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Abstract

The goal of this research w#&s design a helicopter rotdrlade lead edge that dhdigh sand
erosion resistance and wasnducive to ultrasonic ice protection systems (IPSs). The first section of
research tried to tailor the leading edge to promote ice interfacial transverse shear stress created by the
ultrasonic vibration of piezoelectric actuators. Previous work done to tailor leadings edgeved
material from the inside of the cadowever, here were concerns about structural integrity and erosion
wear when material was removed. A new system of adding @aterihe inside of the leading edge
instead of removing material to create stress concentrations was researchedHesithiSinite element
analysis was uskto determine the optimal locatiofar the discontinuitiedor the ultrasonic IPSThe
discortinuities located in the optimal location are called Tailored Stress Concentrators (TSCs). Using the
finite element results, it was determined that the best location for the W&€ regions of normally
low stresan the baseline model before the agigitof the TSCsThe addition of the TSCs creat&sess
concentrations as well as incredsiee original local maximum stresses. Initial models showed increases
in average interfacial shear stress of 2@ce the first FEM was not practical to constrasta bench
top experiment, a second model was developékt, a bench top experiment and matching finite
element model were buitb validate the finite element analysiBhe finite element model predicted a
decrease of 9% in interfacial shear stresswh8Cswereadded to the bench top model. The bench top
experiments confirmed the ineffectiveness of TSCs. There was no reduction in power requiraab to de
when the TSCs were added to the bench top model.

The next part of the research focused on the nahtesed for the leading edge erosion cap.
Coating systems based on titanium nitride (TiN) applied via cathodic arc physical vapor deposition (CA
PVD) were developed for rotorcraft erosion caps to protect against sand and rain erosion. Erosion
resistant raterials must also be compatible with ice protection systems. The ice adhesion strength of
titanium nitride and titanium aluminum nitride (TiAINyere evaluated experimentally and compared to
the ice adhesion strength of uncoated metallic materials dyrresgid on rotor blade leading edge caps:

stainless steel 430, Inconel 625, and titanium grade 2. Experimental studies presented in this paper



investigatel which environmental and material parameters are most influential on impact ice adhesion
strength. Tk effects of median volumetric diameter, liquid water content, ambient temperature, surface
roughness, and material grain direction were tested on stainless steel 430. Tests revealed that surface
roughness and temperature have the greatest effect onhiesi@u strength. There was an increase in
adhesion strength of 670% frof@°C t0-16°C and 250% increase from R& pin to 105Rapin. An
increase in water droplet size from 20 um to 40 um decreased the ice adhesion strength by 65%. The
adhesion strengtimcreased 15% when shear forces were applied 90° with respect to the grain direction as
compared to a 0° loading configuration. While insideRbderal Aviation Regulation Part 25 and Part 29
Appendix Cicing envelop for liquid water content, an increase from 0.5 to 2 g/m”~3 had a 7% reduction in
ice adhesion strength. A test matrix to evaluate ice adhesion strength of erosion resistant materials was
developed, investigating the effects of temperature eoating surface roughness. An empirical
extrapolation method to predict ice adhesion strength with varying temperature is presented and validated
on metallic materialsThe data for each material was reduced down to an average adhesion strength over
the st conditions. The average ice adhesion for th&IN and TiN coatingstogethemwas 51.5% higher
than thethreeuncoated metallic materiategether Titanium aluminum nitride has the highest average
adhesion strength of 75.1 psi and titanium grade 2tha lowest with 36.9 psi over all of the test
conditions.

The final phase of research compasatiodern electrothermdPS to aone of a kind laboratory
test model for aultrasonic IPS with a TiAIN coating oa 0.04" titanium grade Rading edgen the
Adverse Environment Rotor Test Starfithe IPSs were evaluated fpower required to dice andde
icing effectivenessBoth deicing systems were tested at two different icing conditions. The ultrasonic
IPS required 289 W all5°C and 243 W at8°C. The utrasonic IPS was able to-lee themajority main
ice shape andomeof the ice feathers at both temperatures. When the electrothermal IPS was tested at
similar powers as the ultrasonic IPS, the electrothermal systecedi@s well as the ultrasonic syste
Lastly, the electrothermal system was tested atore typical higher powesf 416 W. At the higher

power, the electrothermal system was able to remove all of the i&Giand all but a few feathers -at

iv



15°C. The ultrasonic system could not be testettigher powers due to the fracture limit of the actuator.

Actuator failure was observed at high applied voltages and power.
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1. Introduction
1.1.Icing Overview

1.1.1. Aircraft Ice Testing History

Aircraft icing was not a concern for early aviators, mainly because the lack of technical
instrumentation meant that pilots had to fly by Visual Flight Rules (VFR), thereby avoiding flying though
clouds. With the advent of flight instrumentation in thed 1920s, pilots started to increase the flying
envelope to include Instrument Flight Rules (IFR). As part of their efforts to keep service on time, the
U.S. Air Mail Service was the first group to fly in IFR conditions and encounter icing on the Néw Yor
Chicago route. In thepinion these pilots deemed icing the greatest hazard of their f(ights

Given this new problerof aircraft icing theNational Advisory Council for Aeronauti¢gdlACA)
began testing the first iainwind tunnel at Langley in 1928. Two nozzles up stream of the test chamber
injected water particles into the airflow to create an artificial cloud. The two major downsides to this first
icing wind tunnel were the small size of the test section, onlynsixeis in diameter, arttie inability to
create small representativater particle sizes. Commercial nozzles at the time could not create natural
icing conditions. In the spring of 1942, the NACA started construction of the 6 ft by 9 ft Icing Research
Tunrel (IRT) at then the Aircraft Engine Research Laboratory, now NASA Glenn, in Cleveland Ohio.
The IRT is a modified version of the 7 ft by 10 ft tunneN&CA Ames in California. In the event the
Germans attacked NACA Ames during WWII, the IRT could ringame experiments. In August 1942,
the first icing experiments were conducted on a propeller at the IRT, signaling the beginning of icing
research and developméi).

Since the construction of the IRT, many private icing wimehebk have been built: the Boeing
Aerodynamic Icing Tunnef2), Goodrich Icing Tunne(3), Cox Icing Tunnel(4), and the Icing Wind
Tunnelat CIRA in Italy (5). Other facilities have been built for fidtale helicopter icing testing: the
NRC Spray Rig (currently closed®), Helicopter Icing Spray System (HIS&)), and the McKinley

Climatic Laboratory(8). The Pennsylvania State Universiydverse Environment Rotor Test Stand



(AERTS), established in November 2008 a hover test stand for small scale rotor testing in icing
conditions(9)(10)(11).

The scope of testing abilities of these facilities ranges from flight certification to fundamental
physics, including ice protection prototype testing. Althougltimhas been learned about icing physics
since the construction of the IRT,-téng systems still consume a lot of power, and research into more
efficient ice protection systems is recommended.

1.1.2. Ice Accretion Physics

As aircraft fly throgh icing clouds, supesooled water droplets impact the aircraft and ice
accretes. Supeawoled water is water below the freezing point but has not yet frozen. This occurs in pure
water when there is no seed crystal to build upon. To create these emiitithhe laboratory, water is
purified through a reverse osmosis filtration system to renaiémpurities. In order to create an
artificial icing cloud, the purified water and air are pumped through a series of nozzles that aerosolize the
water. The nmber of active nozzles and the difference between the air and water pressure controls the
amount of water and the size of the water droplets in the icing ¢éudhe shape of the ice and rate at
which the ice accretes on th&craft is dependent upon a number of atmospheric conditions in the icing
cloud andairspeed The parameters controlling ice accretion are the atmospheric temperature, droplet
size, water content in the clowahdacaetion time The droplets in the cloutave a distribution of sizes,
so the particle size is defined by the median volumetric diameter (MVD) of the particles in the cloud in
pm (12). The water content in the cloud is defined as liquid water content (LWC) ih gfmbient
temperature, MVD, and LWC parameterize the icing envelope. The Federal Aviation Administration
(FAA) has defined two icing envelopes in the Federal Aviation Regulations Part 25 and Part 29 Appendix
C for aircraft and rotorcraft respective]¥3). The icing standard is the same for both fixédg aircraft
and rotorcraft. The icing envelope is defined by the ambient temperature, the MVD of the water droplets,
and the LWC of the cloud. The relationship between the thraesagheric parameters determines the

icing condition the greater the LWC, the higher the icing accretion severity. The icing envelope is



divided into continuous and intermittent icing. During continuous icing, lessesieitgeg conditions are
seen by the ehicle, as shown ifigure 1. The LWC ranges from 0.06 girto 0.8 g/m, and the MVD
ranges from 1Qum to 40pm (13).
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Figure 1. Continuous icing envelope(13)

During icing encounters, high severity conditions could be experigioce short time. These high ice
accretion rates occur intermittently. The intermittent icing envelope is showigume 2. The LWC
ranges from 0.3/ to 2.9 g/m, and the MVD ranges from 14in to 50pin. These icing envelopes

must be used in all artificial icing test facilities to create conditions representative of naturél3jing
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Figure 2: Intermittent icing envelope(13)

There are three icing regimes that accrete on airctiafysv glaze, mixed, and rim@redicting
what ice regime will accrete is a difficult task because the regirae & complex dependency on
temperature, LWC, and MVD. A loose guide line is presentdeigare 3. It is easier to classify the ice
regime after théce has accretedrigure4). Glaze ice is typically characterized aylearice color and
the large protrusions known as horns. The glazedganeis normally encountered at relatively warm
temperatures, large MVDsnd high LWCs. As depictedn Figure 5, whenthe droplets impact the
surface, tk water has a chance to splash and run along the surface before freezing. At the other end of the
regime spectrum is rime ice. Rime ice conforms tightly to the shape of the object that it accretes on and
has an opaque color. The color is due to air podkappedwithin the ice since the droplets freeze on
impact. Rime ice is typically encountered at cold temperatures, small MVDs, and low LWCs. There is no
distinctline where the ice regime changes from glaze to rime due to many complex cond4iprige
transition between glaze ice and rime ice is the mixed ice regime. Typically, the main ice shape is clear

like the glaze regime, and the feathers aft of the main ice shape are rime irf{I®ture
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1.1.3. Rotorcraft Icing Issues

As ice accretes on the rotorcradftades, the aerodynamic performance of the aircraft is greatly
degraded. As ice on the blades sheds unevenly, the imbalance created by centrifugal forces on the rotor
can create high vibratory loads. The excessive loads cangdatin@ rotor and make piloting the craft
difficult.

Recent wind tunnel experiments performed by Han et al. determined the change in lift, drag, and
pitching moment coefficients due to ice accretion on a NACA 0012 a{ffd)l The ice accretion tests
were conducted in the Pennsylvania State University Adverse Environment Rotor Test Stand. Then, the
ice shape was cast in hard plastic and tested in a wind tunnel. One of the ice shapes teswzkoan be
Figure6. The ice in the case shown below was accretel.aC, 58.1 m/s, 2um MVD, and 2.1 g/r?]

LWC for 5 minutes with no angle of atta¢l4).
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Figure 6: Ice shape used for aerodynamiperformance experiments(14)
The comparison of the aerodynamic performance with and without the ice can be Bigman
7. At angles battack (AoA) below 6°, there wasfactor of fiveincrease in drag due to the islkeape at

the leading edge At AoAs greater tan 6°, there waa dramatic increase ithhe drag coefficient (§.



form the Right before stall at an AoA of 15°, tideag measured withwaake survey (2Djor this specific

icing casewas nine times higher than the cleairfoil. An increase in drag wilincrease the required
rotorcrafttorque and powetequired to maintain a flying conditioAt AoAs below 6°,there was small
decrease in lift coefficient (7 and as the AoA increases there wasre of a Cdeficit. Right before stall

at an AoA of 15°there wasa 35% decrease in,.CThe decrease in lift will also drive up the power
required to fly. If the power required increases above the available power, the aircraft will no longer be
able to maintain the flying condition and will have to descendhd\it the ice, the pitching moment
coefficient G, wasrelatively constant until stall. With ice accretion in the leading edge, thea€ very

dependent on AoA. This will change the blade dynaifiid3
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Figure 7: C4vs AoA and G vs AoA for a NACA 0012 with andwithout ice (14)
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If the rotor blades do not have an ice protection system, a large mass of ice can accrite prior
natural shedding due to centgf forces. It is very unlikely that the ice will shed uniformly from every
blade. The subsequent imbalance will induce very high 1/rev vibration loads through the hub. The
vibrations will most certainly be uncomfortable for the pilot and passengersp axtréme cases cause

damage to the aircrafib).



1.1.4. Ice ProtectionrSystem
1.1.4.1. Low Ice Adhesion Coatings

Low ice adhesion coatings have wide spread use and are the only passive ice mitigation
technique. The lower the ice adhesion strength to the surface, the faster the ice will naturally shed. If an
aircraft cannot afford an active ice protection system (l#S) the active system fails, a leadhesion
coating would minimize the amount of ice buildup before the ice naturally sheds. This category of
materials is sometimes referred to as icephobic. Some icephobic coatings display poor erosion
characteristics wer time. Rotorcraft cannot afford to compromise erosion protection for -adbwsion
coating on the leading edge of the blades, so any potential coating must be tested before and after erosion
to evaluate the coating effectiveness.

A combined effort bateen the US Army Aviation Applied Technology Directorate, Boeing
Rotorcraft, and Pennsylvania State University tested a wide range of potential leading edge materials for
ice adhesion strength under the Rotor Durability Army Technology Objective. Testirgled the
icephobic coatings worked relatively well early in life; however, the coatings degraded significantly over

time due to erosion, and the adhesion strength increased by more than a factdd 6}.five

Shear Adhesion Strength

Figure 8: Comparison of adhesion strength for potential leading edgmaterials (16)



A specific example of an icephobic coating is the silicone coating developed by NusSil, a silicon
manufacturer The NuSil coating 2180 has significantly lower ice adhesion strength as compared to
other commercial coatings. A paper presented by NuSil at th2 2BIS International forum shovibe
R-2180 coating had an adhesistnength 27 times lower than titanium and 14 times lower than stainless
steel, two typical helicopter blade leading edge materials. However, at the time of this publication, the
NuSil coating had not yet been tested for erosion characteristics nor wvasfdee roughness values of

the materials present€ti7).
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Figure 9: Comparison of adhesion strength for commercial coatings to the NuSil-R180coating (17)

1.1.4.2. Fluid Anti-Icing Systems
In the early 1960's, Bell Helicopter developed a fluid -amitig system for the UK Huey
helicopter main rotor and tail rotor. By pumping fluid through a porous leading edge and letting the fluid
flow down the span of the blade, the Bell scientists were able to continually and reliably prevent ice
accretion. In addition to aniting, the fluid IPS could work in a d&ing mode. Ice was allowed to
accrete up to a thickness of 0.3 inches before the fluid was pumped out and the ice shed. A mixture of

alcohol and glycerin was held in an-gallon reservoir. From there, the fluid was pumped to taenm



rotor and tail rotor blades using a 43 gal/hr pump at 15 psi. A pneumatic slinger ring was used to move
the fluid from the fixed frame of the aircraft to the rotating blades. A schematic of the systemseam be
in Figure10. The systemvas successfully tested at the Ottawa spray rig at a temperat@2@@fand an

LWC of 0.8 g/ni(18).
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Figure 10: Fluid Anti -icing System Schemati¢18)

The benefits of this fluid IPS include a low power requirement, the absence of water runback that
can freeze in unprotected areas of the blade, and the ability for the system to bicthandiddce. The
disadvantage of the fluid IPS is the weight atume required, the short operational time, the need for
pneumatic slip rings, and the potential of holes located on the blade to clog. -Gaflobltank adds
significant weight and only protects against ice accretion for 84 minutes. Bell Helicoptermended
that the fluid IPS development continue for production on thelUHut funding was never made
available(18).

1.1.4.3. Electrothermal

Electrothermal IPSs are the most common IPS and the only type of IPS curssdlyfan
rotorcraft(18). They use the Joule heating effect to convert electric energy into thermal energy, in effect
melting the ice interface and promoting shedding. A heating element is typically bonded to the back

surface othe leading edge skin, which provides protection from erosion. \Wkieltage is applied to the
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heater element, the heat is conducted from the element though the skin, and ultimately to the ice interface.
When this technology initially was developed, faihd wires were laid in a grid pattern to evenly
distribute the heat. However, current metallic heaters are being replaced by carbon fiber composites, and
the next generation elements may introduce carbon nano tubes (CNTBlectrothermal IPSs can run

in an antiicing mode but typically run in a eeing mode due to power requirements and water run back.

Ice Accretion

A

=
_BladeSkin_
Flecrothermel | ———
Heater =

e £ A S [ e e

Figure 11: Simplified electrothermal IPS schematic

The disadvantages of electrothermal IPSs are the potential for water runback towards unprotected
areas of the blade (trailing edge region), the hefty power requirements, and the overall weight of the
system. If the heaters are not cycled properly, watem fthe melted ice can run and freeze on
unprotected areafl8). The run back ice will slowly build a wall and severely degrade aerodynamic
performance as mentioned in the previous section. The heaters also require high noonver2s W/

(20). To minimize the power draw, the heaters are broken up inteveigsaror chorevise elements, and
the elements are cycled. To supply the extra power required, a large supplemental auxiliary must be added
to the aircraft(18).

In the late 1970's through the early 1980's, Sikorsky developed an IPS for the engine inlet and
rotor blades for the U0 Black Hawk. The US Army required that the helicopter be able to operate in
icing conditions with temperatures as low-26°C and LWSs of up to 1.0 gAnThe first design only
protected the outboard section of the blades with four chord wise heater elements, all four blades being
powered at the same time. Flight tests in Alaska in 18@6o the qualification of the engine inlet IPS,

but torque increases due to ice accretion on the unprotected inboard section forced a redesign of the rotor
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blade IPS. When the heaters were extended to protect the entire length of the blades, tbeuiiboely

be powered in pairs to reduce the power required to 25°V®ix hours of flighttesting in artificial icing
conditions behind the US Army's G4 Helicopter Icing Spray System (HISS) from 1979 to 1980 and
20 hours of natural icing conditions iMinnesota from 1979 to 1981 confirmed the ability of the
eletrothermal IPS to protect the 8@ Black Hawk(20).

An example of a nonconventional electrothermal IPS is the Goodrich Low Power Electrothermal
De-icing (LPED) sysem. LPED does not continuously send AC or DC electricity to the heating elements
for a predetermined amount of time and zone pattern like a conventional system. During the winter of
2003 and 2004, LPED was fligtested on a fixed wing aircraft. LPED wdssigned with an anicing
parting strip at the stagnation point of the airfoil andaileg zones aft of the parting giriThe parting
strip was cycledrom the 28 volt electric system native to the airplane to maintain the stagnation area free
of ice, and the runback water from the parting strip froze on thieidg zones. Resistance temperature
devices (RTD) monitored the temperature of the parting strip, and the parting strip heater element was
limited to 220F. The deicing zones were powered by alge of energy from a bank of 3500 farad
capacitors. The capacitors discharge into thécithg zones in 1.4 seconds every three minutes. As a
result, LEPD was able to effectively protect the aircraft in icing conditions for 20% to 50% less power
than a caventional systen21).

The latest conventionally powered electrothermal IPS currently being developed is a carbon
nanotube (CNT) IPS. CNTs are fabricated and patched together to make a heater element. The
manufacturing procasgoes as followed: CNTs between|8@ to 100um tall are first grown on silicon
wafers. Then, a sheet of guaranteed nonporous Teflon is placed over the CNTs and a steel tool with a
small radius knocks down and compresses the CNTs in the plane of-wafeSito create a heater
element patch. During 2013 testing, the patches were placed next to one another on a sheet of epoxy film
and cured to build larger heater elements. Two heaters were bonded to the surface of a wing section and

tested in the Cox & Congmy wind tunnel. The CNT IPS was tested at temperatures frémt@55°F
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and used power ranges fr@h® W/irf to 5 W/irf. The CNT IPS was able to aite and ddce; however,

there were issues with ice bridging to unprotected areas and islands ofdasghyp (19).

1.1.4.4. Microwave

Microwave IPSs were tested by the US Army Research and Technology Laboratories at Fort
Eustis Virginia in the mid 1970's and in Germany by Lambert Feher and Manfred Thumm i{22p01
(23). Both tested 2.45 GHz and 22 GHz microwaves to try to melt the ice off the leading edge of aircraft.
It was found that pure ice absorbs negligible amounts of 2.45 GHz radiation aficingntvas ot
practical due to power concerns; therefore, a system using higher frequencies would be more efficient at
heating the ic€23). Performance improved at 22 GHz due to the higher concentration of energy in the ice
(22). Glass fiber reinforced composite (GFRP) and carbon fiber reinforced composite (CFRP) are the two
primary composite variants used in aerospace structures. For this reason, GFRP and CFRP reactance to
microwaves was studied. There ildi signal attenuation though GFRP, so it is more effective if the goal
of the IPS is to emit the microwaves through the structure so the ice can absorb them. CRFP does
attenuate the signal by 30 dB, so it is better as an electrothermal (28t&icrowave radiation was a
concern due to detectability of the vehicle.

1.1.4.5. Pneumatic

Pneumatic IPSs have been designed for rotorcraft blades that have power and weight limitations.
The main issue encountered by pneumatidciiey for helicopter rotor blades is erosion. Prototype
pneumatic boots (similar to those used in fixéidg configurations), developed by Goodrich, were fitted
to the leading edge of the main rotor blades of alliH a chordwise and spafwise orientation aseen
in Figure12. Bleed air from the turbine engine was used to inflate the boots in 2 seconds. When inflated,
the boots create transverse sheasst@at the ice interface due to the large displacement, and the accreted

ice was delaminated. The prototype pneumatic IPS couicedihe blades at temperatures dowr2@C
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and LWCs as high as 0.8 g/nit was also determined that a minimum ice thicknes0.3 inches is
required for effective and reliable-itg@ng (18).

Chordwise tubes

Leéding edge

Spanwise tubes

Figure 12: Pneumatic boot arrangement forUH-1 (18)

To combat the adverse effects that rain erosion has on the boots of the pneumatic IPS, Goodrich
developed and tested a composite boot. On top of the stretchablaufsdatito create the air pocketsswa
a layer of natural rubber followed by a weatheringame. The stiffness of the rubber helped to push out
the air after the ice was removed, and the weathering surface was designed for good rain erosion
characteristis. While not in use, a vacuum waslled on the boots to oppose the natural low pressure on
the surface of the airfoil that would try to inflate the boots, so the boots maintain the desired aerodynamic
shape. The drag ingase from the inflated boots wagt an issue since the drag due to the unshed ice is
higher than the inflateboots. Anotheconsideration wathe natural shedding abilities of the elastomeric
material. At higher boot thickness, the apparent adhesion strength of the ice decreasesrédsie das
due to the creation of shear stress at the ice interface when the elastoontr wister centrifugal loads
(24). The drawbacks of pneumatic-ibéng werethe need of heavy pneumatic slip rings, and the need for

a coating able to protect against both rain and sand erosion.
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1.1.4.6. Electrovibratory

In 1978, Bel Helicopter and the US Army studied whether a shaker mounted at the root of a
blade could induce vibrations strong enough tecdethe blade. The shaker frequency matched the
resonant frequencies of the blade to maximize deflection. Asiséégure 13, there were four locations
of interest for the shaker. A 0.5 hp motor drove a pair of 1.25 Ib eccentric weights to create the vibrations.
It was estimeed that a flightworthy vibratory system for a Ul would weigh 67 Ibs and require 1.3kW
of power. The test system was able tdatethe blades frorb°C to-15°C. The shaker was activated for
2 seconds at up to 3ps. The dow side to the vibratory syem wa the weight of the shaker and the
fatigue loads generat€d8). Another similar system actively twists the blades with piezoelectric patches
alone the blad€25). Rotor blade fatigue anderodynamic effects related to blade vibration were a

concern for the proposed system.

BLADE-MOUNTED SHAKERS

Eccentric weight

-/ — Phasing frequency
control box MODES
Standpi
andeipe Beamwise
MODE Torsional
Beamwise Coupled B/T
a. Shakerin spar b. Shaker aft of spar

HUB-MOUNTED SHAKERS

MODE

Beamwise Beamwise

Torsional
¢. Shakeron-blade root Coupled B/T

d. Shaker on pitch arm

Figure 13: Possible locations for kade shaker (18)

1.1.4.7. Electroimpulsive
The heart of an electroimpulsive -téng system is a coil of wires made of copper ribbon

mounted to the spar or a beam attached to the ribs with a gap of 1 mm between the coil and the wing skin.
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SeeFigure 14 for a coil mounting schematic. A bank of high voltage capacitors store the energy that is
discharged intohe coils. When the charge on the bank is released, a magnetic field grows and decays
rapidly, creating an eddy current in the skin. The magnetic fields repel each other with a force of several
hundred pounds at low displacements but very high accelerations. The two or three impulses will crack
and delaminate the ice on the surface. Tketsimpulsive IPS requires about 1 kW to protect a general
aviation airplane and requires 3 kW to protect a medium sized helicopter. The difficulty in applying the
electroimpulsive IPS to rotorcraft is that the blades are less compliant thamvingaicraft wings. The

leading edge of a rotor blade is solid to support banding loads and the leading edge efvan§aah be

hollow and the bending loads are carried more toward the middle of the blade. Removing leading edge
material to make room for theoils and drilling holes for the wires, degrades the stiffness and fatigue

capabilities of the blad@.8).

Aircraft —,
Surface % -
! - Bulkhead
Rib Mounted _______
To capacitor
To switching unit
Spar Mounted ==-=----2 |
™ Silicon controlled
Doubler rectifier
Coill —

Figure 14: Coil mounting schematic(18)
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Figure 15: Magnetic force (left) eddy arrent (right) (26)

16



1.1.4.8. Piezoelectric Ultrasonic

A material that exhibits the piezoelectric effect will build a charge when strained. This direct
effect is used to buildemsors and energy harvesters. To build an actuator, the reverse piezoelectric effect
is used. When an electric potential is applied across a piezoelectric material, the material will strain. One
of the most popular piezoelectric material$eiad zirconiumitanate(PZT). PZTF4 is a popular material
to use as a deing actuator due to its larger stiffness and block force capability compared to other PZT
materials(27)(28)(29). Early experiments and modeling of piezoelectrieidieg of leading edge skins
drove shear actuators in the sonic rang&5020 Hz) around the first few resonances of the structure. De
icing was achieved at temperatures of 5, 15, and’RR0The system did not delaminate the ice
instantaneously, instead taking up to 251 seconds before the ice fully delaminated and shed from the
airfoil at 5°F (30). The long driving time and melting of the ice interface lendditto the belief that the
delamination was mainly caused by heating and not mechanical failure of the ice int&tjadde key
to instantaneously delaminating the ice is to drive the actuators in the ultrasonic rangetiaeauatural
frequency of the actuator. The first finite element models and experiments of an ultrasonic piezoelectric
deicing were performed by Palacios et al. on square steel plates witldieeleoundary conditions with
patches of freezer ice in 20128). The models matched the impedance of the experiments and predicted
that PZT shear disks driven around the first radial mode of the actuator (28.5 kHz) would produce
interfacial transverse shear stresses that were gtbhatethe ice adhesion strength. Experiments showed
clear instantaneous cracking and delamination of ice patches for an input power (F&0W

To evaluate the ultrasonic -iiging system on a more representative aerostrugmeimpact of
icing conditions, &NACA 0012 wing section with a 22 inch span and of 28 inch chord was modeled and
testedin an icing wind tunnelThe finite element models were able to roughly predict the regions of ice
that would delaminate. The expeant was run atl5°C, 1.5 g/nﬁ LWC, 20pum MVD, 67 m/s airspeed,
and 3 degrees AoA. The lgng system was able to delaminate 1 mm thick ice layers from the airfoil

leading edge with an input power of 200W (70% less power than a comparable electrotiedomng d
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system)(29). During Palacios' tests, PZT actuator debonding and fracture was noted when the system was
overpowered to promote ice delamination at colder ice regimes. The next improvement and step toward a
robust ultrgonic deicing system for rotorcraft blades came from Overmeyer et al. in @¥)1A driver
program was developed by Overmeyer and it added a DC bias to the voltage sent to the actuators to drive
the actuators in compressiamly. Since the tensile strength of PZT is higher in compression than
extension, higher voltages can be applied to the actuator before it fails due to internal stresses created in
the material. Finally, an ultrasonic-@®#ng system was designed and comgtied around an NACA 0015
airfoil with a 12 inch span and 16 inch chord and spun at the end of a 4.5 foot rotor blade at the
Pennsylvania State University Adverse Environment Rotor Test Stand. Tibeglsystem was able to
remove ice over a wide rangeioiing conditions for a maximum input power of 185(1V7).
1.2. Erosion Overview

1.2.1. Helicopter Blade Sand Erosion Background

During takeoff and landing, the down wash from the rotor blows sand, dirt, and debris into the
air. The had particulate impacts the leading edge of the blades and material can be removed. This process
is called sand erosion. Erosion is a major concern for the military as a significant portion of the helicopter
fleet operates in sandy environments in the Midttst,seeFigure 16. Replacing helicopter bladesds
expensive process costing approximately $500,000 per helicopter. In 2003, the US Army reported the cost
of replacement rotor blades for the A4 Apache, CHI7 Chinook, and UF60 Blackhawk was $189

million for that year. A large contributor to the bdedamage was sand eros{82).
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Figure 16: CH-60 landing in the Ninawa province ofiraq (32)

During the lifetime of the blade the blade curvature is changing constantly as material is
removed by subsequent hard particle impacts. The off design contour degrades the aerodynamic
performance of the blades. Calvert at al. performed computational fluid dynamics (CFD) on a modified
AH-64 Apache tail rotor section to study the aerodynamic degradation due to €@8jiomhe base
airfoil shape was an NACA 6014. The CFD solver used was the unstructured N&tekes FUN2D
developed by NASA Langley ResearCenter. The nowlimensional, by chord length, outlines for the
baseline and damaged airfoil sections can be iseEigure 17. The nost severely degraded section was
the top surface from 5% to 35% of the airfoil chord and on the bottom surface between 8% and 22% of
the airfoil chord.Figure 18 shows a plot of sectional lift and drag coefficients as a function of AoA for a
blade section near mid span. The maximum sectional lift coefficiept, ®f the eroded stion was
reduced by 16%, and stall occurs 1 degree earlier, but drag of the eroded didatiohincrease until
after stall. The linear decrease in sectional lift coefficient seen ifints& range ofigure 18 and the
apparent addition of material Figure17 is due to a geometry error and mwbsion(33). Without this
error, the difference in @rior to stall between the damaged and baseline case would be negligible, and

the change in fx Would also be less.
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Figure 17: Comparison of baseline contour to erodedantour (33)

Figure 18 Degradation in lift and drag coefficients due to eosion (Mach 0.5)(33)

1.2.2. Erosion Mechanisms

The rate at which material is removed by sand, dirt, debris, or water is defined as the material
erosion rate. Erosion rate is expressed by the ratio of the mass of the material removed to the mass of
impinging materia34). There are three significant factors that contribute to how a material will erode:
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