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Abstract  
 
A physics-based analytical model to predict the adhesion shear strength of impact 

ice on varying surface morphologies was developed and validated experimentally. 

The model focuses on the surface morphology effects on ice adhesion strength. As 

super-cooled water droplets, having a typical median volume diameter ranging from 

ρπ ÔÏ ψπ ʈÍȟ impact and freeze on the leading edges of aircraft, it is hypothesized 

that the small drops expand and clamp to surface discontinuities, contributing to the 

ice adhesion strength of the material. The derivation of a Newtonian mechanics 

model to calculate the forces required for the removal of ice that has expanded and 

clamped inside macro surface structures is presented. The model requires 

knowledge of the macro-scale (10-6 m) surface geometry.  Newtonian mechanics 

accounted for the expansion and clamping of freezing ice including temperature 

dependent ice properties. The ÍÏÄÅÌ ÉÓ ÄÅÐÅÎÄÅÎÔ ÏÎ 9ÏÕÎÇȭÓ Íodulus, the thermal 

coefficient of expansion of ice, and the coefficient of static friction between ice and 

the adhering substrate. All of these properties are dependent on the variation of 

temperature.  

 The research validated the developed model experimentally.  Firstly, the 

individual parameters as functions of temperature were obtained from literature 

review and experimental measurements. Previous research revealed the correlation 

×ÉÔÈ ÔÅÍÐÅÒÁÔÕÒÅ ÏÆ ÔÈÅ 9ÏÕÎÇȭÓ Íodulus and the thermal coefficient of expansion 

for ice. The relationship for the thermal coefficient of expansion found is valid for 

temperatures ranging between -193.15 and 6.85 °C (-315.67 and 44.33 °F). The 
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9ÏÕÎÇȭÓ Íodulus temperature relationship was obtained from tests presented in the 

literature  that used sea ice.   Secondly, the static coefficient of friction is dependent 

on the surface interaction between the accreted ice and the surface material.  

Through bench top testing, it was determined that the coefficient of friction of ice is 

also dependent on temperature. The coefficient of friction was experimentally 

acquired for a mercaptan and amine blended epoxy (Great Planes 30 Minute Pro 

Two-Part) applied to an aluminum substrate. The coefficient of friction varied from 

0.046 with a standard deviation of 0.015 at -5.8 °C (21.6 °F) to 0.190 with a standard 

deviation of 0.019 at -15.7 °C (3.7 °F), a change of 420%, and is dependent on 

loading conditions and the test environment. 

 The final phase of the research was the experimental validation of the ice 

adhesion model through adhesion strength testing on the Adverse Environment 

Rotor Test Stand (AERTS). To conduct validation testing, controlled surfaces were 

created.  The surfaces were coated with the same mercaptan and amine epoxy blend 

to create a surface that approached a Ra of zero. The actual surface roughness 

measured was a Ra of 0.01 ʈm (3.94 x 10-7 in.). This pristine coating provided a 

baseline against other surface of the same coating that had controlled surface 

roughness.   The epoxy surfaces were ablated using a laser at differing intensities to 

create surfaces with varying roughness depths. The laser etched the coatings at 

0.35, 0.6, and 1.2 W, each with a respective surface roughness of 1.13, 1.95, and 5.11 

Ra (4.45 x 10-5, 7.68 x 10-5, and 2.01 x 10-4 in.). All of these coatings were tested 

within the Federal Aviation Regulation Part 25 and Part 29 Appendix C icing 
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envelope to recreate realistic environmental icing conditions. The pristine surface 

was had an adhesion strength of 4.11 psi (28.3 kPa) with a standard deviation of 

0.75 psi (5.17 kPa) at -8 °C (17.6 °F) and 7.99 psi (55.1 kPa) with a standard 

deviation of 0.94 psi (6.48 kPa) at -16 °C (3.2 °F). While, for example, the coating 

with the most severe ablation (Ra of 5.11 ʈÍɊ ×ÁÓ had an adhesion strength of 22.7 

psi (156.8 kPa) with a standard deviation of 2.70 psi (18.62 kPa) at -8 °C and 42.4 

psi (292.5 kPa) with a standard deviation of 3.45 psi (23.79 kPa) at -16 °C.  These 

measured values were then compared to the model predictions. The maximum 

discrepancy between prediction and experimental results was 9% for the 25 

experimental tests conducted using the 1.2 W ablation surface.  
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Chapter 1: Introduction  
 

1.1 Backgroun d and Motivation  
 

1.1.1 Natural Occurrence of Icing  
 
Aircraft icing is a concern for all aviators; at current operational envelopes aircraft 

encounter various types of weather, including icing.  Icing is caused as aircraft travel  

through adverse environments, namely through an icing cloud.  As the aircraft 

travels through this environment super-cooled water droplets impact and freeze 

onto the lifting surface.  As ice accretes to the surface it causes an aerodynamic 

penalty in performance that leads to a loss of lift and control, which can ultimately 

lead to the aircraft failure and crash (1). 

 

Icing occurs in the operational envelope for both fixed wing aircraft and rotorcraft. 

The operational envelope for aircraft varies depending on type of aircraft as well as 

operational speed.  The maximum altitude reached for a traditional helicopter is 

typically 3 km (10,000 ft.) while an F/W Turboprop can reach an operating altitude 

of 9.1 km (30,000 ft.), as shown in Figure 1 (2). The maximum operational altitude 

of the aforementioned rotorcraft is roughly 20 and 60 percent, respectively, of the 

operational envelope of the F-20. The F-20 can reach an altitude of 16 km (52,500 

ft.), as shown in Figure 2 (3). 
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Figure 1: Operational envelope of rotorcraft (2 ) 

 

 

Figure 2: Oper ational envelope of F-20 (3 ) 
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Icing occurs within icing clouds in the operational envelope. Clouds can occur as 

high as 13.75 km (45,000 ft.), which is well within the operational envelope of both 

rotorcraft and fixed wing aircraft (4).  Different types of clouds occur at different 

altitudes.  Certain cloud types such as Cirrus and Cirrocumulus contain only ice 

particles. The ice particles do not accrete to the cold lifting surfaces of the aircraft. 

Super-cooled water droplets are droplets of water varying in size and cooled below 

0 °C (32 °F), but not yet frozen. Super-cooled water droplets exist within clouds 

where the ambient temperature is cooler than 0 °C. The ambient temperature of the 

atmosphere is dependent on altitude as well as humidity and cloud type (5).  Clouds 

that contain super-cooled water droplets occur within the operational envelope of 

rotorcraft and low altitude aircraft , as shown in Figure 3. The most severe icing 

conditions occur within the Low Cloud (sea-level to 2,000 m) and Middle Cloud 

(2,000 to 6,000 m) regions, where super-cooled water droplets are found within the 

clouds (6). Rotorcraft and low altitude fixed wing aircraft are susceptible to icing 

conditions in lower altitudes where super-cooled water droplets are more likely to 

form. 
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Figure 3: Cloud altitude c lassification ( 6) 

 
If the ambient temperature is lower than the freezing point of a super-cooled water 

droplet than a phase change occurs and the super-cooled water droplet becomes an 

ice droplet. The work of Lutgens indicates that phase changes for the water droplets 

occur naturally as the altitude is increased (7).  Temperature is a function of 

altitude, thus as altitude increases the temperature decreases, see Figure 4.  The 

change in temperature of 6.4 °C per 1,000 m (3.5 °F per 1000 ft.) of altitude 

determines whether droplets will be in liquid or solid form. 
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Figure 4: Temperature  as a function of altitude  (7) 

 

1.1.2 Aircraft Icing Research History  
 
In the early days of powered flight , icing was not a concern. Due to the lack of 

technical instrumentation, pilots flew by Visual Flight Rules (VFR) and avoided 

flying through clouds, thereby avoiding most icing conditions.  With the 

development of flight instrumentation in the 1920s by Jimmy Doolittle  (8), the 

aviation industry increased the operational envelop to include Instrument Flight 
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Rule (IFR) (1). With an increased risk of aircraft icing due to the increased 

operational envelope, the National Advisory Council for Aeronautics (NACA) began 

testing the first icing wind tunnel at Langley in 1928. The wind tunnel used two 

nozzles up stream to inject water particles into the airflow and create an artificial 

cloud. Due to the limitation of commercial nozzles at the time, the water particles in 

the airflow were not representative of true icing conditions. The first icing wind 

tunnel had a small test section of only six inches in diameter. In 1942 NACA began 

construction on the Icing Research Tunnel (IRT) at then Aircraft Engine Research 

Laboratory, now NASA Glenn, in Cleveland, Ohio.  The IRT is a 6 ft. x 9 ft. (1.8 m x 2.7 

m) diameter test section and a modified version of the 7 ft. x 10 ft. (2.1 m x 3.05 m) 

wind tunnel at NACA Ames in California; this was a precautionary measure in the 

event the Germans attacked NACA Ames during WWII.  The first icing experiments 

were conducted on a propeller in August of 1942, and marked the beginning of icing 

research and development (1). 

 

With the advent of the IRT, general aviation now desired to certify their current fleet 

of aircraft to fly in known icing conditions.  This prompted private funding to 

develop and construct multiple icing research facilities: the Boeing Aerodynamic 

Icing Tunnel (BAIT) (9); Goodrich Icing Tunnel (10); and the Icing Wind Tunnel at 

CIRA in Italy (11). Other facilities were also designed and built especially for the full-

scale testing of helicopters in icing conditions: the NRC Spray Rig (currently closed) 

(12); Helicopter Icing Spray System (HISS) (13); and the McKinley Climatic 

Laboratory (14). For smaller scale testing the Pennsylvania State University 
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constructed the Adverse Environment Rotor Test Stand (AERTS), which features a 

hover icing test stand for small-scale testing up to 3.05 m (10 ft.) diameter rotor 

blades (16)(17).  

1.1.3 Necessity for Ice Protection Systems (IPS)  
 
Since the construction of the IRT and the other private icing research facilities, much 

has been learned in regards to ice protection systems. Despite the advent of new 

technology, training, and procedures developed in the 73 years since the first test at 

the IRT, accidents relating to icing conditions continue to persist. Between 1978 and 

2002 the National Transportation Safety Board (NTSB) generated 334,190 event 

synopsis and reports associated with incidents to aircraft either during or before 

flight.  Of those events, 9,299 relevant events occurred during known icing and 

snowy conditions. Of the 9,299-recorded events, 944 accidents and events occurred 

where severe damage to the aircraft was reported (18). In addition, between the 

years of 1985 and 1999, a total of 255 icing accidents and incidents occurred with 

U.S. Army aircraft (19).  

 

A high number of civilian aircraft are affected by icing incidents every year (18), and 

generally do not receive much publicity. Incidents can occur on daily basis, and 

usually receive attention if the incident is an accident. Icing accidents can occur on 

any type of aircraft, even on larger aircraft that are equipped with ice protection 

systems.  Within the last 25 years, four major icing accidents occurred with  larger 

aircraft  where a total of 174 individuals were killed due to the crashes (20). In 1994, 

an ATR-72-212 commuter aircraft crashed in Roselawn, Indiana killing 68. While 
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more recently in 2009, a DHC-8-402 twin-engine plane crashed at the Clarence 

Center in New York where 49 individuals were killed.  These incidents highlight the 

deficiencies in the understanding of icing conditions, and ultimately generated 

significant research interest in freezing drizzle and rain, collectively known as super 

large droplet (SLD) conditions. 

1.1.4 Ice Accretion  Facilities and Physics  
 
As accidents and incidents that are related to icing still occur it is important to 

continue conducting research on icing events and to develop an understanding of 

the physics behind ice accretion.  To decrease the chance of icing incidents, research 

and development of novel ice protection systems is generally performed in icing 

wind tunnels.  To recreate environmental icing conditions, icing facilities must be 

able to recreate natural icing phenomena using super-cooled water droplets, or 

water that is below the freezing point, but not yet frozen.  In nature super-cooled 

droplets occur because there is no seed material to build upon in the cloud layer, but 

this condition is difficult to achieve in laboratories.  To create these conditions in 

laboratories, the impurities of the water are removed through a reverse osmosis 

process. The purified water and air are then pumped through a series of nozzles to 

aerosolize the water to create an artificial icing cloud.  The density of the cloud is 

controlled through the number of active nozzles as well as the difference between 

the air and water pressure which control the amount of water and size of the water 

droplets (11). 
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The ice accretion shape is dependent on the temperature of the impacting water 

droplets as well as the size of the water droplets.  The temperature affects whether 

the droplets will freeze immediately on impact or if the droplet splashes before 

freezing. The water droplets in the icing cloud vary in size, this variation is the 

Median Volumetric Diameter (MVD) and is used to characterize the average size of 

the droplets.  The density of the cloud is referred to as the Liquid Water 

Concentration (LWC) and is measured in grams per cubic meter.  A higher LWC 

leads to a quicker ice accretion rate.  The LWC, MVD, as well as the ambient 

temperature are used by the Federal Aviation Administration (FAA) to define and 

parameterize the icing envelope.  The FAA separately defines the icing envelope for 

aircraft and rotorcraft as continuous and intermittent in the Federal Aviation 

Regulations Part 25 and 29 Appendix C.  The continuous icing envelope relates to a 

less severe icing condition; see Figure 5 (17). Conversely, the intermittent icing 

envelope corresponds with more severe icing conditions, higher LWCs, also shown 

in Figure 5. To effectively conduct icing research both icing envelopes must be 

represented to determine the effectiveness of an IPS. The icing envelopes from Part 

25 and Part 29 represent realistic environmental icing conditions.  These conditions 

are duplicated within research facilities to accurately represent ice accretion and 

physics. 
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Figure 5:  FAR Part 25/29 Appendix C icing e nvelope  (17)  

  

Within the icing envelopes, different types of ice accrete on aircraft wings. The 

different types of ice are glaze, mixed, and rime. Depending on the temperature, 

LWC, and MVD each type of ice forms within the envelope. When the super-cooled 

water droplets freeze immediately upon impact with the leading edge, rime ice is 

formed.  The ice freezes instantly due to lower temperatures and air becomes 

entrapped within in the droplet, giving rime ice a white appearance.  Rime ice 

normally accretes to the leading edge in a streamline shape and effectively becomes 

an extension of the airfoil as the water freezes immediately (21).  On the opposite 

end of the spectrum (i.e. higher temperature, impact velocity, MVD, and/or LWC) 

glaze ice can form.  Glaze ice is traditionally formed as the ambient temperature 

approaches the freezing point. With a warmer ambient temperature the water 
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droplets impact on the surface, splash, and run back. The glaze ice accretion process 

is shown in Figure 6 (22).  In the image, it can be observed that water-run back 

creates a thin liquid film that eventually freezes. Due to this thin film and run back, 

the ice has a clear appearance and horned shape. Under certain conditions, such as 

angle of attack and airfoil shape, two ice horns will grow away from the stagnation 

point . The aerodynamic penalty of these horns is significant, resulting in possible 

loss of control (21).  The mixed ice type exists between the two icing regimes.  It is 

an intermediary condition of icing with a clear main shape, similar to the glaze 

regime with feathers aft of the main shape similar to the rime ice regime. All three 

types of ice shapes are displayed in Figure 7 (22).  

 

 

Figure 6: Glaze ice process (22)  
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Figure 7: Main accreted ice shapes (a) Glaze, (b) Mixed, (c) Rime (22)  

 
 
Each icing condition and ice shape regime is dependent on the temperature, LWC, 

and MVD. As the three parameters vary, no finite transition point between the icing 

regimes exists. A general guide is depicted in Figure 8 (22) to better compare each 

of the three parameters with  the relating icing condition. When determining the 

icing regimes for rotorcraft , it is important to note that the location along the blade 

span affects the icing regime.  The velocity and kinetic heating increase with blade 

span, thus rime ice usually forms on the colder and lower velocity inboard section.  

As the ice accretes traveling outboard, the rime ice transitions to glaze ice, where 

the kinetic heating and high centrifugal forces prevent ice accretion towards the tip 

of the blade where ice accretion does not occur (see Figure 9). 
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Figure 8: Guide for differing icing  regimes (22)  

 
 

 
 

Figure 9: Ice regime versus rotor blade span (17)  

 

1.2 Ice Protection System s 
 
Due to the dangers of icing events, numerous ice protection systems have been 

created to prevent and mitigate icing. Certain protection systems are designed for 

specific types of aircraft, while some systems can be applied across multiple types of 

aircraft  (23). It is near impossible to create a system that will prevent ice from 
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occurring at all.  IPSs can be divided into two categories: Active and Passive De-Icing 

Systems; active systems rely on an active force to de-ice the leading edge, while 

passive systems are applied to the aircraft with a hope that the system will reduce 

icing. The following sections describe current and past systems for ice protection of 

aircraft . 

 

1.2.1 Fluid Anti -Icing System 
 
)Î ÔÈÅ ρωφπȭÓȟ "ÅÌÌ (ÅÌÉÃÏÐÔÅÒ ÄÅÖÅÌÏÐÅÄ Á ÆÌÕÉÄ ÁÎÔÉ-icing system for the UH-1 Huey 

main and tail rotors.  Fluid was pumped through a porous leading edge that allowed 

the fluid to flow down the blade span.  This allowed for a continuous and 

preventable ice accretion system.  The fluid IPS system also worked as a de-icing 

system.  In the de-icing mode, ice accreted to a thickness of 0.3 in. (0.762) before the 

fluid was pumped out, at which time the ice shed.  The fluid was comprised of a 

mixture of alcohol and glycerin in an 11-gallon (41.6 L) tank.  The fluid was pumped 

to the main and tail rotor blades with a 43-gal/ hr. (162.8 L/hr.) pump at a rate of 15 

psi (103.4 kPa) (23). A pneumatic slip ring was installed to transfer the fluid from 

the fixed frame of the aircraft to the rotating blades; a diagram of the system is 

shown in Figure 10.  The system was successfully tested at an ambient temperature 

of -20 °C (-4 °F) with an LWC of 0.8 g/m3 (1.55 x10-6 slugs/ft 3) at the Ottawa Spray 

Rig (23). 
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Figure 10: Bell Helicopter fluid anti -icing system d iagram  (23)  

 
The fluid anti-icing IPS was a low power system, which provided an effective way to 

eliminate water runback with an anti-icing and de-icing system.  Unfortunately the 

system was heavy and required a large storage area within the rotorcraft.  

Additionally, the system was only able to protect against ice accretion for 84 

minutes, before the compliment of the fluid was exhausted (23). 

 

1.2.2 Electrothermal  
 
The most common type of IPS is electrothermal, and currently the only system 

installed in rotorcraft (23).  Electrothermal systems are installed on many fixed 

wing aircraft. Electrothermal systems use the Joule heating effect to convert electric 

energy into thermal energy, effectively melting the ice interface to promote 



 16 

shedding (23).  The heating element is bonded to the back of the surface of the 

leading edge skin.  When a voltage is applied to the heater element, the heat is then 

conducted through the element into the skin, and ultimately the ice interface. 

Initially, foil and wires were laid in a grid pattern to evenly distribute the heat; a 

schematic is shown in Figure 11 (24).  The current method replaces the metallic 

heaters by carbon fiber composites.  Electrothermal IPS typically is used in de-icing 

mode due to power limitations and to reduce water run back.  

 

Figure 11: Electrothermal IPS s chematic  (24 ) 

 
Water runback from Electrothermal IPSs occurs when the system is in anti-icing 

mode where water runs back over the wing and freezes on unprotected areas of the 

blade.  IPSs also require hefty power requirements, and the weight of the system is a 

major penalty to aircraft.  If the heaters do not cycle properly, water from the 

melted ice can run and freeze on unprotected areas (23). The run back will slowly 
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build a wall and severely degrade aerodynamic performance as mentioned in the 

previous section.  The heaters require 25 W/in2 (3.88 W/cm2) (23), and to minimize 

the power requirements, the heaters are separated into span-wise and chord-wise 

elements, and each element is cycled (24).  To meet the demand of the extra-

required power, a large auxiliary power unit must be added to the aircraft. 

 

1.2.3 Microwave IPS 
 
The U.S. Army Research and Technology Laboratories at Fort Eustis in Virginia 

ÔÅÓÔÅÄ -ÉÃÒÏ×ÁÖÅ )03Ó ÉÎ ÔÈÅ ÍÉÄ ρωχπȭÓ ÁÎÄ ÁÇÁÉÎ ÉÎ 'ÅÒÍÁÎÙ ÉÎ ςππρ ɉςυɊ ɉςφɊȢ 

Both tests conducted used 2.45 GHz and 22 GHz microwaves to try and melt ice off 

the leading edge of the aircraft. During the tests the pure ice absorbs negligible 

amounts of 2.45 GHz radiation and anti-icing was not possible due to power 

concerns, thus a system with higher frequencies was desired to heat the ice (26). 

When the test was conducted at 22 GHz the performance was improved due to a 

higher concentration of energy (25). Figure 12 displays the patent for a typical 

Microwave IPS from 1997 (27).  
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Figure 12: Microwave IPS design patent  (1) aircraft wing, (2) microwave generator, 
(3) thermal p ropagation cube, (4) transfer vanes, (5) microwave reflecting u nit, (6) 

leading edge area, (7)  aircraft skin  (27)  

 
The cross-sectional view (Figure 12) of the leading edge of an aircraft wing (1) 

having inner and outer surfaces, which shows the microwave generator (2) and its 

proximity to the thermal propagation cube (3) in relation to the wing leading edge 

area (6). The microwave generator is mounted concentrically within one end of the 

thermal propagation tube. The tube abuts and is parallel to the leading edge of the 

wing.  The radial configuration of the thermal transfer vanes (4) connects the core of 

the thermal propagation tube with the skin (7) of the wing structure, and may be 

made of aluminum or another metal allow to allow for thermal heating across the 

skin. A thermal shielding and microwave-reflecting unit (5) is used to prevent the 

loss of the heat and spurious microwave energy from escaping the leading edge 

area. The Microwave IPS was not further developed due to concerns with the 
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detectability of the vehicle by microwave radiation from outside sources or enemy 

combatants (26). 

1.2.4 Pneumatic  
 

1.2.4.1 Rotorcraft  
 
Prototype IPS pneumatic systems designed for rotorcraft blades had power and 

weight limitations.  For the pneumatic system, bleed air from the turbine engine is 

used to inflate the boots in two seconds.  As the boots inflate, a transverse shear 

stress is introduced at the ice interface due to the large displacement, and the 

accreted ice is delaminated.  The prototype for a UH-1 can de-ice blades at 

temperatures that reach -20 °C (-4 °F) with a maximum LWC of 0.8 g/m3 (1.55 x 10-6 

slugs/ft 3) and a minimum ice thickness of 0.3 inches (0.762 cm) (23). The prototype 

(Figure 13) was installed along the leading edge of the main rotor blade, in a chord-

wise and span-wise orientation. The pneumatic IPSs have not been employed due to 

the need of heavy pneumatic slip rings for the UH-1 system, as well as the need to 

protect against rain and sand erosion. 
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Figure 13: UH-1 pneumatic boot IPS p rototype (23)  

 

A pneumatic IPS is also currently under development at the AERTS Facility at Penn 

State (28).  A novel approach to de-ice rotorcraft is used by using centrifugal 

pumping, considerably reducing the power requirements of the system.  The 

centrifugal pumping uses the change in pressure of a rotating column of air inside 

the rotor blades.  Two hollow tubes are installed in the blade span-wise to take 

advantage of the change of pressure in the column along the blades. When the blade 

is rotated at its operational RPM one of tubes is sealed at the root and open at the 

tip. In this condition, the air is forced out the tip creating a negative pressure at the 

root of the blade. Conversely, if the other tube is sealed at the tip and open at the 

root, then the air is forced to the tip and with no exit and a high-pressure region is 

created, see Figure 14. The high-pressure and low-pressure regions generate a 

pressure differential that can be used to inflate and deflate an erosion protective 
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metallic cap to delaminate and shed ice naturally.  The pressure differentials were 

confirmed through full scale testing at the KAMAN Whirl Tower with a pressure 

different ial of 7.5 psi (51.7 kPa) (29). A prototype of the proposed centrifugal 

pumping pneumatic IPS is displayed in Figure 15 (30).  

 

Figure 14: Pneumatic p ressure versus span (29)  

 

 
 

Figure 15: Part descriptio n of pneumatic IPS prototype (30)  




































































































































































































































































































































