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Abstract 

The goal of this research was to design a helicopter rotor blade lead edge that had high sand 

erosion resistance and was conducive 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 leading edges removed 

material from the inside of the cap. However, there were concerns about structural integrity and erosion 

wear when material was removed. A new system of adding material to the inside of the leading edge 

instead of removing material to create stress concentrations was researched for this thesis. Finite element 

analysis was used to determine the optimal locations for the discontinuities for the ultrasonic IPS. The 

discontinuities 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 TSCs were in regions of normally 

low stress in the baseline model before the addition of the TSCs. The addition of the TSCs creates stress 

concentrations as well as increased the original local maximum stresses. Initial models showed increases 

in average interfacial shear stress of 20%. Since the first FEM was not practical to construct as a bench 

top experiment, a second model was developed. Next, a bench top experiment and matching finite 

element model were built to validate the finite element analysis. The finite element model predicted a 

decrease of 9% in interfacial shear stress when TSCs were added to the bench top model. The bench top 

experiments confirmed the ineffectiveness of TSCs. There was no reduction in power required to de-ice 

when the TSCs were added to the bench top model. 

The next part of the research focused on the material used 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 materials must also be compatible with ice protection systems. The ice adhesion strength of 

titanium nitride and titanium aluminum nitride (TiAlN) were evaluated experimentally and compared to 

the ice adhesion strength of uncoated metallic materials currently used on rotor blade leading edge caps: 

stainless steel 430, Inconel 625, and titanium grade 2. Experimental studies presented in this paper 
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investigated which environmental and material parameters are most influential on impact ice adhesion 

strength. The 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 on ice adhesion strength. There was an increase in 

adhesion strength of 670% from -8°C to -16°C and 250% increase from 24 Ra µin to 105 Ra µin. An 

increase in water droplet size from 20 µm to 40 µm decreased the ice adhesion strength by 65%. The 

adhesion strength increased 15% when shear forces were applied 90° with respect to the grain direction as 

compared to a 0° loading configuration. While inside the Federal Aviation Regulation Part 25 and Part 29 

Appendix C icing 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 and coating surface roughness. An empirical 

extrapolation method to predict ice adhesion strength with varying temperature is presented and validated 

on metallic materials. The data for each material was reduced down to an average adhesion strength over 

the test conditions.   The average ice adhesion for the TiAlN and TiN coatings together was 51.5% higher 

than the three uncoated metallic materials together. Titanium aluminum nitride has the highest average 

adhesion strength of 75.1 psi and titanium grade 2 has the lowest with 36.9 psi over all of the test 

conditions. 

The final phase of research compared a modern electrothermal IPS to a one of a kind laboratory 

test model for a ultrasonic IPS with a TiAlN coating on a 0.04" titanium grade 2 leading edge in the 

Adverse Environment Rotor Test Stand. The IPSs were evaluated for power required to de-ice and de-

icing effectiveness. Both de-icing systems were tested at two different icing conditions. The ultrasonic 

IPS required 289 W at -15°C and 243 W at -8°C. The ultrasonic IPS was able to de-ice the majority main 

ice shape and some of the ice feathers at both temperatures. When the electrothermal IPS was tested at 

similar powers as the ultrasonic IPS, the electrothermal system de-iced as well as the ultrasonic system. 

Lastly, the electrothermal system was tested at a more typical higher power of 416 W. At the higher 

power, the electrothermal system was able to remove all of the ice at -8°C and all but a few feathers at -
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15°C. The ultrasonic system could not be tested at higher 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 the mid 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 New York-

Chicago route. In their opinion, these pilots deemed icing the greatest hazard of their flights (1).  

Given this new problem of aircraft icing, the National Advisory Council for Aeronautics (NACA) 

began testing the first icing wind 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, only six inches in diameter, and the inability to 

create small representative water 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 

Tunnel (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 tunnel at NACA Ames in California. In the event the 

Germans attacked NACA Ames during WWII, the IRT could run the same experiments. In August 1942, 

the first icing experiments were conducted on a propeller at the IRT, signaling the beginning of icing 

research and development (1). 

Since the construction of the IRT, many private icing wind tunnels have been built: the Boeing 

Aerodynamic Icing Tunnel (2), Goodrich Icing Tunnel (3), Cox Icing Tunnel (4), and the Icing Wind 

Tunnel at CIRA in Italy (5). Other facilities have been built for full-scale helicopter icing testing: the 

NRC Spray Rig (currently closed) (6), Helicopter Icing Spray System (HISS) (7), and the McKinley 

Climatic Laboratory (8). The Pennsylvania State University Adverse Environment Rotor Test Stand 
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(AERTS), established in November 2009, is 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. Although much has been learned about icing physics 

since the construction of the IRT, de-icing 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 through icing clouds, super-cooled water droplets impact the aircraft and ice 

accretes.  Super-cooled 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 conditions in the laboratory, water is 

purified through a reverse osmosis filtration system to remove all impurities. 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 number 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 cloud (4). The shape of the ice and rate at 

which the ice accretes on the aircraft is dependent upon a number of atmospheric conditions in the icing 

cloud and airspeed. The parameters controlling ice accretion are the atmospheric temperature, droplet 

size, water content in the cloud, and accretion time. The droplets in the cloud have a distribution of sizes, 

so the particle size is defined by the median volumetric diameter (MVD) of the particles in the cloud in 

µm (12). The water content in the cloud is defined as liquid water content (LWC) in g/m
3
. Ambient 

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 respectively (13). The icing standard is the same for both fixed-wing 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 three atmospheric parameters determines the 

icing condition; the greater the LWC, the higher the icing accretion severity. The icing envelope is 
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divided into continuous and intermittent icing. During continuous icing, less severe icing conditions are 

seen by the vehicle, as shown in Figure 1. The LWC ranges from 0.06 g/m
3
 to 0.8 g/m

3
, and the MVD 

ranges from 10 µm to 40 µm (13).   

 
Figure 1: Continuous icing envelope (13) 

 

During icing encounters, high severity conditions could be experienced for a short time. These high ice 

accretion rates occur intermittently. The intermittent icing envelope is shown in Figure 2. The LWC 

ranges from 0.3 g/m
3
 to 2.9 g/m

3
, and the MVD ranges from 15 µin to 50 µin.  These icing envelopes 

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

 

There are three icing regimes that accrete on aircraft wings: glaze, mixed, and rime. Predicting 

what ice regime will accrete is a difficult task because the regime has a complex dependency on 

temperature, LWC, and MVD. A loose guide line is presented in Figure 3. It is easier to classify the ice 

regime after the ice has accreted (Figure 4).  Glaze ice is typically characterized by a clear ice color and 

the large protrusions known as horns. The glaze ice regime is normally encountered at relatively warm 

temperatures, large MVDs, and high LWCs. As depicted in Figure 5, when the droplets impact the 

surface, the 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 pockets trapped within the ice since the droplets freeze on 

impact. Rime ice is typically encountered at cold temperatures, small MVDs, and low LWCs. There is no 

distinct line where the ice regime changes from glaze to rime due to many complex conditions (14). The 

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 in nature (12).       
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Figure 3: General guide lines for ice regime 

  

 
Figure 4: Ice regimes glaze (a), mixed (b), and rime (c) 

 
Figure 5: Glaze ice process 
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1.1.3. Rotorcraft Icing Issues 

As ice accretes on the rotorcraft blades, 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 can damage the 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 airfoil (14). 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 tested can be seen in 

Figure 6. The ice in the case shown below was accreted at -9.7 °C, 58.1 m/s, 20 µm MVD, and 2.1 g/m
3 

LWC for 5 minutes with no angle of attack (14). 

 
Figure 6: Ice shape used for aerodynamic performance experiments (14)  

 

The comparison of the aerodynamic performance with and without the ice can be seen in Figure 

7.  At angles of attack (AoA) below 6°, there was a factor of five increase in drag due to the ice shape at 

the leading edge.  At AoAs greater than 6°, there was a dramatic increase in the drag coefficient (Cd). 
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form the  Right before stall at an AoA of 15°, the drag measured with a wake survey (2D) for this specific 

icing case was nine times higher than the clean airfoil. An increase in drag will increase the required 

rotorcraft torque and power required to maintain a flying condition. At AoAs below 6°, there was a small 

decrease in lift coefficient (Cl), and as the AoA increases there was more of a Cl deficit. Right before stall 

at an AoA of 15°, there was a 35% decrease in Cl. The 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 descend. Without the ice, the pitching moment 

coefficient Cm was relatively constant until stall. With ice accretion in the leading edge, the Cm was very 

dependent on AoA. This will change the blade dynamics (14).                

 
Figure 7: Cd vs AoA and Cl vs AoA for a NACA 0012 with and without ice (14) 

 

If the rotor blades do not have an ice protection system, a large mass of ice can accrete prior to 

natural shedding due to centrifugal 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 passengers, and in extreme cases cause 

damage to the aircraft (15).        
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1.1.4.  Ice Protection System 

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 (IPS) or if the active system fails, a low-adhesion 

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 over time. Rotorcraft cannot afford to compromise erosion protection for a low-adhesion 

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 between 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. Testing revealed 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 factor of five (16).        

           

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

 



 

9 

 

A specific example of an icephobic coating is the silicone coating developed by NuSil, a silicon 

manufacturer. The NuSil coating R-2180 has significantly lower ice adhesion strength as compared to 

other commercial coatings. A paper presented by NuSil at the 2012 AHS International forum shows the 

R-2180 coating had an adhesion strength 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 was the surface roughness values of 

the materials presented (17).    

 
Figure 9: Comparison of adhesion strength for commercial coatings to the NuSil R-2180 coating (17)  

   

1.1.4.2. Fluid Anti-Icing Systems 

In the early 1960's, Bell Helicopter developed a fluid anti-icing system for the UH-1 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 anti-icing, the fluid IPS could work in a de-icing 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 11-gallon reservoir. From there, the fluid was pumped to the main 
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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 system can be seen 

in Figure 10. The system was successfully tested at the Ottawa spray rig at a temperature of -20°C and an 

LWC of 0.8 g/m
3 
(18).  

 
Figure 10: Fluid Anti -icing System Schematic (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 both anti-ice and de-ice. The 

disadvantage of the fluid IPS is the weight and volume required, the short operational time, the need for 

pneumatic slip rings, and the potential of holes located on the blade to clog. The 11-gallon tank adds 

significant weight and only protects against ice accretion for 84 minutes. Bell Helicopter recommended 

that the fluid IPS development continue for production on the UH-1, but funding was never made 

available (18).              

1.1.4.3. Electrothermal 

Electrothermal IPSs are the most common IPS and the only type of IPS currently used for 

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 of the leading edge skin, which provides protection from erosion. When a voltage 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, foil and 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 (CNT) (19). Electrothermal IPSs can run 

in an anti-icing mode but typically run in a de-icing mode due to power requirements and water run back.           

 
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, water from the melted ice can run and freeze on 

unprotected areas (18). 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 power, around 25 W/in
2
 

(20). To minimize the power draw, the heaters are broken up into span-wise or chord-wise 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 UH-60 Black Hawk. The US Army required that the helicopter be able to operate in 

icing conditions with temperatures as low as -20°C and LWSs of up to 1.0 g/m
3
. The 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 1976 led to 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, the blades could only 

be powered in pairs to reduce the power required to 25 W/in
2
. Six hours of flight-testing in artificial icing 

conditions behind the US Army's CH-47 Helicopter Icing Spray System (HISS) from 1979 to 1980 and 

20 hours of natural icing conditions in Minnesota from 1979 to 1981 confirmed the ability of the 

eletrothermal IPS to protect the UH-60 Black Hawk (20). 

 An example of a nonconventional electrothermal IPS is the Goodrich Low Power Electrothermal 

De-icing (LPED) system. 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 flight-tested on a fixed wing aircraft. LPED was designed with an anti-icing 

parting strip at the stagnation point of the airfoil and de-icing zones aft of the parting strip. The parting 

strip was cycled from 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 the de-icing zones. Resistance temperature 

devices (RTD) monitored the temperature of the parting strip, and the parting strip heater element was 

limited to 220°F. The de-icing zones were powered by a pulse of energy from a bank of 3500 farad 

capacitors. The capacitors discharge into the de-icing 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 conventional system (21). 

 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 process goes as followed: CNTs between 80 µm to 100 µm 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 the Si-wafer to 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 & Company wind tunnel. The CNT IPS was tested at temperatures from 25°F to -5°F 
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and used power ranges from 0.6 W/in
2
 to 5 W/in

2
. The CNT IPS was able to anti-ice and de-ice; however, 

there were issues with ice bridging to unprotected areas and islands of ice building up (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 in 2001 (22) 

(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 and anti-icing was not 

practical due to power concerns; therefore,  a system using higher frequencies would be more efficient at 

heating the ice (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 is little 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 heater (23). Microwave 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 pneumatic de-icing for helicopter rotor blades is erosion. Prototype 

pneumatic boots (similar to those used in fixed-wing configurations), developed by Goodrich, were fitted 

to the leading edge of the main rotor blades of a UH-1 in a chord-wise and span-wise orientation as seen 

in Figure 12. Bleed air from the turbine engine was used to inflate the boots in 2 seconds. When inflated, 

the boots create transverse shear stress at the ice interface due to the large displacement, and the accreted 

ice was delaminated. The prototype pneumatic IPS could de-ice the blades at temperatures down to -20°C 
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and LWCs as high as 0.8 g/m
3
. It was also determined that a minimum ice thickness of 0.3 inches is 

required for effective and reliable de-icing (18). 

 
Figure 12: Pneumatic boot arrangement for UH-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 stretchable fabric used to create the air pockets was 

a layer of natural rubber followed by a weathering surface. 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 

characteristics. While not in use, a vacuum was pulled 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 increase from the inflated boots was not an issue since the drag due to the unshed ice is 

higher than the inflated boots. Another consideration was the natural shedding abilities of the elastomeric 

material. At higher boot thickness, the apparent adhesion strength of the ice decreases. This decrease was 

due to the creation of shear stress at the ice interface when the elastomer distorts under centrifugal loads 

(24).  The drawbacks of pneumatic de-icing were the 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, Bell Helicopter and the US Army studied whether a shaker mounted at the root of a 

blade could induce vibrations strong enough to de-ice the blade. The shaker frequency matched the 

resonant frequencies of the blade to maximize deflection. As seen in Figure 13, there were four locations 

of interest for the shaker. A 0.5 hp motor drove a pair of 1.25 lb eccentric weights to create the vibrations. 

It was estimated that a flight-worthy vibratory system for a UH-1 would weigh 67 lbs and require 1.3kW 

of power.  The test system was able to de-ice the blades from -5°C to -15°C. The shaker was activated for 

2 seconds at up to 35 g's. The down side to the vibratory system was the weight of the shaker and the 

fatigue loads generated (18). Another similar system actively twists the blades with piezoelectric patches 

alone the blade (25).  Rotor blade fatigue and aerodynamic effects related to blade vibration were a 

concern for the proposed system. 

 
Figure 13: Possible locations for blade shaker (18)   

    

1.1.4.7. Electroimpulsive 

The heart of an electroimpulsive de-icing 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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See Figure 14 for a coil mounting schematic. A bank of high voltage capacitors store the energy that is 

discharged into the 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. The electroimpulsive 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 than fixed-wing aircraft wings. The 

leading edge of a rotor blade is solid to support banding loads and the leading edge of a fixed-wing can be 

hollow and the bending loads are carried more toward the middle of the blade. Removing leading edge 

material to make room for the coils and drilling holes for the wires, degrades the stiffness and fatigue 

capabilities of the blade (18).       

 
Figure 14: Coil mounting schematic (18)   

 

 
Figure 15: Magnetic force (left) eddy current (right) (26) 
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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 build sensors 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 materials is lead zirconium titanate (PZT). PZT-4 is a popular material 

to use as a de-icing actuator due to its larger stiffness and block force capability compared to other PZT 

materials (27)(28)(29). Early experiments and modeling of piezoelectric de-icing of leading edge skins 

drove shear actuators in the sonic range (1-1500 Hz) around the first few resonances of the structure. De-

icing was achieved at temperatures of 5, 15, and 20 °F. The 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 lends credit to the belief that the 

delamination was mainly caused by heating and not mechanical failure of the ice interface (31). The key 

to instantaneously delaminating the ice is to drive the actuators in the ultrasonic range around the natural 

frequency of the actuator. The first finite element models and experiments of an ultrasonic piezoelectric 

de-icing were performed by Palacios et al. on square steel plates with free-free boundary conditions with 

patches of freezer ice in 2011 (28). 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 greater than the ice adhesion strength. Experiments showed 

clear instantaneous cracking and delamination of ice patches for an input power of 50W (28).   

To evaluate the ultrasonic de-icing system on a more representative aerostructures and impact of 

icing conditions, a NACA 0012 wing section with a 22 inch span and of 28 inch chord was modeled and 

tested in an icing wind tunnel. The finite element models were able to roughly predict the regions of ice 

that would delaminate. The experiment was run at -15°C, 1.5 g/m
3 
LWC, 20 µm MVD, 67 m/s airspeed, 

and 3 degrees AoA. The de-icing 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 electrothermal de-icing 
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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 ultrasonic de-icing system for rotorcraft blades came from Overmeyer et al. in 2011 (27). A driver 

program was developed by Overmeyer and it added a DC bias to the voltage sent to the actuators to drive 

the actuators in compression only. 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 de-icing system was designed and constructed 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. The de-icing system was able to 

remove ice over a wide range of icing conditions for a maximum input power of 185 W (27). 

1.2.  Erosion Overview 

1.2.1. Helicopter Blade Sand Erosion Background  

During take-off and landing, the down wash from the rotor blows sand, dirt, and debris into the 

air. The hard 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 Middle East, see Figure 16. Replacing helicopter blades is an 

expensive process costing approximately $500,000 per helicopter. In 2003, the US Army reported the cost 

of replacement rotor blades for the AH-64 Apache, CH-47 Chinook, and UH-60 Blackhawk was $189 

million for that year. A large contributor to the blade damage was sand erosion (32).    
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Figure 16: CH-60 landing in the Ninawa province of Iraq (32) 

      

During the life-time of the blades, 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 erosion (33). The base 

airfoil shape was an NACA 60-414. The CFD solver used was the unstructured Navier-Stokes FUN2D 

developed by NASA Langley Research Center. The non-dimensional, by chord length, outlines for the 

baseline and damaged airfoil sections can be seen in Figure 17. The most 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 coefficient, Cl max, of the eroded section was 

reduced by 16%, and stall occurs 1 degree earlier, but drag of the eroded section did not increase until 

after stall. The linear decrease in sectional lift coefficient seen in the linear range of Figure 18 and the 

apparent addition of material in Figure 17 is due to a geometry error and not erosion (33). Without this 

error, the difference in Cl prior to stall between the damaged and baseline case would be negligible, and 

the change in Clmax would also be less.     
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Figure 17: Comparison of baseline contour to eroded contour (33)   

     

 
Figure 18: Degradation in lift and drag coefficients due to erosion (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 material (34). There are three significant factors that contribute to how a material will erode: 
































































































































































