original
ice/leading edge interface in order to promote ice shedding. This means that if 61% or less of the
original ice/leading edge interface was remaining after actuation then the centrifugal forces would
be sufficient to induce delamination. The FEM was used to determine the applied pressure that was
required from each pneumatic de-icing design to provide sufficient delamination to induce
shedding. The results are shown in Figure 6-21 and Figure 6-22.
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Figure 6-21: Baseline Delamination vs. Input Pressures
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Figure 6-22: Ballistic Delamination vs. Input Pressures
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The FEM results indicate that very little pressure was required to initiate a full delamination
of the test section under combined pneumatic actuation and centrifugal loading. Recall, the 2-D
ice/leading edge surface length after actuation that would induce delamination was 61%. This value
was achieved at roughly 1.0 psi (6.89 x 103 Pa) for the baseline Pneumatic IPS design and 1.1 psi
(7.58 x 103 Pa) for the ballistic design. This result indicated that roughly 1.0 psi (6.89 x 103 Pa)
would be required to de-ice this particular icing condition at the root of the blade and therefore,
anywhere else on the blade is expected to delaminate as well. This is because the most difficult area
of a rotor blade to de-ice is the root. The centrifugal forces acting on the ice due to the rotation of
the blade are lowest at the root. Therefore, the pneumatic de-icing system would be required to
delaminate more of the accreted ice to induce shedding.
It may beneficial to choose the ballistic design for a full-scale system. The added material
behind the leading edge many offer more protection against small particle impacts that could dent
the leading edge. The removal of the two forward pneumatic bags did not lead to significant
degradation of de-icing capabilities.

These applied pressure vs. delamination data have been

summarized in Figure 6-23. This data shows that the de-icing capabilities of both designs are
comparable for almost the entire range of pressures that can be generated from centrifugal pumping.
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Figure 6-23: Percent Ice Shape Attached vs. Input Pressure
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7. Conclusions and Recommendations for Future Work

7.1.

Conclusions

7.1.1. Rotor Icing and Aerodynamic Testing
Rotor ice testing and aerodynamic testing of a centrifugally powered pneumatic de-icing
prototype for helicopter rotor blades was accomplished. The pneumatic de-icing system was
comprised of spanwise pneumatic bags that deform a metallic leading edge. The pressures needed
to actuate the system were envisioned to be obtained from the centrifugal pumping capability of the
rotor, eliminating the need for pneumatic slip rings. During the proof-of-concept tests performed
during this research, due to the truncation of the rotor system, a pneumatic slip-ring was used to
transfer +/-3.7 psi (+/- 2.58 x 104 Pa) to the de-icing system. The pressures used were representative
of the pressures available on a full-scale rotor, and as experimentally measured in a full-scale rotor
system during prior research (46). The deformation of the leading edge introduced transverse shear
stresses along the leading edge that promote ice delamination of accreted ice. From the conducted
research, the following conclusions can be made:
•

The drag aerodynamic performance degradation of the proposed system due to deployment
(NACA 0012) was quantified to be less than the negative effects of ice accretion by a factor
of 2.3 at 10 degrees angle of attack. This trend was observed for other angles of attack as
well. Therefore, once ice accretes, the system only aids in the removal of the accreted ice
without further degrading the aerodynamics of the system during ice removal.

•

The proposed pneumatic de-icing configuration successfully removed dangerous ice
accretion from the rotor under icing conditions at 20% and 90% centrifugal load of a
representative vehicle using applied pressures no greater than those available from
centrifugal pumping, +/-3.7 psi (+/- 2.58 x 104 Pa).

•

The system was able to instantaneously delaminate ice accretion for points within the FAR
25/29 Appendix C continuous and intermittent icing envelopes.

The tested conditions

included Liquid Water Concentrations varying from 0.2 g/m3 to 2 g/m3, Median Volume
Diameter droplets varying from 15 µm to 45 µm, and temperatures between -18.7⁰C to 4.7⁰C.
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•

Ice accretion thicknesses as small as 0.06 in. (1.52 x 10-3 m) were successfully removed for
temperatures warmer than -15⁰C. The maximum ice thickness needed to promote ice
delamination at colder temperatures was quantified to be 0.2 in. (5.08 x 10-3 m). This
additional thickness requirement was a comparable thickness to that allowed by state-of-theart electrothermal de-icing. The reason for the increase ice thickness requirements was
attributed to stiffening of the pneumatic diaphragms at colder temperatures, less than -15⁰C,
as well as the increase in ice adhesion strength of the material.

7.1.2. Analysis of Finite Element Tools
A commercially available finite element software package, ABAQUS, has a specific
element type used for delamination modeling. This element was originally developed to model
composite/adhesive delamination. The present research investigated the capability of this element
for use in the application of ice/leading edge delamination. Moreover, it was determined whether
the cohesive zone parameters could be gathered with bench top tests. This approach was important
because the parameters that define the ice/leading edge interface are a complex function of
temperature, surface roughness, and type of ice, among others. Therefore, these parameters must be
experimentally determined for a given icing condition to accurately predict a complex ice
delamination event. The first part of this research used a combination of experimental tests and
finite element techniques to quantify the ice/leading edge interfacial failure parameters. Once the
interface properties were determined, the Pneumatic IPS wind tunnel airfoil was modeled in
ABAQUS and the failure behavior of ice patches was predicted versus chordwise location. These
predictions were validated with experimental results. Based on the experimental and FEM analysis
the following conclusions were made:
•

The cohesive zone method is capable of modeling ice/leading edge delamination behavior
due to deformation.

•

The cohesive interface parameters required to define the ice/leading edge interface can be
gathered using novel experimental tests.
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•

The Mode II interfacial shear strength can be determined by modeling a pure shear loading
test.
o The Mode II/III interfacial shear strength inputs were determined to be S, N = 1.95 x
106 (N/m2), Kss, Knn = 1 x 1012 (N/m3), GIIC, GIIIC = 2 (N/m) for the given testing
conditions and mesh size.

•

The Mode I interfacial peel strength can be determined by modeling a mixed-mode
delamination test given the pure Mode II shear failure and the mixed-mode failure powerlaw coefficient.
o The Mode I interfacial peel strength input was determined to be T = 1.4 x 106
(N/m2), Ktt = 1 x 1012 (N/m3), GIC = 1 (N/m) for the given testing conditions and
mesh size.

7.1.3. Rotor Ice Shedding Model with 2-D FEM Analysis
The Penn State ARISP code was modified to analyze ice accretion and shedding due to
pneumatic deployment on a rotor in hovering flight. The model was based on a coupling of
NASA’s LEWICE ice accretion code with pre- and post-processors. The code has the ability to
predict ice accretion, altered rotor performance, and natural ice shedding. The 2-D finite element
analysis developed in this thesis could be related to the ARISP code. The FEM has the ability to
output the percent of an ice shape which remained attached to a rotor blade after pneumatic IPS
actuation. This value was related to the ice adhesion surface area output from the LEWICE code.
The user decreased the ice adhesion surface area in the ARISP code. This decrease in surface area
corresponds to an increase of ice adhesion stresses over the remaining area. The ice shape was
predicted to have shed once the adhesion stresses at the remaining interface overcame the shear
adhesion strength of the ice. The modified ARISP code predicted a critical ice adhesion surface
area of 61% or less of the original area was required to initiate complete delamination of the test
area for the given testing condition. Recall, the icing conditions used in this analysis pertained to
grade II titanium with a surface roughness of 26 +/- 0.9 Ra µin tested in an environment with a
LWC of 2 g/m3, an MVD of 25 µin and temperature of -14˚C. Two pneumatic de-icing designs
were evaluated to determine the minimum required input pressure needed to delaminate sufficient
area to promote ice shedding. From the conducted research, the following conclusions can be
made:
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•

The ARISP code can be modified to determine the minimum percent delamination
required to initiate ice shedding using an IPS.
o The percent of attached ice shape required to induce shedding was 61% for the
given icing conditions.

•

The 2-D finite element analysis was sufficient to determine the necessary pneumatic
pressures required to actuate the pneumatic IPS and achieve ice shedding.

•

The contribution of the front two bags on the Pneumatic IPS may not be necessary to
promote ice shedding.
o 1.0 psi (6.89 x 103 Pa) was required to initiate delamination with the aid of the
two forward bags in the baseline pneumatic IPS design.
o 1.1 psi (7.58 x 103 Pa) was required to initiate delamination without the aid of the
two forward bags in the ballistic pneumatic IPS design.

•

The ballistic design could offer beneficial ballistic resistant compared to the baseline
Pneumatic IPS with minimum detriment to de-icing capabilities.
o Only an additional 0.1 psi (6.89 x 102 Pa) was required to promote ice shedding
using the ballistic design.

7.2.

Recommendations for Future Work
Delamination modeling using the cohesive zone method was effective at predicting

ice/leading edge delamination when the interfacial properties were gathered using bench top tests.
This result could save great time compared to complex testing methods used for gathering
delamination parameters with ice. The success of this bench top testing must now be applied to
impact ice accretion on an actual rotor blade before it is of practical use to researchers. In 2010 the
ARISP code was validated for natural ice shedding conditions (11). The newly modified ARISP
code incorporates the partial delamination of an ice shape due to actuation of a novel pneumatic deicing system. The true value of this research requires validation of the modified ARISP code. Once
the code is validated, high-level analysis of a pneumatic de-icing system using the FEM can be
performed. This high-level analysis can be used as a basis for future pneumatic de-icing system
design and optimization.
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The next logical step in the FEM delamination work is to expand the delamination
prediction to rotor blade application. The present work has gained confidence in the ability to
model ice/leading edge delamination using novel methods to define the cohesive interface. This
process should be advanced to complex impact ice and de-icing methods. A method for the
modified ARISP validation is explained in the subsequent sections.
7.2.1. Defining the Interfacial Failure Properties
The Pusher test was used to gather the pure shear failure strength for the finite element
models. A similar test is required to determine the shear adhesion strength value for any given
impact icing condition. The AERTS facility has a novel testing method to determine the shear
adhesion strength of impact ice on a given test specimen. A test blade, shown in Figure 7-1, is
equipped with a 3.6 in. (9.14 x 10-2 m) test section at the tip. This test section accretes ice in the
AERTS facility until centrifugal forces acting on the ice shape are sufficient to delaminate the ice.

Grip Attachment

Test Section
Figure 7-1: Ice Adhesion Strength Testing Blade
The test section is shown in detail in Figure 7-2. The increase in load due to ice accretion is
registered by strain gauges attached to the root of the test section. A rapid decrease in load indicates
the loading condition that induces pure shear adhesion failure at the ice/leading edge interface. The
surface area of the shed ice shape is measured and the shear adhesion strength value for that
particular icing condition is determined. Soltis has a thorough explanation of the testing methods
used to quantify impact ice shear adhesion strength (27).
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Figure 7-2: (a) Adhesion Beam with Exposed Strain Gauges, (b) Adhesion Beam Tip
Assembly, (c) Adhesion Beam with Blade Assembly, and (d) Adhesion Beam with Exaggerated
Bending Center Line (27)
The shear adhesion strength must be determined for every testing condition due to the
variation in impact ice shear adhesion strength with LWC, MVD, and temperature. The surface
roughness of the test coupon must also match the surface roughness of the pneumatic de-icing
system being tested.
The other parameter required for defining the ice/leading edge interface is the Mode I peel
adhesion strength. Section 4.3 determined the Mode I parameter using a mixed-mode test and finite
element analysis. The AERTS facility does not have an experimental test to determine the Mode I
interfacial failure strength. A testing method is outlined below which could be used to gather the
Mode I failure delamination strength in a similar manner as in Section 4.3.
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Forward Bolt Holds
Test Area in the Ice
Accretion Position

Ice Accretion
Configuration

Aerodynamic
Housing
Mixed-Mode
Delamination Configuration

Aft Bolt Holds Test Area in the
Delamination Position
Figure 7-3: Mode I Failure Strength Test Blade
The test blade in Figure 7-3 works on a similar principle as the shear adhesion strength
blade. This blade will accrete ice in the same manner, however, after the ice has been accreted the
rotor will be stopped. The test section is then aligned with the direction of CF force by removing a
bolt on the forward part of the test area, turning the test area, and inserting the bolt in the aft section
of the test area. A housing can be attached (purple) which diverts airflow around the test section so
only the CF is acting on the ice shape. The rotor RPM can be gradually increased until the
combination of shear and peel stresses delaminate the ice. The ice shape location with respect to
the axis of rotation, the rotor RPM, and the strain gauge readings provide sufficient data to
determine the applied load which was required to remove the ice shape. These become inputs to the
finite element model that mirror the experimental test which gathered the input data. The shear
adhesion failure is known and the Mode I failure value is manipulated until the FEM Mode I
matches the experimental delamination. This Mode I failure value then provides accurate peel
delamination behavior for the given mesh density.
These tests will be sufficient to gather the interfacial properties for the given icing
parameters. The ARISP code can then be used to predict the percent of the ice shape which must be
delaminated to promote ice shedding. Once this percentage has been determined, the FEM can be
used to find the input pressure required to delaminate a sufficient percentage of the ice shape and
induce ice shedding. These predictions can then be validated with experimental tests.
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7.2.2. Validation of 2-D FEM and ARISP Predictions
Once the FEM data is combined with the ARISP code for the given icing conditions the
rotor icing tests can be performed. It is important that the FEM match the geometry of the test
blade as closely as possible to avoid unwarranted errors. For this reason a very controlled geometry
was selected which is often used in the AERTS lab. The lab has multiple “paddle” style blades
which consist of a thin-chord spar which extends from the grip to a larger test section. The test
section is used to perform tests on active systems such as active tabs, electro-thermal de-icing, and
ultra-sonic de-icing systems. This blade geometry is ideal for model validation because it has a
controlled test section span and geometry.

A potential pneumatic de-icing system has been

superimposed on one of the AERTS paddle blades in Figure 7-4.
Grip Attachment

Pneumatic

~NACA 0024 6.02 in. Chord

Taper Section

Tubes

Pneumatic
Leading Edge

NACA 0012, 16 in. Chord
Figure 7-4: Potential Pneumatic De-icing Blade
Each test must be performed at the same icing conditions that the FEM interfacial properties
were determined to ensure repeatability of the ice interface delamination behavior.

The

experimental ice shapes must be verified with the LEWICE ice shapes and matched in the FEM to
ensure accurate ice shape surface area. Once the icing condition has been recreated on the test
blade, the pressure applied to pneumatic de-icer can be gradually increased until the ice is shed.
This critical pressure value will be compared to that of the combined FEM and ARISP code for
validation.
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The validation of this combined code will allow future pneumatic de-icing designs to be
investigated without expensive and time consuming tests. The ice shear and peel adhesion test
blade can perform quick tests using the leading edge material which will be implemented on the
final pneumatic de-icing system. These tests should be performed at the “worst case scenario” icing
condition to determine the maximum ice adhesion strength in the icing envelope that the pneumatic
de-icer will encounter.

The new FEM is to be developed with the interface matching these

parameters. Then a lookup table can be created for multiple ice shape delamination versus applied
pressure using the FEM. The ARISP code can be run for either a full blade at a particular icing
condition. The user then investigates which ice shape occurs along the span of the blade and refers
to the lookup tables for the percent remaining after system actuation. The percent ice shape
remaining at each spanwise location for the given icing condition is input into the ARISP code and
delamination along the entire blade can be analyzed.
7.2.3. Inclusion of Ice Fracture
The present research utilized simplification assumptions that should be investigated further.
The most notable assumption was that the ice shapes were thick enough to resist fracture. Bench
top testing along with rotor ice testing demonstrated that thin patches of ice often fracture before
delamination occurs. Rotor icing tests also demonstrated the ability of the pneumatic de-icing
system to delaminate very thin layers of accreted ice (< 0.1 in., < 2.54 x 10-3m). High-speed
visualization during a related experiment showed the ice patch shedding in multiple sections due to
fracture of the ice during delamination. Whether the ice delaminated before or after fracture is
unclear. If the ultimate benefits of the pneumatic de-icing system are to be realized, then operation
at low ice thicknesses must be performed. Future research should work to include the effects of
fracture in delamination modeling of thin ice shapes.
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