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Abstract 

 

A low-power, non-thermal, ultrasonic de-icing system is introduced as a potential substitute for helicopter 

rotor blade electro-thermal ice protection technology that is currently used. In this study, ultrasonic actuator 

disks excite isotropic plates that are representative of helicopter leading edge protection caps. The system 

generates delaminating ultrasonic transverse shear stresses at the interface of accreted ice, de-bonding thin 

ice layers (< 3 mm thick) as they form on the isotropic host structure. A finite element model of the 

proposed actuator and of the isotropic plates is used to guide the design of the prototypes. Several actuator-

isotropic plate structures are fabricated and tested under freezer ice conditions. Test results demonstrate that 

28.5 KHz radial resonance disk actuators create ultrasonic transverse shear stresses capable of 

instantaneously delaminating ice layers that accrete to the isotropic structures. At environment temperatures 

of -20
0
 C, the system delaminates 2.5 mm thick ice layers with power input densities as low as 0.07 W/cm

2
 

(0.5 W/in
2
). Wind tunnel icing tests were conducted to demonstrate the potential of the proposed ice 

protection technology under impact icing conditions. Continuous ultrasonic vibration prevented impact ice 

formation around the actuator location at an input power not exceeding 0.18 W/cm
2
 (1.2 W/in

2
). Ice 

shedding occurred on the isotropic plates at locations where transverse shear stresses were predicted to 

exceed the impact ice shear adhesion strength. Plate surface and leading edge ice shedding was observed as 

impact ice reached a critical thickness of approximately 1.2 mm on those areas. 

 

 

Introduction 

 

Water particles freeze on impact with the 

leading edge of the rotor blade when a 

combination of temperatures close to freezing, 

high speeds, and high cloud water concentrations 

occur [1]. Helicopter and tilt-rotor blades 

operating at temperatures below freezing tend to 

collect ice along the majority of the leading edge 

of the blade [2]. As ice accumulation alters the 

stagnation point geometry of the blade, the 

performance of the vehicle decreases. Unevenly 

distributed rotor ice adhesion creates increases in 

drag, flow separation, and high vibration levels. 

The increase in drag generated by accreted ice 

increases the torque required to maintain the lift 

conditions of the vehicle. The transmission or 

engine limits can be reached as ice thickness 

increases in this dangerous fluctuating 

environment, making maintaining a given flying 

condition impossible for the pilot [1]. 

Ice shedding is another major problem 

introduced by ice accretion on rotating blades [3]. 

Shear stresses created by centrifugal forces at the 

interface between ice and the leading edge of the 

airfoil increases linearly with ice thickness. 

When shear stresses exceed the ultimate 

adhesive shear strength of the ice, shards of ice 

are released. The impact of shed ice could cause 

serious damage to the aircraft. As ice sheds 

unevenly, rotor mass unbalance introduces 

undesired vibrations and changes in the handling 

of the vehicle.  

To avoid critical ice formation on the rotor, 

industry has adopted a standard de-icing system 

for a limited number of helicopter models. This 

de-icing system uses thermal energy to melt 

accreted ice. The thermal de-icing mechanism is 

only run periodically in order to avoid large 

power consumption or excessive heating of the 

leading edge structure. The ice thickness can 

reach up to 1 cm before the thermal system is 
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turned on. Such a system requires large amounts 
of energy (3.9 W/cm2 or 25 W/in2) and 
contributes to an undesired increase in the 
overall weight and cost of the blade. Melted ice 
might flow in the aft location to refreeze. 
Released ice patches are also a ballistic concern. 
Due to these drawbacks, many civil helicopters 
do not employ any de-icing capabilities, limiting 
the operations of these vehicles under adverse 
conditions.  

The quest for a low-power, non-thermal de-
icing system has generated several impulsive de-
icing systems aiming to crack and shed off 
accreted ice. Electro-impulsive [4], electro-
magnetic impulsive – eddy current repulsion [5], 
pneumatic inflation [2, 6], shape memory alloy 
stresses, and structural resonance [7, 8] are some 
of the de-icing methods that have been studied.  

Ramanathan et al. [9] proposed the use of 
ultrasonic shear waves as a low-power ice 
protection system. In his research, a 1 MHz shear 
mode piezoelectric patch was applied to an 
isotropic plate with a layer of ice. Slow ice 
interface melting took place approximately 100 
seconds after the actuator was turned on. Similar 
melting patterns were observed at lower 
excitation frequencies (1,000 Hz) with localized 
high stress resonating piezoelectric actuators 
designed and tested by Venna at al. [7]. Palacios 
et al. [10] also observed melting of accreted ice 
layers under the effects of ultrasonic shear 
vibration. The accreted ice layers showed 
instantaneous microscopic ice cracking and 
melting with resonating piezoelectric shear 
actuators (130 KHz). Heat propagation from the 
actuator as a major source of energy melting the 
ice interface is a concern for all the high 
frequency vibration research mentioned above. 

A new approach to utilize piezoelectric 
actuators to cause instantaneous ice delamination 
is described in this article. Taking advantage of 
the low shear adhesion strength of ice, ultrasonic 
piezoelectric actuators demonstrate the capability 
of delaminating thin ice layers (< 3 mm) without 
any time delay after the actuator is turned on. 
The system can also prevent ice formation at 
high ultrasonic stress regions.  

 
Research Objectives 

 
The scope of this article is to introduce the 

design of ice protection ultrasonic actuators, and 
to present freezer and wind tunnel impact ice 
proof-of-concept experimental results. Finite 
element predictions of the transverse shear 
stresses between an isotropic host structure and 

an accreted ice layer under the effects of 
ultrasonic vibration are performed and compared 
to experimental results. Proof-of-concept 
experiments were conducted with freezer glaze 
ice and with wind tunnel impact ice.  
 

Accreted Ice Delamination 
 

Extensive work to experimentally determine 
the adhesion strength of ice to different materials 
and under different icing conditions has been 
conducted by multiple authors [11-16].  
Ramanthan et al. [9] and by Venna et al. [7] 
presented literature reviews on the subject. Based 
on the experimental shear adhesion strength 
measurements between ice and steel that were 
presented in the literature, the expected shear 
adhesion strength value of refrigerated glaze ice 
can be expected to range between 0.24 and 1.7 
MPa. Some authors present lower shear adhesion 
strengths for wind tunnel impact ice than freezer 
ice, but there are also arguments stating the 
opposite is true [7]. The adhesion strength of 
wind tunnel icing depends on multiple factors 
such as impact velocity, liquid water 
concentration of the cloud, medium water 
diameter, temperature, surface conditions, and 
icing time exposure.  

Due to the large ice shear adhesion strength 
discrepancies, an ice adhesion measurement rig 
(similar to the one described in Reference [17]) 
was fabricated (Figure 1). The rig was used to 
measure the shear adhesive strength of freezer 
ice to steel plates representative of the protection 
cap of helicopter rotor blades.  
 

  
 

Figure 1: Photo and Schematic of the Ice Adhesion 
Measurement Rig 

 

A shear force applied a known stress to an 
ice patch with a given surface area. A high 
traction surface was frozen on top of the accreted 
ice patch. The high traction surface was 
connected to a cable-pulley mechanism that 
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