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1. SCOPE:

This SAE Aerospace Information Report (AIR) identifies and summarizes the various factors that
should be considered during design, development, certification, or testing of helicopter rotor blade ice
protection systems. Although various concepts of ice protection are mentioned in this report, the text
is limited generally to those factors associated with design and substantiation of cyclic electrothermal
ice protection systems as applicable to the protection of helicopter rotor blades. Other systems are
described briefly in Appendix A. Applications consider main rotor blades, conventional tail rotor
blades, and other types of antitorque devices. The information contained in this report is also limited to
the identification of factors that should be considered and why the factor is important. Specific design,
analysis and test methodologies are not included. For additional information refer to the references
listed in 2.1.

1.1 Purpose:

The information in this AIR should be useful to designers, manufacturers, procuring agencies and
airworthiness authorities to avoid time consuming and expensive redesign due to oversight. This
document was prepared by Subcommittee AC-9C, Aircraft Icing Technology, of the Aircraft
Environmental Systems Committee with information compiled by individuals who have experience
with helicopter rotor blade ice protection design, analysis, and testing and who, in some cases, have
gained knowledge through negative results.

2. REFERENCES:
2.1 References:

The format associated with the documents listed below are retained from the original release of
AIR1667 and is intended to assist the user of this AIR in associating the appropriate reference with
the text. References 1, 6, and 16 contain additional sources of information.

2.1.1 SAE Documents: Available from SAE, 400 Commonwealth Drive, Warrendale, PA 15096-0001.

AIR4015 "Aircraft Icing Technology Bibliography."

AIR5504 “Aircraft Inflight Icing Terminology.”

ARPS5903 “Droplet Impingement and Ice Accretion Computer Codes.”
ARP5904 “Airborne Icing Tankers.”

ARP5905 “Calibration and Acceptance of Icing Wind Tunnels.”

arLp -~
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2.1.2 U.S. Government Documents: Available from DODSSP, Subscription Services Desk, Building 4D,
700 Robbins Avenue, Philadelphia, PA 19111-5094 (DOD documents), or Superintendent of
Documents, U.S. Government Printing Office, Mail Stop SSOP, Washington, DC 20402-0001 (FAA
advisory circulars), or National Technical Information Service (NTIS), Springfield, VA (NASA and

FAA documents).

6. "Selected Bibliography of NACA-NASA Aircraft Icing Publications," NASA TM 81651, August
1981.

7. "Airworthiness Standards: Transport Category Rotorcraft," Title 14 of the Code of Federal
Regulations Part 29, Paragraph 1419 and Appendix C, 2001.

8. "Forecaster's Guide on Aircraft Icing," USAF AWSM 105-39, January 1969.

9. Bowden, D.T., Gensemer, A.E. and Skeen, C.A., "Engineering Summary of Airframe Icing
Technical Data," FAA Technical Report ADS-4, December 1963.

10. Flemming, R.J. and Lednicer, D.A., "High Speed Ice Accretion on Rotorcraft Airfoils," NASA CR
3910, August 1985.

11. Kim, J.J., "Particle Trajectory Computation on 3-Dimensional Engine Inlet," NASA CR 175023,
January 1986.

12. Ackley, S.F. and Templeton, M.K., "Computer Modeling of Atmospheric Ice Accretion," Cold
Regions Research and Engineering Laboratory (CRREL) Report 79-4.

13. Olsen, W., Takeuchi, D. and Adams, K., Experimental Comparison of Icing Cloud Instruments,"
NASA TM 83340 (AIAA-83-0026), January 1983.

14. Masters, C.O., "A New Characterization of Supercooled Clouds Below 10,000 Feet AGL,"
DOT/FAA/CT-83/22, June 1983.

15. Peterson, A.A. and Dadone, L.U. "Helicopter Icing Review," Report No. FAA-CT-80-210,
September 1980.

16. “Aircraft Icing Handbook,” DOT/FAA/CT-88/8, Volumes 1, 2 and 3, March 1991.

17. Olsen, W., "Survey of Aircraft Icing Simulation Test Facilities in North America," NASA TM
81707, February 1981.

18. Bragg, M.B., "Rime Ice Accretion and Its Effect on Airfoil Performance," NASA CR 165599,
March 1982.

19. Shaw, R.J., Sotos, R.G,, and Solano, F.R., "An Experimental Study of Airfoil Icing
Characteristics," NASA TM 82790, January 1982.

20. Flemming, R.J. and Saccullo, A., “Tests of a Model Main Rotor in the NASA Lewis Research
Center Icing Research Tunnel,” NASA CR 189071, December 1991.

21. Britton, R.K., “lce Accretion Characteristics of a Model Rotor in the NASA Lewis Icing Research
Tunnel,” presented at the International Icing Symposium '95, September 1995.

22. Flemming, R.J., “Performance Characteristics of a Model Rotor in Icing,” presented at the

International Icing Symposium ’95, September 1995.
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2.1.3 FAA Advisory Circulars: Available from U.S. Department of Transportation, Subsequent
Distribution Office, SVC-121.23, Ardmore East Business Center, 3341 Q 75th Ave, Landover, MD
20785.

23. "Hazards Following Ground Deicing and Ground Operations in Conditions Conductive to
Aircraft Icing," FAA-AC-20-117, December 1982.

24. "Certification of Transport Category Rotorcraft," AC 29-3, May 1999.

25. “Aircraft Ice Protection,” AC 20-73, April 21, 1971.

2.1.4 Other Documents:

26. Messinger, B.L., "Equilibrium Temperature of an Unheated Surface as a Function of Airspeed,”
Journal of Aeronautical Sciences (Vol. 20, No.1), January 1953.

27. Flemming, R.J. and Lednicer, D.A., "Correlation of Airfoil Icing Relationships with two-
dimensional Model and Full Scale Rotorcraft Icing Test Data," AIAA Paper 85-0337, January
1985.

28. Lynch, C.P. and Peterson, A.A., "Helicopter Icing Spray System (HISS) Improvement
Program," Boeing Vertol Report D210-11570-1, January 1980.

29. Corley-Byrne, P.L., "Helicopter Icing and Performance Degradation Measurement," Leigh
Instruments, Ltd. document ES700615A, January 1987.

30. “Design and Airworthiness Requirements for Service Aircraft,” DEF STAN 00-970, Volume 2,
Chapter 711, February 1994.

31. Cansdale, J.T., Gent, R.W., and Dart, N.P., “The Role of Analysis in the Development of Rotor
Ice Protection Systems,” presented at the 26th European Rotorcraft Forum, 2000.

32. Flemming, R.J., Britton, R.K., and Bond, T.H., “Role of Wind Tunnels and Computer Codes in
the Certification and Qualification of Rotorcraft for Flight in Forecast Icing,” presented at the
20th European Rotorcraft Forum, October 1994.

2.2 Icing Definitions:
The following sections present icing definitions (see also Reference 2).

2.2.1 Icing Intensity: The relationship of the icing intensity terms of trace, light, moderate, heavy, and
severe to the corresponding cloud liquid water content (LWC) is defined [8] in Table 1.
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TABLE 1
Icing Cumuliform Stratiform
Intensity Cloud Cloud Recommendation
Term LWC (g/m®) LWC (a/m®) LWC (g/m®)
Trace <0.07 <0.11 <0.10
Light 0.08-0.49 0.12-0.68 0.10-0.50
Moderate 0.50-1.00 0.69-1.33 0.50-1.00
Heavy - - >1.00
Severe >1.00 >1.33 Not a function of LWC

2.2.1 (Continued):

A further definition of icing intensity [8] applies to the effects on a fixed wing transport aircraft.
These definitions, while not useful for design or operational purposes and may understate the
hazard, are provided here for information.

a. Trace Icing: Ice becomes perceptible. Rate of accumulation is slightly greater than rate of
sublimation. Itis not hazardous even though deicing/anti-icing equipment is not utilized, unless
encountered for an extended period of time (over one hour).

b. Lightlcing: The rate of accumulation may create a hazard if flight is prolonged in this
environment (over one hour). Occasional use of deicing/anti-icing equipment removes/
prevents accumulation. It does not present a problem if the deicing/anti-icing equipment is
used.

c. Moderate Icing: The rate of accumulation is such that even short encounters become
potentially hazardous and use of deicing/anti-icing equipment or diversion is necessary.

d. Severe Icing: The rate of accumulation is such that deicing/anti-icing equipment fails to reduce
or control the hazard. Immediate diversion is necessary.

While these terms are still used frequently, the definition of icing intensity is subjective and the ice
protection system designer should use one of the quantitative airworthiness agency envelopes
such as found in 14 CFR 29 Appendix C [7] or in DEF STAN 00-970, Volume 2, Chapter 711 [30] to
establish system requirements.
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2.2.2 Ice Classification and Icing Conditions: The following terms are used to describe icing conditions
and the types of ice that may occur:

Rime Ice - Opaque ice formed during flight in clouds by the rapid freezing of small supercooled
water droplets producing a streamlined spear shape. This type of ice occurs below the Ludlam
Limit (see below).

Glaze or Clear Ice - Transparent ice formed during flight in clouds by the slower freezing of
supercooled water droplets. This is most likely to occur at ambient temperatures near freezing
when the droplets may flow along the surface or remain liquid before freezing occurs. The ice
formed during freezing rain is also an example of glaze ice. This type of ice may occur at
conditions above the Ludlam Limit, reducing the apparent LWC.

Glime Ice - A mixture of glaze ice and rime ice, generally with rough surfaces and runback ice.
Hoarfrost - Ice crystals deposited directly from water vapor onto surfaces that are below freezing.
Wet Snow - Snow existing at near freezing ambient temperatures. Wet snow tends to cling to
exposed surfaces and may create an ice-like formation similar to the double horn shape, but is
more likely to form a narrow hard ridge on the stagnation line.

Ice Crystals - Frozen supercooled water droplets.

Freezing Drizzle - Precipitation in the form of drizzle-sized droplets which freeze upon contact with
a below-freezing surface.

Freezing Rain - Precipitation in the form of large water droplets, which become supercooled and
freeze upon contact with a below-freezing surface within a below-freezing air mass.

Mixed Icing Conditions - Mixture of supercooled water droplets and ice crystals existing within the
same cloud environment.

Ludlam Limit - The point at which some supercooled water droplets no longer freeze within their
catchment area and the forward growth of ice is diminished.

Appendix C Icing Envelopes - The icing envelopes defined for ice protection system certification
found in Appendix C of 14 CFR Part 29.

Natural Icing - Icing that occurs during flight in a cloud formed by nature.
Artificial and Simulated Ice - These terms have been used differently by many authorities on icing.

The following convention has been followed consistently by many authorities and many other
documents, but the opposite meaning is also accepted and used.
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2.2.2 (Continued):

Artificial Icing - Real ice, but formed by artificial means, such as a spray rig in a tunnel or on a
tanker.

Simulated Ice - Ice shapes that are fabricated from wood, epoxy, or other materials by any
construction technique.

2.3 Physics of Ice Accretion:

An understanding of the physics of ice collection is important, since such knowledge will allow
determination of the area of airfoil to be heated and the rate that ice can collect and, therefore, the
rate that ice must be removed. The rate of ice accretion on an aircraft component is dependent upon
many factors such as droplet size, liquid water content, ambient temperature, and component size,
shape, and velocity. The following is a list of the terms associated with icing and the interrelationship
with airfoils and other leading edge surfaces.

Supercooled Clouds - Clouds containing water droplets that have remained in the liquid state even
though the ambient temperature is below freezing. Supercooled water droplets will freeze upon or
soon after impact with another object. Water droplets can normally remain in the liquid state at
ambient temperatures only as low as -40 °F (-40 °C), but water in a supercooled form has been
observed to -65 °F (-54 °C). However, this lower range should not be a design consideration.

Water Catch Efficiency - The ratio of actual water droplet flux (water collection rate) at the surface to

the water droplet flux in the free stream when water droplet paths are straight lines. Same as
collection efficiency (see Figure 1).
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FIGURE 1 - Droplet Trajectory and Impingement

2.3 (Continued):

Impingement - The location on the accreting surface that the water droplets initially strike. The limits
of impingement, i.e., the locations on the surface where the droplet path becomes tangent to the
surface, Sy and S, are used to determine the maximum extent of icing for a specified droplet size.
The local impingement on the surface is used to determine the local rate of water catch. The water
drop impingement calculation techniques involve the determination of the flow field around the
surface and the introduction of the water drop particles into this flow field. The flow field definition is
generally developed through a potential flow program, which calculates the local Mach numbers and
pressure coefficients approaching and surrounding the surface under investigation.

Collection Efficiency - Same as water catch efficiency.
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2.3 (Continued):

Droplet Trajectory - The path of the water droplet through the freestream toward, onto, and around
the surface of interest. Droplet trajectories are used to establish the upper and lower limits of
impingement on a surface for a specified water droplet size and to establish the local and overall
water catch rate. The water drop trajectories may be calculated from the equations relating the
inertia and drag forces acting on the water drops, as a function of droplet Reynolds numbers and
inertia. Reference 9 offers one means of addressing the trajectory calculation procedure. Computer
codes have been developed to provide analytical solutions for the particle trajectories.

Liquid Water Content - The total mass of water contained in the liquid cloud droplets within a unit
volume of cloud usually given in units of g/m. This governs the quantity of ice that can accumulate
on an exposed surface or the quantity of water striking the surface. The total water catch on a
surface is a function of liquid water content, droplet size, airspeed, and surface catch efficiency.

Droplet Diameter - The water droplet diameter determines the particle drag and inertia and,
therefore, the trajectory of a particle under the influence of another body. The diameter affects the
amount of ice collecting on a surface, the surface catch efficiency, and the freezing fraction. The
larger the diameter of the drop, the more the drop inertia tends to keep the drop along the initial
undisturbed path, and the more likely the drop is to strike the surface. The freezing fraction is also
affected by the drop diameter due to the release of heat of fusion, thus the greater chance of the
impinging water leaving the surface or freezing aft of the point of initial impact. Since droplets do not
occur in nature as a single diameter, but as a distribution, the reference diameter is generally
referred to as median volumetric diameter (MVD). MVD in natural icing is typically in the 5 to 50
micron range. Because these droplets are small and have a low mass, they are strongly influenced
by the airflow around the rotor blade (see Figure 1).

Median Volumetric Diameter - The droplet diameter, usually in microns, such that one half the liquid
water volume is contained in droplets smaller than the median volumetric diameter and one half in
droplets larger than the median volumetric diameter.

Temperature - Temperature influences the amount of ice buildup and the shape of the ice in several
ways. Lower temperatures reduce the influence of the heat of fusion release and the water droplets
freeze faster. In addition, lower temperature clouds generally contain only smaller water droplets
(except in cases of rapid cloud lifting), and the liquid water content tends to be lower, reducing the
mass of water striking the surface.

Freezing Fraction - The amount of impinging water that freezes at the point of impingement. The
portion of the impinging water not freezing on contact may freeze aft of the initial contact point. The
magnitude of the freezing fraction is a function of airspeed, ambient temperature, local temperature,
and water catch rate as well as the surface material's thermal conductivity.

Ice Shapes - Ice shapes range from the aerodynamic rime spear shape typical of the small water
drop sizes at low ambient temperatures to the blunt double-horned glaze shape formed at the larger
droplet sizes and higher ambient (and kinetic) temperatures. The ice shape is closely related to the
freezing fraction in that both are functions of the water droplet size and effective or equilibrium
temperature.
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2.3 (Continued):

Dry Kinetic Heating (Aerodynamic Heating) - The local dry surface temperature rise at the surface at
or near the stagnation region. The dry kinetic temperature rise is a function of the relative (or
approach) velocity at a surface. For a helicopter rotor blade, the dry kinetic temperature is a function
of local velocity and is calculated as a function of both the rotational velocity (at the span station of
interest) and the forward flight velocity.

Wet Kinetic Heating (Equilibrium or Datum Heating) - The local wet surface temperature rise at or
near the stagnation region. The wet Kinetic temperature rise is a function of the local velocity, the
impinging water catch, the local heat transfer effects (heat balance due to water impingement, heat
of fusion and local pressures) and the freezing fraction. Appendix C includes more details on the
method of calculation of the equilibrium or datum temperature.

Rate of Ice Collection - The rate of ice collection on an airfoil is a function of airfoil geometry,
airspeed, water droplet diameter, and liquid water content. The water intercepted by the airfoil can
be expressed in terms of mass of water per unit time per unit of airfoil span or area. The actual
amount of ice forming due to the interception of the water is a function of the freezing fraction. See
Appendix B for further information.

Surface Equilibrium (Datum) Temperature: The temperature of an airfoil exposed to icing conditions
is a complex function of airspeed, liquid water content, ambient temperature, and altitude. The
shape and type of ice (if any) that forms is dependent on the surface temperature. The equilibrium
temperature (t,x) has been widely used to approximate the airfoil temperature under icing conditions.
A somewhat improved estimate has been derived by Messinger [26]. These treatments are not
adequate from a rigorous thermodynamic standpoint, but are easily understood and have been
proven from experience to be quite useful. Provided that the assumptions are adequately taken into
account, the temperatures predicted by these models are of practical use to the designer. These
equations are described in Appendix C. Even simpler empirical relationships are given in Reference
10.

Shed Ice Trajectory - The path taken by a piece of ice shed from an aircraft surface. This trajectory
may be within an engine inlet, or may be external to the aircraft such that it may strike rotor blades or
tail surfaces.

2.4 Ice Protection Definitions:

Anti-icing (Active) - The prevention of ice formation on a surface by direct thermal or chemical
means.

Anti-icing (Passive) - The prevention of ice formation on a surface by flow deflection or by catchment
on an upstream surface (screen in a duct).

Deicing (Active) - The cyclic removal of accreted ice from a surface by direct mechanical (including
electromechanical and vibratory), thermal, or chemical means after ice is allowed to accrete.
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2.4 (Continued):

Deicing (Passive) - The removal of accreted ice from a surface by indirect means (i.e., natural
shedding, chemical application to enhance natural shedding (icephobic), particle separator/screen,
etc.) after ice is allowed to accrete.

2.5 Thermal Deice Versus Anti-ice:

Rotor blade ice protection can be accomplished either by anti-icing or by deicing methods. Deicing
is currently the favored method for rotor blade protection because it minimizes power required by
allowing some ice accretion to occur prior to system cycling. The application of heat is sufficient to
melt the ice bond layer, allowing centrifugal and aerodynamic forces to shed the ice. Tail rotors may
be anti-iced if necessary to minimize the consequences of ice shedding from the tail rotor.

Droplets initially in a volume swept by the blade will tend to be deflected out of the initial path by the
flow field preceding the blade, but the droplet inertia will cause some droplets to impact the blade.
Most frequently, impact of these droplets will occur in the leading edge area, with frequency of impact
tapering off in the chordwise direction. The result is the build-up of an ice cap locally around the
leading edge of the blade. Deicing takes advantage of this accretion pattern, providing protection
only on the area of the blade where significant impingement occurs.

The advantage of deicing is best shown by comparison with anti-icing systems. Anti-icing prevents
formation of ice by maintaining the protected surface above freezing. In the case of a non-
evaporative “running wet" system the surface temperature is maintained above 32 °F (0 °C) to
prevent freezing. With such a system, local blade protection will result in water runback from heated
to unheated areas where freezing may occur. Since runback icing is usually unacceptable on rotor
blades for dynamic and aerodynamic reasons, running wet anti-icing protection cannot be utilized,
since such protection requires continuous heating of the entire area of all blades. The alternate to a
running wet anti-icing system is an evaporative anti-icing system that applies sufficient energy to
evaporate all the water impinging on the protected surface. However, the amount of energy required
for an evaporative system is substantial due to the heat of vaporization of water, and there may be
material property constraints. Consequently, for a given level of protection, either method of anti-
icing requires substantially more power than deicing. For this reason the use of anti-icing is
generally limited to components that cannot tolerate ice accretion and subsequent shedding (such as
engine inlets), components that are small and require little power (such as pitot tubes), or
components that have a small surface area and could cause damage due to ice shedding (such as
tail rotors).
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2.6 List of Symbols:

a Droplet radius, ft (m)
A/B  Semi-length/maximum radius of ellipsoid, dimensionless
b Dimensionless parameter

C Airfoil chord length, ft (m)

Cp Specific heat, Btu/lb-°F (n-m/kg-°C)

Dy Water droplet diameter, ym

e Water vapor pressure at edge of boundary layer, inches of Hg (n-m

€ok Water vapor pressure at surface of airfoil, inches of Hg (n-mz)

En Total collection efficiency based upon frontal area projected along the line of flight,
dimensionless

g Gravitational acceleration, 32.2 ft/sec? (m/sec?) (gravitational acceleration is used in
Appendix C; the g in other parts of this AIR denotes grams mass)

H Airfoil projected height along line of flight, ft (m)

J Mechanical equivalent of heat, 778 ft-Ib/Btu

K

K

?)

Inertia parameter, dimensionless, where K = 2/9 (azvopw)/Cpag
o Modified inertia parameter, dimensionless: K, = (MAg)K

Ls Latent heat of evaporatlon of water, Btu/lb (n- m!kg)

LWC Liquid water content, g!m

M Freestream Mach number, dimensionless

n Freezing fraction, dimensionless

p Pressure just outside the boundary layer, inches of Hg (n-m2)

Pr Prandtl number (for air) 3,600 c,u/k

R Rotor radius, ft (m)

Sy Impingement limit on upper surface, ratio to chord length, dimensionless
S| Impingement limit on lower surface, ratio to chord length, dimensionless

to Ambient temperature, °F (°C)
tok Datum temperature or wet air boundary layer temperature, °F (°C)
tse Airfoil surface temperature, °F (°C)

Local velocity along the surface, ft/s (m/s)
o Freestream velocity, ft/s (m/s)
m  Rate of water catch on airfoil, Io/min/ft of span (g/sec/m of span)
Angle of attack, deg
Collection efficiency at any point on airfoil or body, dimensionless
Ratio of specific heats
Specific weight of water, Ib/ft> (kg/m>)
Droplet range when projected into still air
Droplet range when projected into still air according to Stokes law
Viscosity, Ib sec/ft? (kg sec/m?)
Air viscosity, Ib sec/ft (kg sec/m? )
Air density, slugs/ft® (kg sec/m 3)
Freestream air density, slugs/ft
Density of water droplet, slugs/ft
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3. ELECTROTHERMAL ICE PROTECTION SYSTEMS:
3.1 General Description:

The electrothermal deicing system is currently the only proven controllable and repeatable means of
positive, active rotor blade ice protection. This deicing technique involves permitting the ice to
accrete to a specific thickness on the rotor at a reference spanwise location, then applying power to
electrical heaters until the ice is shed. There are a number of possible rotor electrical heater
configurations. For example, the heaters may be located in a chordwise pattern around the leading
edge, in a spanwise pattern from tip to root, or a combination of both patterns. The chordwise
heaters are generally activated in sections from tip to root, while the spanwise heaters are activated
around the chord starting at the leading edge and progressing to the next most susceptible area or
zone.

The heaters may be constructed of wire elements, etched metal foil, cut metal foil, sprayed metal, or
conductive composite materials. The heater construction is generally a function of the particular
heater manufacturer. The selection of the deice heater is, to a large degree, determined by the rotor
stress field (flatwise and torsional bending and spanwise stress) and the method of blade
construction, i.e., the actual blade leading edge assembly method. The heater material must be
compatible with basic rotor design parameters and tooling methods. Variations in the local blade
heating can be accomplished by changes in the heater resistance, changing the local power density,
but the ability to accomplish this easily depends on the heater type and heater orientation selected.

Power to the rotor deice heaters can be supplied from the main aircraft generating system or from a
dedicated electrical supply. Electrical system redundancy may be required. The energy "on-time"
and sequence for the heaters is dependent upon the icing severity, collection efficiency of the
component, and local power density.

3.2 Generic System Description:

The main components of a typical blade deice system installation are shown in Figure 2. These
include main and tail rotor blades with electrical heaters, power supply, power switching/ distribution
system, deice controller, main and tail rotor slip rings, system power steppers, fault monitoring,
ambient temperature sensor, ice detector/rate meter subsystem, and velocity sensing
instrumentation.
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