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SYMBOLS AND ABBREVIATIONS

Description

Degrees Celsius

Centimeter

Degrees Fahrenheit

Federal Aviation Administration
Feet or foot

Gallons per minute

Horsepower

Kilogram

Kilonewton

Pounds force

Pounds

Meter

Millimeter

Pneumatic Impulse Ice Protection
Pounds per square inch gauge (pressure)
Specific cubic feet per minute
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GLOSSARY
bridging - The formation of an arch of ice over a pneumatic boc: on an airfoil surface.
icephobi¢ - A surface property exhibiting a reduced adhesion to ice; literally, "ice-hating."

light icing - The rate of accumulation that may create a hazard if flight is prolonged in this
environment. Occasional use of de-icing/anti-icing equipment removes/preveats accumulation.

moderate icing - The rate of accumulation is such that even short encounters become potentially
hazardous and use of de-icing/anti-icing equipment or diversion from the area/or altitude is necessary.
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II1.1.0 PNEUMATIC BOOT DE-ICING SYSTEMS

I0.1.] OPERATING CONCEPTS AND COMPONENTS

Pneumatic boot surface de-icing systems remove ice accumulations mechanically by alternately
inflating and deflating tubes in a boot covering the surface to be de-iced. Inflation of the tubes under
the accreted ice breaks the ice into particles and destroys the ice bond to the surface. Aerodynamic
or centrifugal forces then remove the ice. This method of de-icing is designed to remove ice after
it has accumulated rather than to prevent its accretion on the surface; thus, it cannot be used as an
anti-icing device.

The tubes in the pneumatic boot are usuaily oriented spanwise but may be oriented chordwise
if dictated by a particular design. Chordwise tubes have lower drag than spanwise tubes but may
present manifolding complications. The inflatable tubes are manifolded together in a manner to
permit alternate or simultaneous inflation as shown in figures 1-1 and 1-2, but alternate inflation is
less commonly used. Chordwise boot coverage should be determined by analysis or test of droplet
impingement limits (Section 1.2.2.1.6). Spanwise coverage should be sufficient to protect the surface
in question.

In addition to the boots, the primary components of a pneumatic system are a regulated pressure
source, . vacuum source, and an air distribution system. Miscellaneous componeats include a solenoid,
check and relief valves, air filters, control switches and timer, and elecirical interfaces including fuses
and circuit breakers. A regulated pressure source is required to insure expansion of all tubes in the
system to design limits and within design rise times. If tube expansion is too slow, de-icing
effectiveness is lessened. The vacuum source is essential to insure positive deflation and keep the
tubes collapsed during non-icing flight conditions to minimize the aerodynamic penalty.

Air pumps generally multiply the atmospheric pressure by a fixed factor, so the pressure
delivered becomes a function of altitude. Therefore, the pressure produced at service ceiling altitude
is a design condition.

1.1.1 Conventional Pneumatic Boot De-icing Systems

Conventional pneumatic boots are constructed of fabric-reinforced synthetic rubber or other
flexible material. The material is wrapped around and bonded to the lcading edge surfaces to be de-
iced on wings or empennage. Total thickness of typical pneumatic boots is usually less than 0,10 inch
(2.54 mm).

Pneumatic boots have been the standard ice protection method for piston engine aircraft since
the 1930's. Pneumatic boots are easily retrofitted, require very little power, and are a light weight
system of reasonable cost.

I 1-1




1.1.2 Pneumatic Impulse Ice Protection

A Pneumatic Impulse Ice Protection System (PIIP} is currently in deveiopment (reference 1-1)
with the principle goal of optimizing the performance of pneumatic de-icing systems. Specific goals
are to (a) minimize boot intrusion into the airstream, (b) minimize threshold ice thickness required for
removai while retaining the ability to remove ice of thickness 0.50 inches (12.7 mm) or more, and (c)
maximize weatherability and erosion resistance of the outer surface ply material.

The pneumatic impulse system is a surface-mounted device which relies on surface distortion
to break up and remove accumulated ice. With the PIIP systems, the surface is momentarily distorted
through a pulsed inflation on the order of 10 milliseconds. Total surface deformation is approximately
0.09 inch (2.3 mm). The pneumatic impulse system consists of fabric-reinforced elastomeric coated
tubes with a titanium outer cover which enhances the weatherability and erosion resistance. The
maximum ice protector thickness is 0.075 inch (1.90 mm) nominal, tapering to 0.015 inch (0.38 mm)
at the trailing edge. Tube orientation tested to date has been spanwise. An interstice, or non-bonded
region consisting of two facing fabric layers, aids surface distortion.

A solenoid activated high pressure flow valve connected to a high pressure air source (1500 psig
nominal) pulses air to the ice protector. Each flow valve contains a small accumulator sized to inflate
the ice protector tubes to a maximum of less than 200 psig. One high pressure valve is required for
approximately every 10 feet of surface protection. The high pressure flow valve is cycled via an
electronic timer/controller configured to accept signals from ice detectors and/or temperature probes
to initiate system sequencing.

Icing tunne! and limited flight testing to date has shown that ice layers as thin as 0.02 inch (0.50
mm) can he removed. However, a nominal ice thickness of 0.06 inch (1.50 mm) cold ice has been
consistently removed. Wet ice existing at 25 °F or greater also has been consistently removed at a
thickness of 0.10 inch (2.5 mm). Ice layers as thick as 1 inch (25.4 mm) have been successfully
removed.

The weight of the pneumatic impulse ice protection system is similar to the conventional system,
i.e., approximately 0.44 lbs/ft2 (2.15 kg/mz). A system designed for the wings of a typical twin-
engine 100-passenger commercial transport is estimated to weigh 123 1bs (55.8 kg) total. This system
includes eight ice protectors 10 feet (3.05 m) long, ten high pressure flow valves, two electronic
controliers, a distribution network, and two hydraulic-driven air compressors. Total power
requirements for this system were estimated as follows:

Electrical: 100 watts for 1 second
Power for one compressor: 1.9 hp based on fluid drive of 1.3 gpm @ 3000 psig. Power is
consumed only during the system charge time.

m1-2
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A comparison of impulse and conventional pneumatic boot systein characteristics follows:

Poeumatic Impulse Conventional

Ice Protector Pneumatic De-Icer
Surface Ply Elongation 110 .25% 40 to 50%
Nominal Inflation Time .010 Seconds 2 Seconds
Nominal Deflation Time .100 Seconds 6 Seconds
Maximum Surface Distortion .09 Inch {2.29 mm) .375 Inch (9.53 mm)
Threshold Ire Removal Thickness .06 Inch (1.52 mm) .25 Inch (6.35 mm)
Surface Ply Material Metallic Elastomeric

II1.1.2 DESIGN GUIDANCE FOR CONVENTIONAL PNEUMATIC BOOT SYSTEM

1.2.1 Fixed Wing Aircraft

Boot de-icing is strongly affected by the airfoil shape. It is not uncommon to find that several
iterations of boot design are required to obtain the desired ice protection performance. The boot
manufacturer’s assistance is usually needed in the process of choosing tube cize, sequencing order,
pressure level, spanwise/chordwise tube combinations, etc.

The system should be operated to evaiuate overall performance during dry air flight testing.
Boot inflation pressure should reach the design pressure within the allowable inflation time (usually
about six seconds). This pressure should be maintained up to the maximum icing altitude of 22,000
feet (0100 m) (see FAR 25, Appendix C) or the aircraft’s service altitude, whichever is lower. Also,
the vacuum used to deflate the boots should be adequate even at maximum operating airspeeds.

1.2.1.1 Turbine Engine Powered Aircraft

Gas turbine engines generally provide pressure directly from compressor bieed air and vacuum
irom a bleed air driven ejector.

Components of a typical pneumatic boot surface de-icing system for a turbine powered aircraft
are shown schematically in figure 1-3. This typical system utilizes engine bleed air for the air pressure
source, which is regulated to 13 lbf/inz (124 KN/mz) for boot inflation. As a safety feature, a relief
valve is incorporated into the regulator valve design that will limit the over-pressure. For the dual
cycle system shown, the wing and empennage boots may be alternately pressurized.

The regulated bleed air is routed to a venturi air ¢jector which provides vacuum for boot hold-
down, as well as for flight instruments. A distributor valve applies pressure or vacuum to the boots
in conformity with a selected cycle. Usually this valve has two boot distribution ports - one port is
used to inflate and deflate the wing boots and the other port is used for the empennage boots. Air
plumbing line sizes and systern components are selected based on the functional requirements; namely,

nri-3
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maximum boot operating pressure and the pressure rise time. Installation of this type system requires
only minor airframe modifications.

1.2.1.1 Reciprocating Engine Powered Aircraft

For piston engine aircraft, air pumps driven from the engine’s geared accessory drive are usually
used. Some manufacturers ase the inlet and outlet sides of a single centrifugal air pump to provide
both vacuum and pressure. Engine manifoid vacuum is not suitable due to its extreme variability with
engine load, and with turbo-charged engines, no manifold vacuum exists. Yacuum systems are often
shared with vacuum-driven flight instruments.

Components of a typical pneumatic boct surface de-icing system for a reciprocating engine
powered aircraft are shown in figure 1-4. Engine driven dry air pumps supply air pressure for boot
inflation. A dual pressure regulator and relief valves control the pressure at a low pressure setting
that is adequate for instrument operation. When the surface de-icing system is activated, the dual
pressure regulators shift to the higher pressure required for pneumatic boot inflation. This two-stage
pressure conirol provides extended pump life and less engine power extraction in normal flight without
icing conditions. A timer operates the solenoids in the pressure regulators and the de-icing valve. A
pressure switch operates a signal lamp to show boot operation.

The pressure regulator and relief valve system maintains pressure when the de-icing system is
in use. The de-icing valve is a solenoid operated ON-OFF valve which applies pressure or vacuum
to the boots. An air ejector is included in the system to provide vacuum to the boots in the OFF valve
position. A single-cycle system where all boots are pressurized together is shown in figure 1-4.

1.2.2 Rotorcraft

An experimental pneumatic boot de-icing system has been successfully tested on helicopter rotor
bladcs; (references 1-2 and 1-3). A de-icing boot configuration was developed (figure 1-5) to
minimize aerodynamic drag when the boot was in€lated. In this test, the inflated boots caused a drag
increase equivalent to about 3/8 inch (95 cm) ice on the rotor blades. For a 9500 ib (4310 kg) 2-
blade he!l’ “2pter, full span de-icing boots were simultaneously inflated in less than two seconds to
effectively remove accreted ice. Operating air pressure was obtained from a turbine engine bleed
source. Figure 1-6 shows the operating schematic of this system. Improved ice shedding indicated
that the boot rubber surface had a reduced surface adhesion te the ice. Boots therefore may provide

some icephobic benefit.

1.2.3 Other Applications
Ice protection of some other components, such as radomes, with pneumatic boot de-icing systems
is feasible (see Section 1.3.8).

II1 1-4




III.1.3 USAGES AND SPECIAL REQUIREMENTS

1.3.1 Airfoil and Leading Edge Requirements

The airflow required for pneumatic booi operation is smatl compared with that for a hot gas ice
protection system. Pneumatic boot de-icing systems may be added to an existing airplane with minor
modification and expense. In areas of low static pressure on airfoils, auto-inflation of pneumatic boot
tubes may occur and disrupt airflow over the surface. A vacuum source is used to prevent auto-
inflation during the deflation period. During the inflation portion of the cycle, large drag increascs
and lift degradation can occur because of the spoiler action of inflated spanwise tubes. The use of
chordwise tubes minimizes this problem.

Ice particles shed by pneumatic boots may be large enough to damage aft-mounted engines or
propellers. Axial flow engines {turbojets and turbofans) are the most vulnerable, while turboprop
engines with particle-separating inlet ducts are less likely to be damaged. For some airplanes, the
wing section upstream of the engine may be provided with some forn of anti-icing to avoid engine
ice ingestion while the remainder of the wing is de-iced by pneumatic boots.

i.3.2 Windshields
The application of pneumatic boots for windshields is not possible.

1.3.3 Engine Inlet Lips and Components
The use of pneumatic boots has been limited to ice protection of turbine engines with bypass
inlets.

1.3.4 Turbofan Components
The use of pneumatic boots for turbofan components has not been tried.

1.3.5 Propellers, Spinners, and Nose Cones
The use of pneumatic boot de-icing on propellers, spinners, and nose cones is feasible but has
not been tried.

1.3.6 Helicopter Rotors and Hubs

Pneumatic boot de-icing systems have been tried on helicopiers on an experimental basis using
a 9500 1b (4310 kg) 2-biade helicopter (references 1-2 and 1-3) as discussed in Section 1.2.2. No
application to rotor hubs is known.

1.3.7 Flight Sensors
Pneumatic boot system' are not suitable to de-ice flight sensors.




1.3.8 Radomes

Radar-designed pneumatic boot de-icers may be instalied on the external contour of radomes;
however, the boot may slightly increase transmission losses. A schematic of a pneumatic boot system
applied to a radome is shown in figure 1-7, This system inflates all tubes at the same time. A
combination valve provides deflation vacaum or inflation air as determined by a control timer.
Installation detaiis are shown in figure 1-8. The boot is about 0.075 inches (1.91 mm) thick except
in the supply manifold area where it is 0.16 inches (4.1 mm) thick. Greater thickness will provide
longer service life but will increase transmission losses.

1.3.9 Miscellaneous Intakes and Vents

Flush or recessed air scoops may not require ice protection. Pneumatic booc de-icing of air
intakes and vents may be feasible, depending on the size of the intake o¢ vent, but no application is
known,

lil.1.4 WEIGHT AND POWER REQUIREMENTS

The weight of a pneumatic boot ice protection system for a small, single-engine, FAR Part 23
airplane is approximately 25 1b (11 kg) and requires about one-third horsepower (250 watts). The
distribution of the system weight should not significantly affect aircraft balance and the total weight
should not cause an appreciable performaiuce penalty. The power extracted to drive an air pump in
a piston engine powered aircraft is small in relation to the total power avaiiable.

For a small twin-engine FAR Part 23 airplane, a pneumatic boot ice protection system will weigh
approximately 28 1b (12.5 kg) and require about one-half HP (370 watts). The distribution of system
weight should not significantly affect aircraft balance and the total weight should not cause an
appreciable performance penalty.

For a small twin jet engine FAR Part 25 business jet airplane, a pneumatic boot ice protection
system will weigh approximately 35 1b (16 kg) and require about one-half HP (370 watts). For a large
FAR Part 25 transport category airplane, the system will weigh approximately 195 1b (90 kg) and
require about 2.8 HP (2100 watts).

For a 9500 1b (4310 kg) FAR Part 27 helicopter, a pneumatic boot de-icing system (figure 1-6)
will weigh approximately 40 1b (18 kg). The weight breakdown of this system: is inflatable boots 22
ib (10 kg), components 3.8 Ib (1.7 kg), and plumbing 14.8 1b (6.7 kg). Operating air for a two-second
inflation cycle is about 22 f £ per minute. Electrical power required for this cycle is about one-half
HP (370 watts). For a larger FAR Part 29 transport category helicopter, the system weight and power
required would be in proportion to aircraft weight.

I 1-6




M.1.5 ACTUATION, REGULATION, AND CONTROL

A preumatic boot de-icing system is usually controlled by a three-position switch with OFF,
MANUAL, and AUTO CYCLE modes of operation. When the switch is held in the MANUAL
position, all boots will inflate and remain infiated until the swiich is released. When the AUTO
CYCLE position is selected, an electronic timer controls the inflation, deflation, timiz.g, and sequence
of the system.

II.1.6 OPCRATIONAL USE

Preflight checkout of the pneumatic boot de-icing system pressure and boot inflation is
recommended. Generally, a nominal ice thickness of 0.5 inches is aliowed to accrete before the de-
ice system is turned on, This thickness is determined by analysis and test and is dependent on the
type of boots, leading edge contour, aircraft speed, atmospheric conditions, and drag characteristics
of the surfaces that have accreted ice. Bridging is the formation of an arch of ice over the boot which
is not removed by boot inflation. This can occur if the system is activated too early or too frequently,
especially in glaze icing conditions. As icing encounters and severity of icing are difficult to forecast,
the pilot should not depend upon marginal reserve power when ice protection is required and fly into
an area where icing is predicted. Operation of a pneumatic boot ice protection system in ambient
temperatures below -40 °F (-40 °C) may cause permaneat damage to the de-icing boots.

Pneumatic boots should inflate and deflate rapidly to function effectively. To accomplish this,
the time to reach full pressure should be about 5 to 6 seconds. During moderate icing a 60 second
rycle is suggested, while for light icing, longer accretion times of 3 to 4 minutes should be permitted
(reference 1-4).

In tests to date on rotorcraft, the pneumatic boot system is activated when ice growth reaches
approximately a 0.25~inch (6 mm) thickness or when the indicated torque increases noticeably above
the level with no ice accretion, Rotorcraft typically have smaller airfeils chords than fixed wing
aircraft, so thick ice will result in high rotor power penalties, also thick ice may self-shed
asymmetrically. The boot inflation time is approximately 2 seconds in rotorcraft applications.

An ice detection light is usually installed where it will illuminatz a wing leading edge surface
as an aid in observing ice accumulation during night operation. The location of the light and area
illuminated must be such that the pilot can readily observe ice accretion and its thickness.

Icephobic liquids are available for spraying on the boots prior to a flight when an icing encounter
is likely. These sprays reduce the adhesion of ice to the boot surface resulting in improved ae-icing.
However, the liquid erodes away so that its effectiveness is nearly gone after a few de-icing cycles or

even after a few hours of flight in clear air.




III.1.7 MAINTENANCE, INSPECTION, AND RELIABILITY

Because preumatic boot de-icing systems operate on clean turbine engine bleed or filtered air
from dry air pumps, little is required in servicing the system. All vacuum and pressure filters used
in the system should be periodically cleaned. Frequency of this cleaning will vary with the conditions
under which the airplane is operated.

The pressure regulating valves in the system ordinarily shouid not require adjustment althcugh
the valve assembly will usually be equipped with adjusting screws to permit field adjusi.aents.

The dry air pumps require no lubrication or maintenance but should be overhauled or replaced
at engine overhaul.

Surfaces of the pneumatic boots should be inspected for engine oil after servicing and at the
end of each flight. Any oil deposits should be removed with non-detergent soap and water solution.
Care should be exercised during cleaning to avoid scuffing the boot surface. Pneumatic boots may
he damaged if refueling hoses are dragged over the surface of the boots, or if ladders and piatforms
are rested against themi. In any eveni, the hoot manufacturer’s recommendations should be foliowed
for maintenance and repair of cuts and scuff damage.

1II.1.8 PENALTIES

Some aerodynamic drag penalty is to be expected with pneumatic boot de-icing systems on the
wing, but it can be minimized by recessing the surface leading edge to offset the boot thickness.

HL.I.9 ADVANTAGES AND LIMITATIONS

Pneumatic boot de-icing systems have been in use for many years and their repair, inspection,
maintenance, and replacement are weli understood (references 1-5 and 1-6). System weight and
power requirements are minimal. Pneumatic boot material deteriorates with time and periodic
inspection is recommended to determine need for replacement,.

iI1.1.10 CONCERNS

A certain degree of pilet skill is required for safe and effective pneumatic boot operation.
Actuation when accreted ice is too thin may result in "bridging" where the formation of ice over the
boot is not cracked by boot inflation. Thus, attention is required to judge whether the cycle time
continues to be correct as icing conditions change. Demands on the pilot increase during flight in
darkuess since observation of ice accretion rate and severity is more difficult.

I 1-8
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GLOSSARY

evaporative system ~ Any anti-icing system that supplies heat sufficient to evaporate all water droplets
impinging on the heated surface.

light icing - The rate of accumulation that may create a hazard if flight is prolonged in this
environment. Occasional use of de-icing/anti-icing equipment removes/prevents accumulation.

liguid water content (LLWC) - The total mass of water contained in all the liquid cloud droplets within
4 unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m3).

median volumetric diameter (MVD) - The dropiet diameter which divides the total water volume
present in the droplet distribution in half; i.e., half the water volume will be in larger drops and half
the volume in smaller drops. The value is obtained by actual drop size measurements.

micron {m) - One miilionth of a meter.

moderate icing - The rate of accurnulation is such that even short encounters become potentially
hazardous and use of de-icing/anti-icing equipment or diversion from the area and/or altitude is
necessary.

running-wet system - Any anti-icing system that supplies only enough heat to preveat impinging
water droplets from freezing on the heated surface.

severe icing - The rate of accumulation is such that de-icing/anti-icing fails to reducs or control the
hazard requiring immediate diversion from the area and/or aititude.

stagnation point - The point on a surface where the local velocity is zero.
trace jcing - Ice become: perceptible. The rate of accumulation is slightly greater than the rate of

sublimation. It is not hazardous, even though de-icing/anti-icing equipment is not used, unless

encountered for an extended period of time.
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Ii.2.0 ELECTRO-THERMAL SYSTEMS

N1.2.1 OPERATING CONCEPTS AND COMPONENTS

All thermal ice protection systems operate on the same principle: Heat is appiied to an area
encompassing the water impingement region. The heat is used to evaporate or prevent impinging
cloud droplets from freezing or to debond or melt an existing ice cap. The equipment required for
electro-thermal systems is the same in either case: a source of electrically generated heat a
distribution system, and a control system.

Two sources of the required electrical energy are considered in this section:

a. Extraction from the airpiane’s own electrical system.

b. A separate onboard generator with its own source of power.

The electrical energy is distributed to the areas requiring anti-icing or de-iciug. It then flows
through resistance heaters designed to provide the necessary heat for either anti-icing or de-icing of
the surface.

Major components of an electro-thermal system are:

Source of electrical energy.

Wiring system to distribute energy to the surfaces to be heated.

Resistance heaters in the areas to be anti-iced or de-iced.

Temperature sensors at the heated surfaces.

Manual or automatic control unit to monitor icing conditions and heat supplied te the surface.
Cockpit panel mounted display to keep the crew advised of the sysiem operation (e.g.,
warning lights, surface temperature indicator, icing condition warning, power consumption,

S e a0 o P

etc.).

Provisions for r¢ “undant electrical energy sources are gererally used to provide a high probability
of beiag able to venture into known icing conditions and to ensure safe system operation when icing
conditions are encountered.

Aircraft surface areas that may be afforded electro-thermal ice protection are shown in figure
2-1. Of these areas, the windshield is always given anti~-ice protection while the remainder of the
areas may be given anti-ice or de-ice protection, depending on the power available for ice protection

and the effects of ice accretion on the component.

11.2.2 DESIGN GUIDANCE
Electro-thermal systems use electrical resistance heaters {foil, film, resistance wire, mesh, etc.)
irmbedded in fiberglass, plastic, rubber, or metal to heat the surface. Figure 2-2 shows cross-sections

of typical electrical heaters.
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Electro~thermal systems are classified as anti-icing or de~icing systems. An anti-icing system
prevents the formation of ice in a specified area whereas a de-icing system allows ice to build up and
then removes the ice cap.

2.2.1 Anti-icing Systems

Electro-thermal anti-icing systems use electrical heaters t¢ maintain the temperature of the
surface to be protected above freezing throughout an icing encounter. Electro-thermal anti-icing
systems are classified as evaporative or "running wet."

Evaporative systems, as the name implies, supply sufficient heat to evaporate all water droplets
impinging upon the heated surface. The runring wet systems, however, provide only enough heat to
prevent freezing on the heated surfacc. Beyond the heated surface of a running wet system, the water
can freeze, resulting in runback ice. For this reason, running wet systems must be used carefully so
as not to permit buildup of runback ice in critical locations. For example, the heated surface of a
running wet system on a turboprop or turbojet engine inlet should extend into the inlet to the
compressor face so that the water runotf will combine with the intake air and not strike cold surfaces
where it could refreeze, break off, and possibly damage the engine.

2.2.2 De-Icirg Systems

In a de-icing system, ice is allowed to accrete on the surfaces to be protected and is then removed
periodically. Electro-thermal de-icing systems function by rapidly applying sufficient heat to the ice-
surface interface in order to melt the bonding layer of iie; aerodynamic or centrifugal forces then
remove the bulk of the ice.

Parting strips may be used in the clectrical de-icing system to divide the total protected area
into smaller, sequentially heated arecas. This reduces the total instantaneous power requirement and
maintains a stable load on the electrical system. The size of the cycled shedding sections will depend
upon the total wattage available and the wattuge density required for efficient de-icing.

1I1.2.3 USAGES AND SPECIAL REQUIREMENTS

For anti-icing, the heat source must remain on throughout the icing encounter. The power
requirements for completely anti-icing an airplane using an e¢lectrically powered heat source are
usuallv prohibitive, Therefore, the areas generally anti-iced electrically are the windshield, small air
inlets, instrument probes, leading edges torward of engine iniets and data probes, and areas remoic
from any hot air source.

III 2-2
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For efficient de-icing protection, the correct amount of heat must be supplied where and when
needed. If there is too little heat, the ice may not shed as required, perhaps causing large chui:ks of
ice to shed or creating unbalanced rotors on a helicopter. If too much heat is supplied, there can be
too much melting, resulting in undesirable amounts of runback ice. It has been found desirable to
have the following characteristics in the cyclically heated shedding zones (reference 2-1):

a. A high specific heat input applied over a short period. This generally requires less total
energy than a lower specific heat over a longer period of time. The high specific heat input
reduces the convective heat losses from the exposed ice surface and conductive losses to the
ice and structure, and to a lesser degree compensates for the uncertainty caused by the large
variation in the bonding strength of ice. This requires that the deice system element-on-
time (EOT) be optimized as a function of ambient or total air temperature to provide just
the amount of heat necessary to melt the ice-to-surface bond layer. If the EOT is too short,
de-icing will not occur. If the EOT is too long, the deicer will melt too much ice, resulting
in runback ice.

b. Immediate cessation of heating and rapid cooling of the surface after shedding occurs (this
is to greatly reduce runback ice).

¢. The heated area should be the minimum necessary so that heat is applied only under the ice
and not dissipated to the airstream. Good insulation between the heater and the supporting
structure is required to direct the heat outward to the exposed surface.

e. To produce clean shedding and to avoid runback icing, the proper
distribution of heat is required. It is desirable that melting of the ice bond should occur
uniformly over the surface; this may require some chordwise gradient to the heat input.

f. The spanwise and chordwise parting strips must prevent any bridging from one shedding
zone to another. Even a small strip of anchorage may delay ice from shedding until
dangerously large pieces have formed.

g. The cycle "off time" should be controlled to permit adequate ice accretion for the best
shedding characteristics.

The "off time" will depend upon the thermal capacity of the shedding zone and the rate at which
the surface cools to 32°F (0°C). It will also depend upon the icing rate so that the ice thickness
accumulated is the best for shedding when de-icing occurs. The "off time* may be from three to four
minutes for 4 typical ice buildup, however, iotorcrafi “off times” are as low as 60 seconds fur high
liquid water contents.

System requirements for de-icing must be considered in two parts: First, the parting strips and
dividing strips, and second, the cycled shedding area. The heat input to the strips must provide at
least running wet anti-icing to prevent ice from bridging. For electro-thermal de-icing, bridging
means that an arch of ice remains over the heating element. The ice arch will be attached to a cool
surface and the dividing strips can serve as attachment points if not heated. Control of the
temperature of the strips is desirable both for economy and to prevent overheating. Overheating the
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dividing strips encourages runback icing and detracts from shedding performance. Severe overheating
may cause a burnout of the heating elements. Dividing strip widths should be sufficient to
accommodate the change in stagnation point with changes in angle of attack. A parting strip width
Of from 1 to 1.25 inch (25 to 32 mm) should be adequate for most instaliations.

Aircraft wings with about 30° or more sweep-back will normally use only chordwiss parting
strips since aerodynamic forces will remove the ice from the shedding zones without the aid of
stagnation line parting strips.

Shedding zone power requirements are difficult to determine. Heat transfer rates, aerodynamic
forces, and bonding characteristics of the ice (to the surface material) are some of the factors affeciing
the power requirements. Heat-on times less than 10 seconds require heaters capable of withstanding
very high power densities and a large number of cycled areas. Rotorcraft, with their smaller chord
airfoils, have used element-on-times approaching one second for warm temperatures. Heat-on times
longer than 40 seconds would not result in an appreciable reduction in power density. Shedding zone
power density requirements are not appreciably affected by variations in heat-off times. To achieve
an cven melting of ice throughout the shedding zone it is desirable to have a uniform power
distribution in the region of highest water collection, and a decreasing power requirement downstream.

GCver-heat protection devices may be required for electrical de-icing systems. Inadvertent
actuation of the electrical de-icing system during a period where little cooling takes place could cause
burnout of the high wattage density heating pads. The over-heat protection device should be
temperature s2nsing so that the systems may be used during ground operation to remove accumulated
ice and during takeoff to wrevent excessive ice formation.

An electro-thermal de-icing system may be installed on any existing aircrat’t by atiaching flexible
wrap-around heuting pads to the structure with an adhesive. The heating pads are fairly thin and may
not appreciably affect the aircraft performance. Another method of providing electro-thermai ice
protection is to mold the heating elements into the leading edge structure. No zerodynamic
performance loss is experienced by this construction method.

The electrical wiring supplying power for the heating pads requires little space and can normally
be routed through existing passages within the structure. Generating equipment may be either engine-
driven or auxiliary power source driven. The required power generator capacity will depend upon
several factors: the efficiency of the heating pads, the wattage of the shedding sections, and the
number of pads required to be on at any one time. Shedding section cycling should be scheduled to
maintain an even power load upon the generating equipment,

In higher speed aircraf't, the rubber heating pads are subject to rain erosion and haii damage.
A metal overshoe (erosion shield) (figure 2-2) will protect the pads and help to even out the heat
distribution and prevent surface cold spots. Detracting from the overshoe installation is the loss in
heater efficiency and the added weight to the aircraft. The electro-thermal system for rotorcraft will
generally be constructed in a composite, rather than in a rubber boot, but it will still require an erosion
shield.
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2.3.1 Airfoil and Leading Edge Devices

2.3.1.1 Airfoils

The use of electro-thermal boot systems for all wing and empennage surfaces is usually not
feasible because of the amount of power required and the associated weights of the power generating
equipment. Wing and empennage surfaces provided with electro-thermal systems are usually limited
to those requiring special consideration such as surfaces forward of engine inlets. These applications
are generally anti-icing, running wet systems.

The heater elements are molded inte the boot assemblies which are bonded to the wing leading
edge. The boot is usually divided into a number of independent heating elements. Each heating
element is protected by a circuit breaker and a current sensor. The temperature of the boot is
controlied by a thermal control switch attached to the leading edge wing skin. The thermal control
switch senses the skin temperature and opens or closes the power circuit at pre-set skin temperatures.
See figure 2-3 for a typical wiring diagram. This system is activated continuously when in icing
conditions.

2.3.1.2 Leading Edge Devicses

The preceding description of an electro-thermal ice protection system for a winz assumed a
fixed leading edge. Wings with high lift leading edge devices will have the same ice protection
requirements but methods of satisfying these requirements will differ and will be more complex.

Leading edge devices may consist of slats, slots, or flaps. A wing leading edge slat configuration
is shown in figure 2-4, A slot is similar to an extended slat but is a fixed geometry, rather than being
retractable for cruising flight. Leading edge flaps are hinged plates which are nested against the wing
for cruise and played forward for low speed, high lift conditions: See figure 2-5. The fixed wing
behind the slat may or may not require protection, depending on geometry, ice accretion
characteristics, and time in icing. For each new aircraft, a study should be made of the need for
heating this area.

Electro-thermal de-icing may be applied (o leading-edge slats. Difficulty in retraction of the
slats may be experienced if ice accretes on the fixed leading edge or if residu2! ;= or runback ice
occurs behind the flap.

Leading edge "Krueger" flaps may or may not be protected depending upon the effects of ice
accretion on performance. Figure 2-5 illustrates an unprotected leading edge flap as might be installed
on a transport aircraft. Ice protection requirements for the wing leading edge will remain the same
but because of the leading edge flap installation there will be a reduction in the heated area on the
lower surface. Water may runback from the heated ieading edge and freeze behind the flap if the
leading edge anti-icing system is not fully evaporative. Alse, there will be a small amount of direct
impingement. Evaluation of the need for heating the flaps must be made by either an aerodynamic
analysis or by flight test.

It 2-5




Ice accretion can occur when the flap is extended during takeoff and approach. Figure 2-6
illustrates the amount of ice that may accumulate on extended flaps during a 30 minute hold in icing.
However, no appreciable ice usually accumulates during takeoff, as flaps are retracted about 1-1/2
minutes after brake release. If the flap is unprotected, flight tests should be conducted to determine
the effects of this ice accretion. One flight test method which may be employed is to simulate the
critical predicted ice shapes with wood or plastic and attach them to the flap. The airplane
performance then may be evaluated in clear air,

It should be noted that the extension of either leading or trailing devices changes the air flow
around the wing, including sizeable changes in stagnation line location. This will alter the droplet
impingement and ice accretion patterns. Trailing edge flaps sometimes accrete ice; This can generally
be determined only from flight tests.

De-icing requirements would be similar to the requirements of a fixed leading edge. Shedding
characteristics will probably be different because of the airfoil shape and the aerodynamic forces the
ice will encounter. An icing tunnel test program may be required due to the ditficulty in predicting
shedding forces and impingement.

2.3.2 Windshields

Anti-icing protection is usually provided for the forward-facing windshield panels on both
military and commercial aircraft that are required to operate in ali-weather conditions. The most
widely used system is electrical anti~icing whereby electric current is passed through a transpareit
couductive filin or resistance that is part of the laminated windshield. The heat from the anti-icing
film or resistance wire also prevents internal fogging for most configurations. Electrical heat may aiso
be used to maintain the windshield interlayers (of a glass/plastic laminated windshield) at or near the
optimum temperature for resistance to bird strikes (birdproofing).

Figure 2-7 shows a typical windshield construction. The thickness of the conductive film or
the wire size can be varied to accommodate variation in heating requirements or to heat irregular
shapes (reference 2-2 and 2-3).

The windshield arrangement of a typical multi-engine transport is shown in figure 2-8. Ice
protection is needed for the forward facing windshields (main and center), but not for the side and
aft windows which are at minimum angle to the airstream and probably do not collect ice. An
alternate arrangement often used deletes the center windshield and increases the size of the main
windshields. The center windshield for rotorcraft was considered at one time not to require anti-
icing, but operational experience showed that this section should also be protected. In either case, the
conductive anti-icing film or wire grid is applied to the inside of the outer ply of glass, as shown in
figures 2-9a-c. The film usually covers only a roughly rectangular area of the windshield, as non-
uniformity of heating and actual "hot spots” become a serious problem with the high power density
heating needed for anti-icing (3 to 4 watts/sq. in. for glass or 5.25 watts/sq. in. for plexigiass). The
exterior ply is usually limited to 0.18 inch (4.6 mm) thickness if the surface is glass, 0.06 inch {1.5
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mm) if plastic, to avoid excessive internal temperatures. Power supply bus bars and the temperature
control sensor are usually located as shown in figures 2-7 and 2-9a-c.

Anti-fog films, in contrast, are often applied to non-rectangular areas. The low power densities
(1/2 ‘o 1 watt/in®) used for anti-fog tend ‘., reduce the problem of "hot spots” and attendant glass
breakage problems. For this reason, the arrangement of figure 2-9a has been used on at least one jet
transport. Where the panel in question is nearly rectangular as in figure 2~-9b, a single coating may
meet the requiremeats for anti-icing, fog prevention, and maintenance of optimum vinyl temperatuse.
In the configusation of figure 2-9¢c, the anti-fog and anti-ice films are never used simultaneously.

Typical heat requirements for a jet transport center windshield are shown in figure 2-10. For
a typical flight profile, a maximum input of 1,800 BTU/hr-ft* was found to be adequ2.e. Inward heat
losses have not been considered here as analysis shows them to be less than 5%. Calculations were
based on boundary layer buildup from the aircraft nose. For windshields that depart abruptly from
the fuselage contour, a thickened boundary layer starts at the windshield’s base and heat requirements
will be higher,

One of the main probiems associated with the use of electrically heated wingshields is inflight
breakage caused by thermal stress in the glass. Replacement rates for windshields often are several
times as great in winter as in summer. There are two effective approaches to this problem. One is
to design the heat input to the minimum possible value. Clear vision is essential at low altitude, but
air temperatures associated with icing are not likely to be below 0 °F (see Chapter I). At higher
altitudes where lower temperatures are found, flight through icing would be made on instruments and
some partial obstructiozn cf vision might be acceptable. The non-uniformity of the conductive coating
would tend to prevent complete obscuring of the windshield even under marginal conditions. Some
transports equipped with high (2,300 BTU/hr-ft2) and low (1,500 BTU/hr-f t2) control settings have
found no need for the higher setting. However, conformity with FAR 25.773(b) must be observed:

The airplane must have a means to maintain a clear portion of the windshield, during
precipitation conditions, sufficient for both pilots to have a sufficiently extensive view
along the flight path in normal flight attitudes of the airplane. This means must be designed
to fenction, without continuous attention on the part of the crew, in... (ii) the icing
corditions specified in para. 25.1419 if certification with ice protection provisions is
requested.”

The FAR 25.1419 atmospheric conditions are given in FAR Part 25, Appendix C. FAR 23
requirements are less specific, but FAR 29 requirements are essentially the same as for FAR 25,

A second approach (which can be used in cor junction with the first) is to employ a power
modulating control. Recent advances in electronic switching devices have made this an attractive
method of control. Mechanical switchirng (use of a transformer, relay, and power ccntactor) may result
in large transient currents and temperature differentials that adversely affect windshield service life.

I 2-7




Power supply is normally from an AC generator; however, if only DC power is available, an
inverter can be used to produce the required voltage. In several instances, windshields have used DC
power directly. The temperature control is set at a value high enough to produce the design heat
requirement without overheating the interlayer, Usually 2 setting of 100 to 110°F (38-43°C) will
fuifill both the anti-icing and anti-fog temperature requirements. The most common control turns
full power ON and OFF as necessary to maintain the set temperature within a 10°F (5.6°C) deadband.
Centrolling in this manner may result in cyclic thermal stresses that have adverse effects on windshield
service lif.. Some current aircraft are using modulating controls that vary power as a function of
temperature sensor demand to reduce thermal stresses (reference 2-4).

Successful design of a windshield having electrical heating requires careful integration of all
factors involved. The most important are: providing good coating uniformity (use of nearly
rectangular areas), limiting heat input to the minimum acceptable level and, if possible, using a
modulating control to eliminate cyclic thermal stresses. Methods of calculating the heat required and
temperature control setting are shown in Chapter V together with a calculation method to determine
temperature of the interlaye:.

2.3.3 Engine Inlet Lips and Components

2.3.3.1 Inlet Types

The method in which ice protection is used in turbine powered aircraft is dependent on inlet
design. The major differences in ice protection sysiem needs are due to the two inlet designs termed
"contoured” and "non-contoured.” A contoured inlet duct is defined here as a duct that has sufficient
internai surface curvature, and causing sufficient redirecting of inflowing air such that water particles
ingested will impinge directly on the duct surface. On the other hand, many inlet designs used for
modern turbine powered aircraft have a mild contour such that the incoming air is not significantly
redirected and the air travels straight into the engine. In this case, the inlet duct walls are not prone
to direct water droplet impingement. These inlets wiil be defined as noncontoured, and ice protection
against directly impinging water under icing conditions is not needed. A typical example of non-
contoured inlets is the turbofan powered commercial transport aircraft with externaily mounted
engines. Contoured inlet aircraft are typically turboprop powered aircraft or aircraft with internally
mounted engines. For many of these aircraft, the duct contour causes significant water droplet
impingement, making ice protection a requirement for these areas. In many cases, electro-thermal
de-icing provides the best combination of cost, weight, operational features, manufacturing ease, and
power requirements for inlet duct ice protection, provided that the engine can tolerate the shed ice.

For most turbine powered aircraft, engine inlet leading edge surfaces require some type of ice
protection. Electro-thermal de-icing provides effective inlet leading edge ice protection and usually

draws a relatively low amount of electrical power. Electro-thermal anti-icing systems require more




power than de-icing systems but insure a minimum of engine ice ingestion, provided that runback
icing is avoided.

2.3.3.2 Power and Cycling

Numerous power and timing combinations are available that can provide satisfactory ice
protection. Alternating current obtained directly from aircraf't alternators is typically routed through
one or more electrical heating clements. Two fundamental parameters of electric power application
are power density and duration. Typical power density ranges used in present day aircraft de-icing
applications are from 10 to 30 watts per square inch (1.5 to 4.7 watts per square centimeter). Two
different methods of applying power to the de-icing device are (1) holding power density ccnstant
and varying the duration - with the duration determined by ambient condition sensing - or (2) holding
the time base constant and varying the power density (by varying the voltage or changing the total
system resistance) - with power density determined by the ambient condition sensing. Regardless of
which method is used, the success of a de--icing system in an inlet is heavily dependent oa rapid heat-
up and rapid cool-down. The desire to have rapid heat-up and cool-down grows out of the need to
minimize the melting of ice and hence the forming of water during tae de-icing cycle. By forcing
the temperature of the surface to rise quickly, the ice will not gradually absorb heat, but instead, the
frozen ice/surface interface will separate, allowing the ice particle to be swept away by the airflow,
with the departing ice taking the small amount of melted water along with it. The more rapidly the
surface cools to below freezing the sooner the reformation of ice will commence, preventing the
runback of a significant amount of liquid water that could freeze onto unprotected areas. The
potential probleas of runback icing are dealt with in Section 2.10. A typical heating strategy to help
alleviate the hazardous build-up of runback ice is to divide the deiced surface into several streamwise
zones and apply power to cach zone separately. By alternating the on-cycle from zone to zone and
going from "front to back,” runback water can be shed as ice or "chased back" to non-hazardous areas.

2.3.3.3 Materials

Electro-thermal de-icing heater elements are typically fabricated in one of several designs. The
element may be built as an add-on pad type of device or il may be built in as an integral layer within
the actual aerodynamic surface. If the heater is the bond-on pad type, it may be applied to either
the front (air wetted) surtface or on the backside of the aerodynamic surface, out of the air stream.
If the heater is mounted on the external surface, consideration must be made for resistance to impact
from foreign objects and from lightning strikes. Effects of changes in heat transfer characteristics
should be accounted for when the decision is made to install a heater system externally, internally, or
integrally. The installation location and consideration for impact resistance will usually have a bearing
on whether the heater element is embedded in a flexible or a rigid material. In either case, the
material must be electrically non-conductive and completely encase the heater element tc insulate
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the conductive element electricaily. For embedded heaters, an overtemperature sensor may be placed
behind the heater to provide thermostat control and avoid heater damage by overheating.

2.3.4 Turbofan Components
Ice protection for turbofan engine components is commonly provided by hot zir methods (Section
111.5.3.4).

2.3.5 Propellers and Spinners

Propeller and spinner (nose cone) ice protection is employed for three reasons: (1) leading edge
ice formations may cause a propeller efficiency loss, (2) unsyminetrical shedding of ice may result in
propeller unvalance, and (3) large pieces of ice shed from the propeller or spinner may be ingested by
the engine on turboprop aircraft.

Electro-thermal de-icing may be installed on the external surface of a propeller without
appreciably affecting its performance. Coverage should be approximately 15 percent of the chord on
the suction surface aud approximately 30 percent on the pressure surface. Protection is typically
extended to only 30 percent radius because ice formations are negligible beyond that point. This is
attributable to aerodynamic heating and centrifugal force effects. However, in some instances, ice
may accrete farther outboard with very detrimental effects on propeller performance since the
propeller is most hezvily loaded in the tip region. Careful selection of the protection coverage
extremes is warranted in these cases. The power to the heating pads is supplied through slip rings at
the propelier hub. Installation of the heating element on the interior of the propeiler would protect
the heating elements from damage, but the loss of efficiency and the difficulty of repair make the
external system more feasible. An example of the construction of an external electric heater for a
propeller is shown in figure 2-11. The cuter ply of the propeller heater must be of a material which
is rain erosion resistant and not too vulnerable to hail damage.

Propeller therma! de-icing requirements will vary depending upon propuller diameter, rotational
speed, and aircraft forward velocity. The watt density and coverage are usually determined by the
boot manufacturer.

Shedding of ice from propellers should be equal from each blade of a propeller to prevent
unbalance. Timing sequences are usually established so that only one propeller is heated at 4 time.
Also, the frequency of shedding should be scheduled to prevent large pieces of ice trom forming, as
they may cause damage to the aircraft when they are shed. Fuselage skin damage due to ice shed i
the propeller plane should be considered. In some cases, a protective shield may be desirable.

Ice protection for propellers and, to a limited extent, spinners of turboprop aircraft is commonly
provided by the electro-thermal method. A typicai system of this type is illustrated in figure 2-12
and is described in detail in reference 2-1. In this particular system, coatinuous (running wet) heating
is provided for the forward portion of the spinner; cyclic heating is provided for the aft
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portion of the spinner, the spinner islands, and the propeller blade leading edges (to 30 percent radius).
These are the areas from which shed ice would have the greatest tendency to enter the engine.

In the system illustrated, the distribution of power to the forward (anti-ice) portion of the spinner
is shown in figure 2-12. Power to this area is varied in steps from 3.5 tv 8 watts/inz. The watt
densities supplied to the cycled areas are 11 watts/in2 for the aft portion of the spinner and 13
watts/ in? for the spinner islands and propeller blade "cuffs." Heat-on time for these cycled areas is 20
seconds and the total cycle time is 160 seconds (heat-off time is 140 seconds).

For other configurations, the same principles may be applied to obtain satisfactory protection.
Other methods have been used in the past, such as fiuid and hot-air ice protection, but have fallen
into disuse because of installation difficIties, as compared to the electrical system,

2.3.6 Helicopter Rotors and Hubs

The main components of a typical rotorcraft rotor blade electro-thermal deice system are shown
in figure 2-13. These include main and tail rotor blades with electro-thermal heaters embedded in
the leading edges, a system controlier, main and tail rotor sliprings, system power stepping, fault
monitoring, ambient temperature sensor, and an ice detector rate meter subsystem.

The electro-thermal deice system installation for rotorcraft can be divided into the following
subsystems:

- Electrical heaters

- Deice power supply

- Power distribution

- Deice system controller

- External environment sensors

- Ice detection

- Ambient temperature sensing

Tilt rotor aircraft spinner protection (shown in figure 2-13) and articulated rotor droop stop
protection can also be provided by electro-thermal systems,

2.3.6.1 Heater Elements

Several variations in the design of electrical heating clements are in use today. Concepts for
locatiing the heaier elements are spanwise {(elements from {ip io root) or chordwise (arocund the ieading
edge), with power density variaticns in chordwise and/or spanwise directions. Figures 2-14 and 2-
15 show examples of these element configurations, The chordwise heaters are generally activated in
sections from tip to root while the spanwise heaters are generally activated around the chord starting
at the stagnation region. Combinations of these two arrangements are in use.

The heaters may be constructed of wire conductors woven inco a carrier, etched foil bonded to
a carrier, conductive composite material, or sprayed metallic coating applied to a contoured surface.
A suitable dielectric layer is incorporated on each side of the heater to provide electrical insulation
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from the erosion cap or spar. The blade is generally fabricated with the heater embedded in the
leading edge assembly. Some development aircraft have used add-on deice boots which are fabricated
from a heater mat and suitable dielectric. These add-on boots are bonded to the exposed leading edge
surface. This is a less expensive approach; however, it affects aerodynamic performance. Heater
blanket materials must be evaluated for stress-strain properties, materizl temperature limits, fatigue
limits, and repairability.

The extent of rotor blade coverage can be determined through analysis and test. Since the
shedding G forces are much lower for a helicopter rotor than for propellers, coverage usuvally extends
from 20% to 99% rotor span and to about 15% and 25% of the upper and lower chord, respectively.
Ouce the area requiring protection is determined, the area is divided into zones to minimize the power
necessary at a given time to provide effective protection. Most ice accretion occurs at the leading
edge (around the stagnation region) along the span, with the largest proportion at the outboard areas,
generally between 40 and 80% span. This is due to greater local collsction efficiencies due to higher
rates of impingement. Centrifugal force and kinetic heating effects tend to reduce the ice accretion
rate near the rotor tip. .

The rotor blade local heat requirements in each heater area can be determined by analysis and
testing. Variations in the local blade heating can be accomplished by changing the heater resistance
(this changes the local power density), and adjusting the lengih of time power is applied to a specific
zone, Power to the rotor deice heaters can be supplied from the main aircraft generating system or
from a dedicated electrical supply.

The following considerations need to be addressed when evaluating an electro-thermal deice
installation:

- Reliability

- Overheat protecfion

- Power required/available

- Redundancy requirements

- Fault detection

- Repairability

- System check

- Ground check

- Electro-magnetic interference

In designing electro-thermal deice blankets for rotor blades, there are several flight occurrences
that need to be considered such as erosion, lightning strike capability, impact of rain, hail, insects and
varying airioads caused by centrifugal forces and blade bending and the cyclic expansion and
contraction loads due to heating and cooling.
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2.3.6.2 De-ice Power Supply

De-icing power is generally supplied from the aircraft main generator/alternator system. In
some configurations, however, use of a dedicated power supply source may be a better choice,
particularly where a decision on use of constant frequency vs. variable frequency may be an
influencing factor. With any choice of power supply, however, the electrical system must be sized
for the load demand of the de-icing system, which in many cases may be equal to or greater than the
total of all other aircraft electrical load requirements. Additionally, the redundant power source
requirement (if the requirement is specified) must be taken into account (i.e., does the rotor de-ice
system continue to function with on¢ generator/alternator out?).

2.3.6.3 Power Switching and Distribution

Deice power must be transferred from a stationary system (i.e., generators, alternators, power
switching unit) to the rotating system (i.e., rotor head). The most common system employed te date
is the rotor shaft slip-ring assembly. The power to individual heater element zones is generally
directed by a mechanical or solid state switching device {or stepper), located in the rotor head. The
device transmits a power pulse to each heater element in a predefined sequence and on-time
determined by the main deice controller.

2.3.6.4 De-ice Controller

The de-icing system for main and tail rotors utilizes a deice contreller which can be designed
to provide avtomatic control, manual control, or both, Typically, an automatic controller processes
signals from the outside air temperature (OAT) sensor (or from an icing raie sensor) to establish the
heater element on-time, while the element off-time is determined via the signal from the icing »rate
system. The controller automatically sequences power to the tlade, adjustiag the cycle timing based
on ambient conditions, The automatic controller may also examine deice system malfunctions and
attempt to maintain system function for as long as possible by Lypassing the failed element and
signaling the cockpit.

A manual controller establishes element on-times and off-times based on pilot selecied switch
settings. Typically, as a minimum, the pilot selects the OAT range at which he is operating, (i.e.,
O°C to -10°C), and his estimation of the icing severity (trace, light, moderate, severe). Changes in
ambient conditions are reflected via changes in the swiich settings. Manual control of element on-
time is not recommended for composite rotor blades, to prevent possible overheating of blade resin.

Many controllers can operate in either an automatic or a manual mode, with the manual mode
typically available as a backup to the automatic system. Additionally, protective circuitry can be
incorporated into the controlier. This circuitry can alter or shutdown the de-ice power sequence in
the event of an electrical system failure whiie providing system status information io the helicopter
instrument panel. A failure, as detected by the controller check circuitry, will result in automatic
power sequence shutdown or aiteration of the cycle sequence and the appropriate cockpit fail signal.
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The coatroller can also include built-in test circuitry. This circuitry, when supplied with the

proper signals, can verify correct system operation. Usually, the system is tested on the ground prior
to flight and can be activated at any time by the pilot.

2.3.6.5 External Sensors

A signal from an outside air temperature (OAT) sensor is used, either independenily or with
other system parameters (i.e., icing rate or LWC) to control the heater element on-time schedule. To
insure accurate temperature readings, the seasor should be protected from ice accumulations either
thermally or through the use of shielding., Additionally, OAT sensor location must be selected so that
fuselage skin temperatures or other external conditions cannot influence the temperature readings.

Icing information is obtained through the use of an ice detector or an ice accretion rate system.

One of the primary signals to the deice controller is the ice indication/ice rate input which is
generally used to initiate the deice sequence and determine the heater on and off times when the deice
controller is in the automatic mode. The trig_er signal for the deice sequence is generally set to
activate at a predetermined value of ice rate or at a reference ice accretion obtained from the ice
detector rate or ice detector count. Helicopters have special problems in ice detection and rate
measurement; see Section 11.1.4.2. In determining the reference ice thickness for de-ice sequence
initiation, severai topics should be considered such as; the rate of torque rise, size of shed ice which
impacts other aircraft components, and the ice thickness which resulrs in satisfactory shedding (nmo
runback).

Further information on ice deteccors commonly used with electro-thermal ice protection systems

i5 found in Sections 11.1.3.3 and II.1.3.5. Visual means also exist for ice detection and ice thickness
indication.

2.3.7 Flight Sensors

Any large aircraft has small components that accumulate ice if not protected. Typical examples
are pitot tubes and angle of attack indicators. The need for ice protection of these components can
be determined by answering the following questions:

a. Will ice accumulate on the object in question and in what amount?

b. Will this accumulation adversely affect the component’s function?

c. If the component’s function is affected, will this have an effect on safe flight of the aircraft?

d. What is the effect of ice shedding from the component on other components, such as the

engine inlets? Will ice shedding affect engine operation?

The current practice for small, critical components is the application of electrical heat to the
critical area.
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Static ports located on the fuselege (if suitably far from the nose of the aircraft) usually have
not needed protection. In any case, where ice protection is provided for small components, the effect
of a single failure should be considered. In the case of pitot tubes, for example, if the pilot’s pitot
tube fails, the copilot’s may be used.

2.3.8 Radomes and Antennas

2.3.8.1 Radomes
Electrical systems are not applicable to the ice protection of radomes because of the interference
from the heating element (reference 2-5).

2.3.8.2 Antennas

Ice protection for antennas, if provided, can be of the ..cctro-thermal type. General practice
has been not to provide such protection, but large antennas such as those on the U. S. Army EH-60A
helicopter are protected to avoid possible breakage due to large ice buildups. In some cases, flexible
antennas improve the self -shedding of ice,

2.3.9 Miscellaneous Intakes and Vents

General practice has been to provide no protection for flush inlets and vents. Although detailed
studies must be made for each new application, it is usually found that the flush inlets will not close
completely in icing, therefore, protection is not provided. Static ports located on the fuselage (if
suitably far from the nose of the aircrafi) usually have not been protected. Inlets for air conditioning
systems may or may not be protected depending on whether ice formed on the inlet would slied into
the heat exchangers or turbo-compressors and cause damage. In any case, where ice protection is
provided, it will probably be of the electro-thermal type.

2.3.1¢ Other

Other small components of an aircraft that accumulate ice if not protected are wing fences,
stahilizer mass balance “horns,” tip tanks, and whecl covers. The need for ice protection for these
compongents can be assessed by answering the questions listed in Sectior 2.3.7. For many of these
miscelianeous components, eiectro-thermai is the oniy practicai ice protection method.

111.2.4 WEIGHT AND POWER REQUIREMENTS

The effect of an installed electro-therinal ice protection system on the weight and power
requirements of some typical aircraft is presented in Table 2-1. From these data, the actual aircraft
performance penalties can be predicted. These numbers are representative of what would be required;
however, a more detailed analysis would be necessary to determine them more precisely for any
particular airplane (reference 2-1).
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M1.2.5 ACTUATION, REGULATION, AND CONTROL

Automatic initial sctuation of electro-thermal systems is discouraged for several reasons. First,
automatic actuation decreases the reliability of the system. It could fail to be turned on, or be turned
ou when not required, reducing heating element life and wasting energy. Second, the pilot needs to
determine if the system is functioning properly. His attention may not be drawn to a system that
automatically actuates. Third, the complexity of the system is greater. If a manual backup is required,
then an additional annunciator is required to show the primary system failure. More components
require more frequent replacement and higher maintenance cost.

Having emphasized the dangers of automatic initiation, it must be stated that once activated,
automatic regulation and control are very valuable in reducing crew workload. Annunciator lights or
a CRT display should then be used to inform the pilot of system status or faults.

1I1.2.6 OPERATIONAL USE

2.6.1 Anti-Icing Systems

In most cases, anti-icing systems should be turned on as soon as icing conditions are encountered.
If too much ice has accumulated, the system will be required to de-ice the surface. The wart density
is usually too low to do this quickly and will likely produce an cbjectional amount of runback in the
de-icing process.

These systems also need to be tested prior to tlight into known icing conditions. In some cases,
an annunciator light will indicate when the system is functioning properly. In other cases, the

aircraft’s ammeter or power meter are observed for reading changes when the system is turned on or
off.

2.6.2 De-Icing Systems

De-icing systems do not have to be turned on until after ice has started to accumulate on the
surface protected. The watt density is sufficiently high to remove accumulated ice. Of course, the
system should be turned on before large amounts of ice accumulate or some undesirable secondary
effects may occur. For example, if operation of the propeller de-icing system is delayed too long, the
ice thrown from the propeller would be thicker than usual and could cause excessive fuselage skin
damage.

The de-icing systems need to be tested prior to flight into known icing conditions. This is done
by turning on the system and observing the system ammeter or power meter to ensure the proper
power is being provided. A periodic flicker should be observed when the system cycles from one area
to another. The system would then be turned off until required. This conserves energy, extends the
life of the heating element, and in some cases, keeps an efement from burning cut ¢n the ground.
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2.6.2.1 Typical System Operation

The following is a description of a typical electro~thermal de--icing system in operation. When
the aircraft flies into conditions where the outside air temperature is below a certain value, typically
a value between 0°C and 4°C, tie de-icing system becomes armed (prepared to start the deice
sequence).

Once activated by input from the external sensors (i.e., ice detector, ice rate probe, outside air
sensor) or from pilot manual control, the deice system will automatically sequence power to the
propeller or rotor blades according to the programmed cycle schedule. In general, the deice heater
element-on-time is set by the signal from the outside air sensor while the deice trigger (start of deice
cycle) is controlled by the icing rate signal.

When the aircraft enters the icing environment, the ice detector is typically employed to sense
the accumulation of ice and determine the rate of ice accretion. At a predetermined accretion (for
helicopters it is generally based on a reference rotor ice thickness, or a rotor torque increase) the deice
controller is activated and power is supplied in a predetermined sequence to the blade heater zones.

In this system, the off-time for a zone (i.e., delay time between deice cycles) is controlled by
the icing rate indication system while the heater element on-time is controlled by the cutside air
temperature indication system. Manual on-time contirol can also be set by a pilot switch, however this
would increase the potential for blade overheating if an incorrect switch position were selecied by the
pilot.

Once a de-ice cycle is initiated, the cycle will proceed in the programmed manner through each
heater element, always starting with the same initial element. For helicopters, the number of blades
on the rotor head generally determines the deice firing sequence from blade to blade. For example,
on a four-bladed head, the first element on each of the four blades might be powered, or niore
probably the first element of opposing blades (i.e., biades 1 and 3) would be powered, with power
being applied element-to-element on blades 1 and 3 until each element had been fired. The power
sequence would then switch to blades 2 and 4, and the power sequence repeated. In the cuse of an
odd number of blades, such as three, the clements of each blade are fired simultaneously so as to
prevent asymmetric ice shedding.

The element heating sequence may also be varied to meet the de-icing requirements of changing
icing conditions. For example, the power may be applied to an outboard rotor element or the
stagnation region element more frequently to reduce the amount of ice build-up at a higher liquid
water content,

During the heat-on portion of the deice cycle, the controller resets the ice rate accumulator to
zero and begins the ice rate accumaulation for the next cycle. Under severe icing conditions (i.e., kigh
liquid water content), the next deice cycle may be ready to fire at the completion of the current cycle,
thus the deice sequence will begin immediately. At lower icing rates, there may be a considerable

time delay before the next cycie.
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2.6.2.2 Test Considerations

Tests of components and subsystems during the design and development of an electro-thermal
propeller or rotor de-icing system in simulated severe icing conditions are necessary as part of the
overall certification/qualification process and should precede flight test of the complete aircraft ice
protection system in natural icing conditions.

Heater Element Tests

Several types of tests are used to provide design data for electro-thermal heaters. Fatigue tests
of candidate heater foils or wire matrices should be accomplished to establish fatigue life of the heater
elements, especially for those bonded to structure with large cyclic loading or vibrations. Examples
are rotor blades and leading edge slats. The heater elements should be fabricated in a sample which
encloses the heater in the same structural elements which would surround it in the actuai aircraft. The
sample is then subjected to repetitive loads in a tensile fatigue test machine. While being subjected
to the repetitive loads, the heater can be energized to simulate the effects of temperature variations.

The above described tests are useful for comparing the rclative value ¢f various heater element
materials, but a more conclusive test may be devised. This test would use a structural segment fatigue
test specimen exactly the same as used for normal qualification fatigue tests common to aircraft
qualification programs. During such g test, the heater elvment should be energized to bring the heater
clement temperature up to the maximum permissible design values.

Another useful test is a bench test of a segment of the structures (rotor blade, propeller, inlet
lip, etc.) to examine the heat transfer characteristics beiween the heater element and the surface.
Variations in the thickness of materials and possible voids between the heater element and the surface,
along with the spacing of the heater elements, can cause considerable inconsistency in surface
temperatures. Since the de-icing method requires the surface to be heated and then ailowed to cool
rapidly, it is important to know the time required to heat and then cool the structure. Although the
surface heating and cooling is atfected considerably in flight by the air flow and cloud moisture,
much can still be learned from laboratory tests of a heater in a sample structural segment,
Temperature sensors located within the design specimen can provide valuable heat transfer data.

Power Transfer System Tests

For helicopiers, ali eleciro-ihermai roior blade de-iing sysicias to daie use the samc gencral
method for electrical power transfer from fixed to rotating members. Propellers have similar power
transfer methods. A tvo channel or three channel slip ring (DC or AC current, respectively) converts
the fixed to rotating hardware and a solid state or mechanical stepping switch routes the electrical
power to the appropriate blades heater elements. Slip rings and stepping switch systems should be
laboratory tested, simulating actual flight conditions as closely as possible, including temperature
effects. The controller should also be tested to evaluate sysicm performance ard determine the

controllers operating characieristics,
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Icing Wind Tunnel Tests

Icing wind tunnel tests are valuable to the extent that flight conditions can be simulated. The
available facilities are given in Section IV.l. In general, large size and high speeds are difficult to
simulate, but a wide range of temperature and icing cloud conaitions are available.

Icing wind tunnel tests of helicopter airfoils have been conducted, but no icing wiad tunnel
facility at preseat is large enough to contain a full-scale rotating helicopter rotor. Although the
cyclical variations in biade angle of attack can be simulated, the dominant effects of centrifugal force
cannot be simulated without actually rotating the blade. For this, ground spray rigs are useful; see
1V.1.3.2 and Table IV.I-4. An oscillating rig can be used to simulate some of the angle of attack
variations and blade bending effects to assist in the evaluation of the rotor de-ice capability. The
icing wind tunnel is very helpful in better defining the required power density distribution and to
verify adequate coverage.

Dry Air Flight Tests

Prior to testing a blade electro-thermal de-icing system in simulated or natural icing conditions,
flight tests in non-icing conditions can be used to determine sysiem operating characteristics and
internal blade temperature profiles under rotating conditions. EMI (Electro Magnetic Interference)
tests should also be done at this time.

Icing Flight Tests

Flight tests in natural icing conditions are presenily required as 4« major part of certification of
an aircraft ice protection system for operational capability into known icing. Artificial icing tests,
such as spray tankers, can also be used to supplement natural icing testing and expand the certification
envelope. Flight in icing conditions is used to optimize heater on-times, deice sequencing, and heater
off-times. Icing flights can also be used to study the effects of ice shedding and discover any
problems in flight which did not appear during previous testing,

Aircraft and systems performance degradation limits are generally established for flight into
icing conditions. These limits include:

- Range of operation

- Maximum forward speed

- Maneuvering capability

- Rate of climb performance

- Dynamic and fixed system component loads

- Engine Operation

- Aircraft systems and avionics system operation

- Vibration level
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The test equipment required for an icing trials program using a real-time data acquisition system
- (i.e., on-board system or ground station telemetry system) includes: 0
- Master control urit

- Signal conditioners

- Pulse modulation unit

- On-board unit

- Trend recorder

‘ I - Leading edge cameras

-~ Rotor cameras

- Engine inlet cameras

ol - Leading edge ice thickness indicators

- Ground station data processing and ground interface

- Reference liquid water content (LWC)
- Reference outside air temperature (OAT)
- Water dropiet measuring system
| The flight data parameters necessary for a detailed evaluation of the aircraft performance
| characteristics during the icing flight include:
’ - Basic aircraft parameters (airspeed, altitude, rotor rpm, OAT, control positioning, attitude,
actuator positions, load factor, gross weight, rate of climb, time, event, fuel used, etc.)

l - Rotor system {shaft torque, bending, fixed link load, pitch link load, pitch shaft bending, blade 0
X | temperatures, blade loads, etc.)

. - Power plant (fuel flow, torque, gas generator speed, turbine inlet temp., etc.)
- Electrical system (current and voltage, LWC, icing ratz, threshold signal, ice counts, and
: control discretes)
" - Environmental (OAT, LWC, droplet size)
) Figures 2-16 and 2-17 illustrate a typical de-icing system optimization flow and the inflight
' monitoring system, respectively.

111.2.7 MAINTENANCE, INSPECTION, AND RELIABILITY

The electro-thermal elements should be inspected periodically for damage. Broken elements
are a common form of damage and should be replaced. If other damage is found, the system should
': be checked thoroughly 1o determine if it is functioning properly,

Sometimes deterioration of the exterior covering on surface leading edge boots, for example,
may cause premature failures. These should be inspected periodically. They should be cieaned and
a protective coating should be applied periodicaily per the manufacturer’s recommendations.
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There is little maintenance required for an electrically heated windshield except keeping it
clean. 'tone or gravel pitting on the outside layer may allow static electric discharges to occur to the
heating element. Thir could cause the element to f..il premavurely.

Slip rings must be kept ciean to avoid sparking and the resulting pitting of the contact elements.
If inspection of the slip rings is difficult, sealing of the slip rings from outside contamination must
be done as well as possible.

1i1.2.8 PENALTIES

There are three primary areas of penalties due to electro-thermal de-icing installation; weight,
electric power, and aerodvnamic performance, The power required for a complete electro-thkermal
anti-icing system is very large and in many cases impractical. Typical weight and power requirements
are given in Section 2.4. There are two primary methods of installing electro-thermal sy-tems:
attaching flexible wrap-around heating pads to the structure with adhesive and molding the aeating
element into the surface of the structural member. Typical weights involved in either installation are
presented in Table 2-1.

The heating pads used in these installations are fairly thin and may not affect the aircraft’s
performance. Little, if any, performance degradation would be expected from molded heater
iustallation. {n higher speed aircrai’t and helicopter blades, rubber heating pads are subject to sand
and rain eiosion and hail damage. A metal overshoe will protect the pads and at the same time may
evea out the heat distribution and prevent cold spots on the surface. Detracting from the overshoe
installation is the loss in heater efficiency and the degradation in rotor blade performance.

Electro-thermal ice protection may be applied to windshields with small or negligible loss in
aircraft performance (Section 2.3.2).

Electro-thermal ice protection may be installed on the external surface of a propelier (I11.2.3.5)
without appreciably affecting its performance. All power to the heating pads is supplied through slip
rings at the propeller hub resuiting in added aircraft weight. Heating element installation on the
propellcr interior would protect the heating elements from damage, but the efficiency reduction and
the repair difficulty make the external system more feasible.

i11.2.9 ADVANTAGES AND LIMITATIONS
The advantages and limitations of the electro-thermal system will be discussed and compared

with other candidate systems in Section IIL6,

111.2.10 CONCERNS

Runback icing occurs when local heating of accumulasted ice results in water running back from
heated areas to unheated areas where refreezing then occurs.

For an anti-ice system, the entire surface may need to be heated to prevent runback or all the
water droplets impinging on the leadiaug edge surface may have {0 be evaporated. For engine inlets,
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anti~ice protection is preferred to avoid accumulated ice from being ingested and possibly causing
damage or engine flameout.

Whiie using the deice system, the minimum time required to heat the critical surface area to
release the ice with a minimum amount of water remaining must be found during test. Rotor blades
are generally deiced due to power constraints. Runback on rotor blades may cause aerodynamic
degradation and may cause residual rotor performance losses that cannot be eliminated by the de-
icing system.

The impact of runback ice refreecze varies considerably with rotor geometry such as biade
chord, thickness, and leading edge profile.

Element burnout is of concern since no redundancy exists and failure is total. No practical
method is available for detecting incipient burnout.

Ice shedding is a concern for all ice protection systems, and the eleciro-thermal system does not
give a fixed ice particle size under normal icing condition variations. Ice shed unsymmetrically can
cause difficulty ranging from bothersome (inboard wing leading edges) to disastrous (helicopter
rotors).

I1.2.11 REFERENCES
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TABLE 2-1

Weight and Power Requirements for Electro-Thermai Ice Protection Systems
For Three Typical Aircraft (Reference 2-1)

Alrcraft

AW
(Twin-
Engine
Recip.)

g
(Single-
Engine
Recip.)

HCH
(Light
Twin Jet)

Aircraft
Component

Windshield
Propeller

Total
Wing and Tail

Windshield Elec.

Propeller

Total

Windshield
Fropeller

Total

Wing and Tail
Windshield
Propeller

Total
Wing and Tail
Windshield

Engine Inlet

Total

System Type

Elec. Anti-icing
Elec. De-icing
Generator (a)

Elec, De-icing
Anti-icing

Elec. De-icing
Alternator (b)

Elec. Anti-icing
Elec. De-icing
Generaior (a)

Elec. De-icing
Elec. Anti-icing
Elec. De-icing
Alternator (b)

Elec. De-icing
Elec. Anti-icing
Elec. Anti-icing
Alternalor

Weight
Lb.

10

15
30
45
10

20
80

(a) 15 1b. added for increase in generating capacity (28-volt generator +

transformer).

(b) 20 Ib. added for increase in generating capacity (115-volt alternator

substituted).
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1.5 2.0
0.3 L1
2.3 3.1
6.8 9.1
1.5 2.0
De-iced with

wing and tail

8.3 11.1
1.4 2.0
0.6 0.8
2.0 2.8
9.3 12.5
14 1.9

Deiced with
wing and tail

10.7 14.4
117 15.7
1.5 2.0
3.8 1.8
220 29.5
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— 8,012 Neoprene

Outer Layer

0.003 Glass Cloth
0.001 Heating Elements
r‘-l 0.003 Glass Cloth

i

0,125 Synthetl. Rubber

NACA Heater Construction
Maximum 22 watts/
sq, In,, Bonded to surface

AMIMAVEOIOWY
ﬂillllllll/lllilj

2y

)

Inner Layer
Aluminim Skin

—— 0,005 Stalnless Stee!
= 0,012 Insulation
0,003 Ribbon Heater
0,012 Insulation

Typlcal Heater Construction with
Metal Overshoe ~ 18-22 watts/
5q, In, = Lamlnated to structure

Typlcal Heater Construction
Molded as a Structural Member ~
16~20 watts/sq, In,

FIGURE 2-2, CROSS SECTIC

0,025 Aluminum Skin

0.005 Stainless Steel

0.008 Outer Layer (Two 0,004 Layers)
Epoxy Impregnated Glass Cloth

0.002 Expanded Metal
Heatlng Element

L

—— 0,010 Epoxy impregnated
Glass Cloth

NS OF TYPICAL ELECTRIC HEATERS
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7 ] 'I}"“\NV X BREAKER
! CONTROL
X SWITCH 0
! 'l}‘""'ﬂN\/\ AT
i AN
!
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TEMPERATURE CONTROL
CONTROL RELAY
SWITCH

FIGURE 2-3. ELECTRO-YHERKAL WING ANTI-ICE SYSTEN
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Approach Conditlon
Vo = 150 Knots

30 Min, Duration
Maximum Cantinuous lcing
Conditior-

g T

Alr Direction

Extended Leading
Edge Flap

FIGURE 2-6. ICE ACCRETION ON UNPROTECTED EXTENDED LEADING EDGE
FLAP FOR MAXIMUM CONTINUOUS ICING CONDITIONS
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0.062
_~"FACE PLY
|___METALLIC AILM
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LAYER

|_——PLEXIGLASS

0.125

‘\EDGE SEALANT
\

£DGE
REINFORCEMENT

TYPICAL ELECTRICALLY HEATED PLASTIC WINDSHIELD

TEMPERATURE HEATED TRANSITION
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\ A
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BUS BARS
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INSERT
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FIGURE 2-7. TYPICAL ELECTRICALLY HEATED WINDSHIELD

CONSTRUCTION
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FIGURE 2-8.

TYPICAL WINDSHIELD AREAS TO BE PROTVECTED FOR TWO
WINDSHIELD ARRANGEMENTS ON MULTI-ENGINE TRANSPORT

AR Window
Anti-fog only
Sliding Window

Antd-fog Only

Main Windshield
Anti-ice and anti-fog protection

S AR Winoow
Anti=fog Only

Sliding Window
Anti=fog Only

Main Windshield Anti=ice and
Center Windshleldd Anti=fog protection
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Bus Bar

N ; Limits of Anti-ice
Coating Heated Area

Note:  Entire area of panel
protected by anti-fog
coating, Center wind~-
shield similar, except
’ entive area had anti-ice 0
and anti=-fog grotection,

Sensing Element ~ Anti-ice Coat'mg/ EXTERIOR SURFACE

! Anti-ice Electric
! Conductive Film %:::i

{
k )
Anti~fog Electric I Glass L

, Conductive Film

> Vinyi
' Sensing Element

for Anti-fog Coating Glass

"Bird-proofing " !ns;de Surface
: Vinyt ’
| Section of Windshield

! (a) Five Ply, Non-Rectangular, Birdproof Glass
: Windshield

L~

_. } FIGURE 2-9a. TYPICAL HAIN WINDSHIELD SHOWING CONSTRUCTION AKD
: LOCATION OF CONDUCTIVE FILMS AND SENSING ELEMENTS
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Full Anti=ice Coverage

/ —

Bus Bars

/ J

Z__‘ COATING OPTIONAL

IN THIS AREA

Sensing Element _ Exterior

. - Surface Anti-lce surface
Anti-ice Hea/tmg Medium / /Fi im

‘L-[ Glass pr

Vinyi

Glass

/ |

{b) Three Ply, Nearly Rectangilar, Glass Windshield

Inside Surface

FIGURE 2-3b. TYPICAL MAIN WINDSHIELD SHOWING CONSTRUCTION AND
LOCATION OF CONDUCTIVE FILMS AND SERSING ELEMENTS
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Full Anti-ice and Anti-fog Coverage

1

Bus Bar

Exterior Surface

Sensing Element Anti-ice Film
Anti-lce Heating Medium

Glass &
Vinyl
Sensing Element

Glass Anti~Fog Heating
Medium

1
Vinyl
Glass \ i

Anti-Fog Surface

Insige Swface

(c) Five Ply, Nearly Rectangular,
Birdproof Glass Windshield

FIGURE 2-9c. TYPICAL MAIK WINDSHIELD SHOWING CONSTRUCTION AND
LOCATION OF CONDUCTIVE FILMS AND SENSING ELEMENTS
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SYMBOLS AND ABBREVIATICNS

& ! Symbol Description
o ' AGARD Advisory Group for Aerospace Research and Development
._ | °C Degrees Celsius
: ! ¢m Centimeter
i cSt Centi-Stokes (viscosity index)
! °F Degrees Fahrenheit
Ii FAA Federal Aviation Administration
] FOD Foreign Object Damage
! FPD Freezing Point Depressant
o G Gram
"l Hg Chemical symbol for mercury
LWC Liquid Water Conteut
m Meter
. MEG Monoethylene Glycol
o mg Milligram
o ml Milliliter
i mm Millimeter
o NASA National Aeronautics and Space Administration
O.D. Qutside Diameter 0
SAE Society of Automotive Engineers

- WPAFB Wright Patterson Air Force Base




GLOSSARY

biodegradable - The ability of a substance when exposed to a natural outdoor environment to
spontaneously break down chemically into compounds which have no harmful environmental effects.

liguid water content (LWC) - The total mass of water contained in all the liquid cloud droplets within
a unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m?),

micron (m) - One millionth of a meter.

sintering - A metal hardening process such us heat tempering or adding an alloy to the base metal to
produce a higher density material.

slinger ring - A torus-shaped fube with holes in the outer surface radius which serves as the
distributor of anti-icing fluid foi1 propeller and rotor blades. The ring is located at the hub of the

rotor or propeller and rotates with the blades.




1i1.3.0 FLUID ICE PROTECTION SYSTEMS

A N

I11.3.1 OPERATING CONCEPTS AND COMPONENTS
Fluid ice protection systems operate on the principle that the surface to be protected is coated
S with a fluid that acts as a Freezing Point Depressant (FPD). When supercooled water droplets impinge

- -

0 a surfa: 2, they combine with the FPD fluid to form a mixture with a freezing temperature below
the temperature of the ambient air. The mixture then flows aft under the influence of the boundary
layer and is either evapor2ted or shed from the traiiing edge of the surface.

FPD fluid is distributed onto the surface leading edge to be protected by pumping it under
pressure through porous material, by channeling the FPD fluid along leading edge grcoves using
cenisifugal forces, or by spraying th. fluid oato 3 surfice using an external spray bar. The use of a
fluid freezing point deprassant can provide anti-icing or de-icing protection for almost any surface
onto which the fluid can be distributed. The two primary means for accomplishing this are spray

noz:' ', and porous sKia panels,

Current systems normally use a glycol based fluid. Descriptions of various FPD fluids and
fac.ors to be considered in fluid selection are presented in Section 3.2.4.

Fluid ice protection systems for fixed wing aircraft were introduced in the mid-1930' by
Kilfrost Lid. sad Sunlop Lid. in Great Britain. Early systems used fabric wicks covered with wire
gauze whict was glued (or stitched, in the case of fabric covered wings) to the airfoil leading edges.
The devsior-anzat of armored leading edges with barrage balloon cable cutters during World War (I

O created the need for a compatible ice protection system. Neither pneumatic boots nor the fluid
syster:: tl.au avaiiable waere suitable, because their installation impeded the free sliding of the balloon
cabhic ilung the leading edge. In 1942, TI{S (Aircraft De-Icing) Ltd. was formed at the instigation of
(s, Aritish government to meet this need. This new company w. ;5 formed by bringing together three

companies with suitable specialist knowledge. "T" wis Tecalemit Ltd., a company specializing in the

Db B

msnufaciare of lubrication eauipment, and in particular, metering pumps. "K* was Kilfrost Ltd., a
~hemical company cpecializing in de-icing chemicals. "S" v.as Sheepbridge Stokes (now part of the
GX.NW group), a compary producing newly developed porous metals using powder metallurgy. TKS

£

pioduced an ice protectiva $vistem which used, as the {luid dispenser, tubes of 0.5 inch square (1.3 cm)

SE L

cross-section whicn were revessed info tie airfoil leading edges. The exposed face of these tubes was

o

foimed {rom porous powder eial thiough which the de-icing; fluid exuded. This so called “stg”

g N

+

svstem went ikto service rowards the end of World War Il and was extensively used on British and
Eulopean aircraft. In zbout 1950 porous panels were introduced by TKS as a more efficient means

.

L”‘?‘ of distributing I U fluid onn: the airfoil leading edge . ually, the outer skin of these panels was
| : formoa from stainless steel powder and later from .. © and sinterad wire cloth. Porous panels
Fﬁ consiructed from sintered wire cloth proved very successful and still form a significant proportion of
o production. Sxampies of panels manufactured fi s ¢ris materis) may be seen on all versions of the
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British Aerospace HS-125 aircraft including the 125-80C version.

The main features of the porous panels remain unchanged from the designs of the 1950’s, but
recent designs utilize adhesive bonding and tend to extend beyond the minimum working region, often
forming the complete leading edge. In such cases the choice of material thicknesses and some
construction features are usually influenced by structurai strength requirements, bird strike and
lightning strike considerations. The most recent development is the use of laser-drilled titaniun: for
the porous leading edge. In comparison with sintered stainless steel mesh, this material offers a nearly
50% weight reduction, a greater resistance to impact damage, and a smoother surface finish. Examples
of titanium panels may be found on the Cessna Citation SII (bath civil and Navy versions) and the
Beech Starship.

References 3-1 and 3-2 report the results of icing tunnel tests on various fluid ice protection
installations that were conducted io improve the design data base for this concept.

Reference 3-3 is a FAA Technical Note on FPD methods containing many helpful insights and
certification considerations.

111.3.2 DESIGN GUIDANCE

3.2.1 Aati-Icing

When sufficient fluid is present so that at the point of maximum water mass cotlection, the
freezing point of the water-fluid mixture is below the local air tempivature, no ice will formm and
the system functions in an anti-icing mode. This is the normal mode of operation for a fluid sysiem
in light to moderate icing conditions. It is achieved by turning the system ON prior tu o1 immediately
upon eancountering icing conditions, then providing a contiruous liguid supply i sufficient quantity
to prevent ice formation.

3.2.. atural De-Icing

If icing conditions become t0o severe there may be insefficient fluid flow tc wtally prevent
formatioa of ice. When this occurs, ice will begin to form at the point of maximum accretion, usually
at or near the aerodynamic stagnation point. If the fluid continues to be pumped 0..t0 the suriace the
ice will not be able to bond firmly to the surface ard the ice will grow uatil acrodynamic forces are
sufficient to sweep it off the wet surface into the airstream. The pincess of periodic growth and
shedding of ice, with the system in coatinuous operation, is refarred <0 as the natural de-icing mode
of the system.

3.2.3 De-Iring

‘The de-ice mode is a condition where ice is aliowed to build up before the FPD fluid flow is
begun, thus allowing ice t0 accumulate and bond to the wing surface. When the fluid ice protection
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system is turned on, a flow is introduced between the ice and the surface tc weaken the bond so that
the ice will be shed by acrodynamic forces. However, there is evidence to suggest that, for some
conditions, it may not be possible to deice a surface in this manner {reference 3-3). Fluid ice
protection system testing should confirm satisfactory de-icing over the full range of operating
conditions that the aircraft is likely to encounter if certification for the de-ice mode operations is
desired.

ice on windshields and ice accumulated aft of the active porous skin of a leading edge can be
removed by spraying fluid, or allowing it to flow, onto the ice outer surface. With sufficient fluid,
after a time interval, the surface ice wiil be toth melted and loosened. Either of these two processes,
in which the system is activated to remove established ice, is called the de-icing mode.

3.2.4 Fileid Selection

There are several chemicals which, when mixed with water, lower the water's freezing point.
Glycol, alcohol, calcium chloride, nitric acid and sodium chloride are among those that exhibit this
characteristic (reference 3-3). The most commonly used chemicals for in-flight or ground de-icing
or anti-icing are glycol and alcohol. Glycol's freezing point is about 10°F (~12°C), but when mixed
with an equal volume of water, the freezing point lowers to -10°F to -40°F (-22°C to -40°C),
depending on the type of glycel. Fluid ice protection for an airfoil car be obtained by mixing glycol
based fluids and cloud water droplets on the airfoil leading edge.

Most fluids in the alcohol and glycol groups have freezing point depressant qualities that would
make them svitabie for ice protection purposes (see figure 3-1); hence their other properties are more
important in choosing an appropriate fluid for a fluid ice protection system. See Sectionr 3.10 for
consideration of toxicity

For aircraft systems using a freezing point depressant fluid, service experience has shown that
the most suitable fluid is a mixture consisting of about 80 percent monoethylene glycol and the
balance distillzd water, with possibly a smaii proportion of alcohol. Alcohols have been widely used
ia the past for windshield and propeller ice protection but they have the following disadvantages:

a. There is a high fire risk associated with alcohol.

b. Alcohol's relatively high volatility causes it (o evaporate rapidly from the surface to be
prowected, reducing its effectiveness. The latent heat of vaporization tends to lower the
surface temperature, aggravating the icing problem.

c. The viscosity of alcohols is too low.

d. 1o some cases (e.g., methanol) the toxicological hazard is unacceptable.

e Alcohol may induce stress crazing of acrylic windshields.
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The principal constituent of aircraft freezing point depressant fluids is monoethylene glycol
(MLG). Physical properties of MEG are presented in table 2-1 and figure 3-2. MEG has suitable
viscosity characteristics, although the tcmperature tependency is greater than ideal. It has a low
volatility and presents a negligible fire hazard.

The two most common fluids used in fluid ice protection systems today are TKS 80 and DTD
400B (also known as AL-5). Their characteristics are presented in tables 3-2 and 3-3 aad in figures
3-2, 3-3. At preseat, AL-5 is the more readily available fluid in the United States.

Tre difference in viscosity beiween the two {luids makes it possible to extend the usable
temperatures at either end of the range, depending on which fluid is chosen. There is virtually no
difference in the freezing point of the two liquids in aqueous solution.

Many other fluid combinations may perform satisfactorily in a liquid ice protection system and
better FPD fluids may be developed in the future. An ideal fluid will have a very low freezing
temperature to minimize the flow rate required, and will have low viscosity sensitivity to temperature

changes to reduce the range of cperating pressures in the system.

3.2.5 Fluid Supply System

A freezing point depressant fluid is stcred in a tank installed at a convenient aircraft location,
The location should provide easy access for tank refilling and for strainer replacement. The storage
tank must be totally corrosion free. Suitable tank materials that have been used inciude anodized
atumir.um, stainless sicel, plastic, and fiberglass.

In operation the fluid passes through a strainer to a pump which meters the system total fluid
flow requirements. A filter should be installed downstream of the pump to protect system components
against blockage by contaminction from solid particles. The strainer between storage tank and pump
should he nominally 20 microns. The filter, which is nominally 0.8 microns, causes a pressure drcp
that necessitates its location downstream of the pump.

Nylen is normally used for plumbing to distr.bute the fluid to the various system components.
Pipe sizes generally range from 0.1875 inch O.D. (0.5 cm) to 0.5 inch O.D. (1.27 cm) depending on the
location and iflow rate iequired. Special metal compression fittings should be used to ensure plumbing
connection reliability.

The metering pump is usually driven by a direct current electric motor. Tkis pump mus¢
produce a nearly constant flow rare nearly independent of back pressure. Two preset flow rates are
normally provided. The higher flow rate can be used: 1) for a preset period (e.g., one Or two minutes)
when the system is initiaily activated to establish flow and to remove existing ice; 2) to remove
significant amounts of ice that have accumulated uue to failure to activate system promptly; and 3)
to provide anti-icing or natural de-icing protection during abnormally severe icing conditions. The
normal flow rate is designed to provide anti-icing protection during maximum continuous icing
conditions. Manual flow rate :e'ection should be available to the flight crew,
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The filtered fluid is supplied to proportioning units in the surface being protected by the
system. The proportioning units are essentially manifolds that ccntain calibrated capillary tubes, one
for each outlet, which divide the tota! flow into the requirements of each porous panel on the leading
edge surface. Each proportioning unit outlet also houses a non-retur vdlve to prevent porous pan=l
drainage when the system is not in use.

Porous panels are constructed typicall of sintered stainless steel mesh or laser-drifled titanium
for the outer skin, a stainless steel or titanium tackplate tv form a reservoir, and a porous plastic liner
to provide uniform control of panel porosity and sufficient resistance to fluid flow to maintain
adequate reservoir pressure. If the reservoir pressure is not considerably higher than the air stagnation
pressure the flow rate will be attenuated at the stagnation point where the water droplet impingement
is highest. A typical panel cross-section is shown ia rigures 3-4 and 3-5.

The stainless steel porous skin consists or two or three layers (depending on strength
requirements) of wire cioth that are rolled, sintered, and then finish-rolled to thickness. The layers
are oriented 90 degrees with respect to each adjacent layer.

Use of titanium instead of stainless steel provides a 50% reduction in panel weight, greater
resistance to impact damage (including bird strikes), and improved surface finish. Further research
is expected to produce other candidate materials and construction techniquer for porous leading edge
panels.

111.3.3 USAGES AND SPECIAL REQUIREMENTS

3.3.1 Aifoils and Leading Edge Devices

Panel installution on surface leading edges and other surfaces for which ice protection is
required should cover the proportion of the span where ice protection is needed. The porous panel
i5 positioned so that the stagnation point is well within the extent of an active portion of the panel
over the entire range of angle of attack for which continuous protection is desired. The stagnation
point travel is normally determined through wind tunnel tests or €light tests with the use of small
tufts, wing pressure surveys, or by analysis. The panel active portion shoufd extend 1 to 2 cm behind
the extreme locations of the stagnation point to provid. FFD fluid to mix with water impinging both
above and below the stagnation region at ali times, as illustrated in figure 3-6. Porous panels may
be designed to be part of an integral ieading edge strucwure (figure 3-7A-E), or may be added to an
existing wing leading edge as shown in figure 3-7F,

3.3.2 Wiudshields
The spray nozzie distiibution method is used primarily for windshield de-icing. For this
application a tube is installed at the base oi’ the windshield behind a strip of material that deflects

the airflow over the tube. Small holes are drilied in the tube at intervals of a few centimeters. The
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holes are locaied such that when fluid is pumped into the tube the holes direct a spray onto the
windshield in the same manner as a conventional automobile windshield washing system. A separate
pump is normally supplied for this application. The piiot actuates the system manuaily fora § te 10
second interval when it is necessary to clear the windshield. Several such bursts may be required to
completely clear the window. Continuous anti-icing of a window could require excessive amounts
of fluid and is not usually necessary,

3.3.3 Engine Inlet Lips and Components

Porous paneis may he manufactured in almost any shape permitting liquid injection anti-icing -
to be used on engine iniet leading edges. As on other surfaces, the panel active portion for inlet lips
must cover the entire range of stagnation point travel, with ! to 2 cm extra, depending on the inlet
size. For turbofan engines the fluid is normally swept aft on the inlet inside surface into the fan duct
with no fluid eatering the engine core. For pure jet engines one should make sure that internal engine
components and blecd ports are compatible with the glycol based fluid, and that contamination of
bleed air for cabin pressurization is avoided.

To avoid ice ingestion damage, the fluid flow rate must be sufficient to achieve anti-icing
protection or ensure that any ice shed is smaller in size than that permitied for ingestion according to
the engine manufacturer. This is also true for leading edge segments of 4 wing that may be located
ahead of an engine inlet.

3.3.4 Turbofau Components

Fluid injection systems have not been used for internal turbofan engine components.

3.3.5 Propeliers, Spinners, aud Nose Coues

Liquid ice protection of propeilers can be achieved by distributing FPD fluid onto the leading
edge of the propeller blades. This is a~2omplished by feeding the same fluid used on wing surfaces
into a propeller slinger ring. The slinger ring retains the fluid by centrifugal force, allowing it to flow
through a smailer feeder tube which deposits the fluid on the leading edge at the root of each blade.
A rubber boot channels the fluid out along the blade leading edge to a point where centrifugal forces
are sufficient to keep the blades free of ice.

3.3.6 Helicopter Rctors and Hubs
The problem of rotorcraft ice protection is primarily related to the lifting rotor. The tail rotor

can be protected using methods apptied to conventional propellers while other surfaces can be
protected in the same manner as a fixed wing aircraft,
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An experimental investigation of a liquid ice protection system on a helicopter rotor was
conducted in 1961-62 (references 3-4, 3-5 and 3-6). The system used a slinger ring to transfer the
fluid from a fixed nozzle to the rotating blades. Flexible hoses were used to supply fluid from the
slinger ring to the rotor blades. The main rotor blades were production blades modified to include
a fluid distribution system consisting of grooves milled into the forward and aft surfaces of the blade
nose block and holes drilled into the stainless steel leading edge. The anti-icing liquid was channeled
down the aft grooves, then forward to the two leading edge grooves where it escaped through the
holes in the leading edge und flowed over the blade surface. Tests in natural and man-made icing
showed that adequate ice protection for the rotor could be acl'ieved with such a system. Nevertheless,
no further development was conducted on the system,

There are no helicopters in the U.S. that currently use a liquid ice protection system. However,
a research project is now underway to develop a system using porous metal leading edges and a
distribution system that minimizes the effect of centrifugal pressure gradients along the rotor span.
It is believed that such a system can be feasible, effective, and practicable,

3.3.7 Miscellaneous Intakes and Veats

The fluid injection method has been used to provide anti-icing protection of a large Foreign
Object Damage (FOD) deflector in front of the engine of the Westland Sea King helicopter. The FOD
deflector tended to collect ice which could be ingested by the enginc when shed. To prevent this,
several flat porous paneis were instailed flush to the surface of the FOD deflector in chevron patterns.
Thesc were sufficient to provide full anti-icing of the deflector during normal flight operations.

iI1.3.4 FLUID AND WEIGHT REQUIREMENTS

System weight is highly dependent on the FPD fluid reserve requirements. Fluid systems are
unique in comparison with most other ice protection systems in tha{ there is a finite endurance,
depending on the quantity of fluid aboard. Requiring sufficient fluid to operate the systeia for the
maximum erndurance capability has been considered an unreasonable requirement (reference 3-3).
Fluid requirements should be based on the airplanes operational environment and the icing envelope
axtent prescribed in Appendix C of FAR 25, Different minimum values of fluid duration may apply
for airframe and engine. Some of the factors to be considered in specifying fluid minimums are as

Jet aircraf’t generally fly above the icing enviroament for the majority of their tlighis, being
exposed to icing conditions o ly during climb, descent, holding, approach and landing operations.
Since holding aames at busy airports sometimes exceed 45 minutes, FAA has required jet aircraft ice
protection with aczretions on the unprotecied surfaces to be safe for operation at 0.5 g/m* LWC for

continuous icing for 45 minutes.
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Aircraft operating at lower altitudes, such as reciprocating engint and some turbopropeller
powered airplanes and helicopters, can be exposed to icing over a major pc  on of their flight profile,
The system endurance should he consistent with this operating eavirorm. ...

For gas turbine powered airplanes with maximum operating altitudes above 30,000 feet
(reference 3-3) fluid requirements, with continuous maximum fluid flow, are 90 minutes or 15
percent of the maximum endurance of the airplane, whichev=r is greater.

For reciprocating engine and turbopropeller powered airplanes with maximum operating
altitudes below 30,000 feet, continuous maximum flow of FPD fluid should be provided for 150
minutes or 20 percent of the maximum airplane endurance, whichever is greater,

In either case, a fluid quantity indicator and a low fluid level condition (for approximately 15
minutes remaining) should be installed in the cockpit visible to the crew.

Tables 6-1 through 6-10 in Section II1.6.0 provide estimated weights for fluid ice protection
systems for various types of aircraft in comparison to other ice protection systems.

Ii11.3.3 ACTUATION

A fluid ice protection system can be actuated either manually or automaticaliy. The primary
control with automatic actuation is an ice detector to activate the pump whenever icing conditions are
sensed. It is also possible to provide automatic timing and sequencing controliers to run the pump at
high speed for an interval and then st normal speed. If an ice detector senses icing severity it could
conceivably regulate the speed of the pump to provide optimum fluid flow rate.

For visual ice detection, a location or object must be selected which ices before any other part
of the airplane and is easily observable by the pilot both day and night.

Other automatic features available in fluid systems include the integration of pressure sensing
switches with a programmed microprocessor controlier. The controller automatically senses each
failure then activates pumps and solenoid valves as appropriate to maintain system operation using
redundant design features.

[i1.3.6 OPERATIONAL USE

If icing conditions are anticipated in flight, the system should be activated during the preflight
inspection to insure that fluid is being delivered to the surface of each panel, slinger ring, and/or
windshield. This also serves to prime the system.

In flight, the system should be activated immediately prior to or upon entering icing conditions.
This may be accomplished with the use of an ice detector as ais ussed earlier. Provisions should he
made for the pilot to manually increase the flow rate (approximately double) to help protect against
unusually severe icing conditions or to quickly remove any significant amount of ice that may have
accumulated due to the failure to activate the system in a timely manner.
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A gauge should be provided to monitor tluid level in the tank, perhaps combined with a low
level warning light. Handbook data can be used to translate fluid level to ice protection duration for
different selectable flow rates. If pressure sensing switches are instalied anywhere ia the system (see
Section 3.7), the panel should display the status of each switch to alert the pilot to any problem or
failure.

II5.3.7 MAINTENANCE, INSPECTION, AND RELIABILITY

Maintenance of a fluid system is relatively simple and straightforward. All hardware
components are designed to last the life of the airframe, Filters are normally replaced at regular
intervals of 1000 fiight hours or annually, whichever is shorter.

Porous panels are usually designed in 4 to 6 foot (1.2 to 1.8 m) lengths. Thus, if a panel
becomes damaged for any reason, the replacement cost is minimized. Special attention is required in
caring for the panels They may be cleaned with only water and a mild soap or detergent. Qil based
deposits may be removed with alcohol or aviation fuel, Cleaning fluids or solvents car cause
irreparable damage to internal panel components. Likewise any paint, wax, or polishing agents
applied to the leading edge may plug up the porous panels, rendering them ineffective.

The clogging of hcles in the porous leading edge by dust or insects has been a concern.
However, flight tests at NASA Langley Research Center (reference 3-7) indicate that FPD systems
may provide a means of removing the insect contaminant using very small fluid flow rates. The glycol
based fluid softens and removes the debris when the system is activated, similar to the process of
backflushing a filter.

Other mainienance requirements involve periodic checking of all components for proper
operation or leaks and making appropriate replacement of any defective components. If blockage
occurs due to solids in the pipeline or proportioning units, the affected portion of the system must be
thoroughly flushed with clean water. To prevent the accumulation of any water, foreign material, or
air in any portion of the system, some fluid should always be in the reservoir and the system should
be primed at regular intervals.

Fiuid systems tend to be quite reliable because the pump is the only moving component. A
high quality pump is recommended to minimize the chance of failure. To assure system operation in
the event of pump failure, systems may be designed with dual pumps. The two pumps may normally
operate continuously with one pump at double normal speed, supplying the entire system in the event
of a failure, or one pump may operate only in a standby mode.

Pressure switches can be provided at various points to monitor system operation and provide
a failure indication if the operating pressures are cutsi*e normal limits. Duplication of critical items

can he provided io meet various failure cases.
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Figure 3-8 shows a simple basic system with no redundant components and only one pressure
switch. Figure 3-9 shows a complex systea with fully redundant pumps and supply lines to the
proportioning units and numerous pressure switches to monitor system performance.

111.3.8 PENALTIES

The principle penalty of the fluid infection system is the fluid storage requirement. The stored
fluid weight may be significant when compared to other candidate ice protection systems. Added
maintenance is required to check and resupply fluid to the system. Unitil a large number of airplanes
use this system the pilot cannot rely on the fluid being available at all airports and may be required
to carry an extra supply.

II1.3.9 ADVANTAGES AND LIMITATIONS
Advantages of a Liguid Ice Protection System:
a. Reliable anti-icing protection is normally provided, thus there is no aerodynamic penalty
due to ice accumulation,
b.  The smooth fiush panels impose no aerodynamic penalty due to the installation,
Runback icing is prevenied due to the natural runback of the fluid.
Low power of typically 30 to 100 watts is required. No engine power is required for
ground testing and emergency operation.
e.  Hardware weight is comparable to or less than other systems.
(See tables in Section II1.6.)
f. Components (except fluid and filters) are designed for the life of the aircraft, resulting
in low maintenance requirements and cost.
8. Pilot skill and judgement required to operate the system are minimal.
h.  Tle system can te used to prevent insect contamination on critical leading edge surfaces.

Risadvantages:
a. The system has a finite period of protection, dependent on fluid supply.
b. Initial cost is higher than for a pneumatic system.
c. Fluid weight reduces useful aircraft load.
d. Fluid sometimes drips from the wings after use in flight.




I11.3.10 CONCERNS

Environmental considerations related to the use of a fluid ice protection systemn must be
concerned with two aspects, the toxicity of the fluid to humans when they are in direct contact with
the fluid or its vapors, and the longer term effects on the environment after {luid is shed into the
atmosphere during flight. In this regard, only the characteristics of monoethylene glycol (MEG) are
considered here.

While MEG can be toxic, it poses no dunger to humans unless it is ingested in large quantities,
or a saturated mist or vapor is breathed for an extended period of time. Numerous studies (references
3-8, 3-9 and 3-10) have established that the threshold limit value for ».EG vapor is approximately
125 mg/m®. This is far in excess of vapor concentrations that can be induced due to natural
evaporation of MEG in an airplane or airport environment. For droplets and mists of MEG, the
threshold limit value is 10 mg/m> The single oral dose lethal to adult humans is estimated to he
approximately 100 ml (reference 3-8). The principal effect of repeated small doses is on the kidneys
due to the breakdown of MEG in the body producing kidney poisons. As with other fluids used in
aircraft systems, care should be exercised to ensure that MEG is not accidentally swallowed.

If cabin pressurization is provided by compressor bleed air, a test of cabin air should be
included while engine inlet anti-icing by FPD is taking place.

With respect to the eavironment, experiments (reference 3-11) have shown that MEG is
biodegraduble, with the rate being a function of temperature and the concentration of micro organisms
present. MEG biodegrades completely in 3 days at a temperature of 60°F (20°C). At water
temperatures of less than 46 °F (8°C), biodegradation is completed in 7 to 14 days.

it should be noted that MEG is the principal constituent of the fluids used in great quantities
to de-ice airplanes on the ground at major airports, with a minimal effect on the environment. The
amount of fluid placed in the environment by a liquid ice protection system is quite small compared
with the amount required to de-ice the same airplane on the ground. Therefore, it is claimed that the
use of glycol based fluids in aircraft liquid ice protection systems will have no adverse effects on
humans or the environment,

Some concern has been expressed (reference 3-3) for the possible effects of FPD fluid on other
parts of the aircraft: engine accessories, electrical insulation, or gold or silver-surfaced electrical
contacts. However, no evidence of deterioration has been documented in the several decades of use
of FPD fluid for ground and flight ice protection.
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TABLE 3-1

PHYSICAL PROPERTIES OF MONOETHYLENE GLYCOL (MEG)

Formula HOCH2CH20H
‘ Synonyms 1,2 ethane diol
‘ 1,2 dihydroxy ethane

. MEG

: Appearance/Odor Clear, colorless, odorless liquid
? Specific Gravity 1.115-1.116
|
N
g [ Flash Point 241°F (116°C)
‘ ‘ Boiling Range 383-390°F (195-199°C)
, { Freezing Temperature See figure 3-2
3
\
Auto-Ignition Temperature 743°F (413°C)
Explosive Limits in Air Upper: 28% by volume

Lower: 3.2% by volume
| ¥. sor Pressure 0.05 mm Hg @ 20°C
Viscosity 18.8 ¢St @ 20°C

Miscibility With Water Completely miscible




=

TABLE 3-2

PHYSICAL PROPERTIES OF TKS 80

Composition, % Volume

Appearance/QOdor

Specific Gravity

Conductivity

Viscosity

Flash Point

Yapor Pressure

Boiling Poin.

Freezing Point

HI 3-14

80% monoethylene glycol

20% distilled or deionized water
Clear, colorless, odorless liquid
099-1.103 8 68°F (20°C)

4 micromho/cm

9.3 cSt @ 68°F (20°C) See fig. 3-3
None

7.87 mm Hg 8 68°F (20°C)

253°F (123°C)

See figure 3-2




TABLE 3-3

o PHYSICAL PROPERTIES CF DTD 406B (AL-5)

o Composition, % Volume 85% monoethylene glycol

10% distilled or de-ionized water

5% ethyl or isopropyl alcohol
Appearance/Odor Clear, colorless, odorless liquid
Specific Gravity 1.082-1.087 @ 20°C
Conductivity 5 micromho/cm
!
; Viscosity 12.0 cSt @ 20°C (see figurc 3-3)
Ny
! ‘ Flash Point 129°F (54°C)
! Vapor Pressure 7.38 mm Hg (20°C)
|
: ‘ Freezing Point See figure 3-2

\
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FIGURE 3-6.

TYPICAL PANEL IHSTALLATION ILLUSTRATIRG ACTIVE
REGION AND STAGNATION POINT TRAVEL
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Front of Extension
pane! ective] for attachment,
: ovar this stc,
|

! region

SCHEME A

Attachment by extension of front panel skin.

Parnel may be secured to structure by rivets,
screws or bonding. If required, spacers can
be bonded to edges of panel to provide any
required thickness.

SCHEME 8

A Attachment by extensicn of backplate. The material
) of the backplate varies with the requirements of

b specific appiications. The panel may be secured by
rivets, screws or adhesive bonding and dimension "t"
can be provided as required to match the mating skin
thickness.

0.:3" Typical

FIGURE 3-7., TYPICAL METHODS OF ATTACHING PORUUS PANELS
T0 AIRCRAFT STRUCTURE
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SCHEME C

Where maximum structural strength is required, the
entire thickness of the panel can be extended for
attachment purposes.

This permits the use of larger fasteners, and is
useful when maximum resistance to bird strikes is
required.

SCHEME D

This scheme is intended to provide total inter-
changeability with maximum ease of fitting by
unskilled operators. Build tolerances of both
porous panel and afrcraft structure are eliminated
by casting an accurate se2ting to all mating faces.

FIGURE 3-7, TYPICAL METHODS OF ATTACHING POROUS PANELS
TO AIRCRAFT STRUCTURE (CONTINUED)
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SCHEME E

This arrangement provides a cheaper form of
insiallation than schemes A, B, C, or D, in cases
where a small aerodynamic profile disturbance can
be tolerated.

Lo

The potential for using the panel as structural
member is retained.

SCHEME F

-

Fitting as an "overshoe" avoids cutting the skin and
offers the most econemical method of fitting, but at
the expense of deviation from true aerodynamic
contour.

It is particu'arly suited to light aircraft since the
reinforcement provided by the leading edge skin
043 in. Permits the use of thinner gage materials for panel
construction.

Length "S" is as required for aerodynamic fairing.

.___n.__é. ___'_i_____i‘ﬂ_ .

FIGURE 3-7. TYPICAL METHODS OF ATTACHING POROUS PANELS
TO AIRCRAST STRUCTURE (CONCLUDED)
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FIGURE 3-10. SCHEMATIC OF MELICOPTER FLUID ICE PROTECTION
N e SYSTEM (REFERENCE 3-12)
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i SYMBOLS AND ABBREVIATIONS

N AC Alternating Current

} °C Degrees Celsius L

; cm Centimeter

| DC Direct Current

; EIDI Electro-Impulse De-Icing

! EMI Electromagnetic Interference

1 °F Degrees Fahrenheit

| FAA Federal Aviation Administration
fi Feet or foot
in. Inch
kHz Kilohertz
kw Kilowatt
Ibf Pounds force
1bs, Pounds mass

. i LWC Liquid Water Content

| m Meter

i 0 mm Millimeter

| NASA National Aeronautics and Space Administration

SCR Silicon Controlled Rectifier

' USSR Union of Soviet Socialist Republics
v Volts

i YDC Volts Direct Current
|
|
|
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N GLOSSARY

! liquid water content (LWC} - The total mass of water contained in all the liquid cloud dropiets within
' a unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m?).

|

| median volumetric digmeter (MVYD) - The droplet diameter which divides the total water volume
, \ present in the droplet distribution in half; i.e., half the water volume will be in larger drops and half

! the volume in smaller drops. The value is obtained by actual drop size measurements.

thyristor - A solid state bistable device comprising three or more junctions using silicon controlled
‘ ! rectifiers, Used as a current limiting device or (o reverse polarity, Also called pnpn-type switch.
|
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II1.4.0 ELECTRO-IMPULSE SYSTEMS

IlL.4.1 OPERATING CONCEPTS AND COMPONENTS

Electro-Impulse De-Icing (FIDI) is classified as a mechanical ice protection method. Ice is
shattered, de-bonded, and expelled from a surface by a hammer-like blow delivered electro-
dynamically. Removal of the ice shard is aided by turbulent airflow; thus, relativeiy low electrical
energy is required.

Physically, the EIDI system consists of ribbon-wire coils rigidly supported inside the aircraft
surface to be de-iced, but separated from the skin surface by a small air gap (figure 4-1). A sudden
high voltage (typically 800 to 1400 v) electric current is discharged through the coil (figure 4-2). The
circuit must have low resistance and inductance to permit the discharge to be very rapid, typically less
than one-half millisecond in duration. A strong electromagnetic field forms and collapses, inducing
Eddy currents in the aircraft skin. The Eddy current and coil current fields are mutually repulsive,
resulting in a toroidal-shaped pressure on the skin opposite the coil. The peak force on the skin is
typically 400-500 pounds (1780-2220 Newtons) and is delivered so sharply as to produce a sound
resembling a metal-on-metal blow. Actual surface deflection is small, generally less than 0.01 inches
(0.25 mm), but acceleration is rapid.

The coil may be supported from a spar, a beam between ribs, or from the skin itself. In any
case, the coil's mount or direct support should be non-metallic to avoid interaction with the coil’s
magnetic field. At a leading edge spanwise station there may be a single coil at the nose, a pair of
coils at upper and lower skin positions near the nose, or even a single coil placed eccentrically on
either upper or lower surfaces.

During EIDI systems operations a coil receives 2 or 3 successive pulses from the capacitor unit
with pulses separated by the time required to recharge the capacitor, typically 2 to 4 seconds. The
spanwise extent of wing ieading edge that each coil (or coil pair) will de-ice depends largely on the
structural properties of the leading edge, but it is nominally 18 inches {0.5 meters). The capacitor is
then switched to another coil station, and then to another until it cycles around the aircraft. The time
to complete the de-icing cycle must be less than the time for acceptable ice accretion for the protected
surfaces.

The system consists of a power-and-sequencing box, often located in the fuselage, and a
number of c¢gils in the wing, empennage, and engine inlet lip surfaces which are connected to the
power box. Figure 4-3 shows the system in its simplest form. The capacitor discharge occurs when
a solid-state switch is remotely triggered to close the circuit, This high voltage, rapid response switch
is a Silicon-Controlied-Rectifier (SCR) or "Thyristor". Gas tube thyristors ("thyratrons") are also
available but have not been used in the USA fo: EIDI. The circuit often includes a "clamping" diode,
as shown in figure 4-2, to prevent reverse sharging of the capacitors.
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The first nation to use EIDI was the USSR, which had a fully equipped aircraft in 1972 and
has equipped several transport-sized airplanes since (reference 4-1). Unfortunately, no operational
data are available.

The EADI system has had extensive testing in the NASA Lewis Research Center's Icing
Research Tunnel (references 4-4 and 4-6) and limited flight testing in the USA by NASA and Cessna
Aircraft Company (veferences 4-6 and 4-7). Other testing has been done by Boeing Commercial
Airplane Company (inciuding a flight test series in a B-757), Rohr Industries (icing tunnel tests of
engine inlets), and Douglas Aircraft Company (laboratory and icing tunnel tests), Wichita State
University (Fatigue and Electromagnetic Interference Tests, reference 4-8) and Electroimpact Inc.
(Electromagnetic Testing of Modular Low Voltage EIDI Systems, reference 4-9).

Iil.4.2 DESIGN GUIDANCE

4.2.1 Pulse Width Matching

The EIDI system requires a careful and rather sophisticated design (raferences 4-2, 4-3, 4-8,
4-10 and 4-11). The current puise width in the coil resu ting from the capacitor discharge must be
properly matched to the skin electrical properties (reference 4-4) and to the ieading edqge structural
dynamic response (reference 4-5). Failure to do this properly severely reduces the coil’s ice expelling
performance. When skin conductivity is too small, a higher conductivity metal disc is bonded to the
inside of the skin opposite the coil. This disc is termed a "doubler" and should be slightly larger in
diameter than the coil (figure 4-1). Cnpper or unalloyed aluminum are the common doubler materials.
Doublers increase the skin stiffness locally but may distribute the impulse load more evenly. A
structural dynamic analysis will provide guidance for the proper placement of the coil for maximum
efficiency.

4.2.2 Power Supply and Sequencing

The power supply and sequencing may be packaged in a single box. The sequencing system
can be confirmed for a single sequence around the aircraft o» for continuous resequencing. Power
supplies are available for common aircraft voltages and frequencies.

Installation of the power supply and control system in the aircraft should be done in a manner
that minimizes the distance through which the high energy electrical pulse must travel. Ideally, the
discharge canacitors should be located in close proximity to the inductor coils while the power supply,
with its “trickle charge” to the capacitors, should be located near the aircraft electrical generator and
away from the capacitors. Figure 4-4 shows a sy.tem schematic, and figure 4-5 shows 3 large airplane
application. Each aircraft will require a trade-off study to determine the number of coils to be
supplied by one capacitor. For large aircraft, the weight and electrical losses of the high current
lines requires several capacitor sets, However devoting a capacitor to each coil pair may result in a
costly, heavy system, <0 a compromise between those extremes is necded.
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Kedundancy can also be obtained by using multiple power boxes which are cross connected.
This provides power tc all coils at longer intervals if one box fails, An alternate safety system, which
increases cabling, is to supply alternate coils from different power sources. That is, connect odd
numbered coils to one power supply and even numbered coils to another. In case of one power box
failure, only limited amounts of ice will collect on the unprotected area, unless very stiff nose ribs
separate the leading edge segments.

Note in figure 4-5 that the SCRs ("thyristors") are placed on the capacitor side of the coil to
avoid having high voltage on coils not being fired.

4.2.3 Coil Design and Installation

Coil placement and mounting methods are critical. (Coil mounts must be quite rigid to avoid
energy losses due to mount flexing. Mounts are generally made of composite material. Typical coils
are about 2 inches (50 mm) in diameter, 0.12 to 0.20 inches (3 to 5 mm) thick, and are contoured to
match the leading edge skin inner shape. A layer of insulating enamel and a thin layer of fiberglass
cloth are usually bonded over the coil. The air gap between the leading edge inner surface or doubler
and the coil must be sufficient so that the vibrating skin will not strike the coil.

Special attention must be paid to the attachment methods for the doubler since very high loads
will be passing through the doubler into the leading edge skin. If attachment of the doubler is done
with mechanical fasteners, it should be done in 4 manner such that no part of the fastener will be
drawn into the engine in event of fastener failure. However, adhesives are available for bonding of
doublers, and so mechanical fasteners are not required for most installations.

111.4.3 USAGES AND SPECIAL REQUIREMENTS

4.3.1 Airfoil and Leading Edges

Coils are generally wired 5o that two spanwise positions are in series to reduce the number of
cables and thyristors and to achieve better structural response. The two coil positions wired in series
can be adjacent span stations or alternate positions. The thyristors (or "SCR"s") are usually located
near the surface to be deiced to permit use of a common supply cable for several coils (figure 4-3).

Installation is most satisfactorily accomplished as original equipment at the factory.
Retrofitting can be accomplished, but may require structural modification to the leading edge to suit
coil placement and spacing. The small radius of curvature of empennage leading edges on small
airplanes often precludes the use of a single nose coil, requiring two smaller opposing coils at the
upper and lower sides of the leading edge.

4.3.2 Windshields
EIDI is not recommended for windshield de-icing.
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4.3.3 Engine Inlet Lips and Components

Icing Wind Tunnel tests have been conducted on an EIDI system installed in a nacelle (figure
4-6) from a business jet aircraft (references 4-3 and 4-12). These tests show EIDI to be a viable
method for aircraft engine inlet iip ice protection. Since EIDI expels ice particles, some of which are
ingested by the engine, ice pieces were collected in a net for examination. From these observations
and high speed photographic studies, the general rule was proposed that the effective diameter of
particles expelled will be no larger than three times the maximum thickness of the ice layer. For these
specific observations ice particle thickness was no larger than 1/8 inch and it was concluded that
these particles will be able to be ingested by the engine without damage. In addition, this type engine
ice ingestion must not cause an engine flameout. This requirement may call for more frequent
impulses than for a wing or empennage protection system. No difficulty was experienced in de-icing
due to added stiffness inherent in the inlet lip compound curvature. For inlets tested, a single coil
on the inlet lip inner portion was better than either a nose coil placement or an inside-outside pair of
coils. Spanwise spacing of the coils was about the same as for small airplanes, nominally about 18
inches (0.5 m). This system offers a significant reduction in the energy needed for ice protection
when compared to hot air (bleed air) anti-icing systems. The potential applications for EIDI in engine
inlets are numerous and encompass large-diameter, high bypass ratio turbofans, small-Jdiameter
business jet engine inlets, and circular or noncircular turboprop engine inlets. Considerations other
than inlet type or shape will be the determining fuctor in the selection of EIDI as the best ice
protection system. Initiaily, 2 determination should be made of the ice ingestion capability of the
engine. EIDI can be designed to remove ice of a specified thickness, with larger thicknesses becnming
progressively easier to remove. If the engine can handle short periods of cyclic ice ingestion of a
specified size without undue compressor or fan blade erosion in the long term, EIDI can be safely
used. The relatively small pieces of ice are a product of the removal mechanism that shatters the ice
build-up. The ice will not shed in large continuous pieces if the system is properly designed and
operated.

4.3.4 Turbofzn Comporents

EIDI has not been applied to engine components such &s inlet guide vanes because of their
small size.

4.3.5 Propellers, Spinners, and Nose Cones

EIDI is not considered applicable to propellers vecause of their small blade cross section and
rigid structure in the smalf radius portion which has the greatest tendency to accrete ice,

Spinners and nose cones can be deiced by electro-impulse. Coils can be supported on mounts
fastened to nearby structure or can be skin-mounted. Nonrotating nose cones can be wired in the
same manner as wing leading edge coils. Rotating cones or spinners introduce the compiexity of
commutator rings to transmit electrical power. It is generally poor practice to transmit the EIDI pulse
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across commutator rings due to the high currents and voltages involved. This suggests placing the
capacitors in the spinner, and transmitting low voltage recharge current across the commutator ring.
A separate charging and firing circuit is then required for each spinner. This complexity may limit
EIDI use for spinners.

4.3.6 Helicopter Rotors and Hubs

Application of EIDI to rotorcraft rotors is still in the development stage at the present time
(1989). Retrofit is usually not possible because no leading edge cavity exists in which to place the
coils and cable runs. Because of the critical balance and aeroelastic requirements, the EIDI equipment
should he designed into the blade at the factory. An unbonded metal leading edge will be required
on a rotorcraft blade. This is usually the abrasion shield which is fitted tightly over the leading edge
substructure and bonded only at the downstream edges. The coiis may be recessed into the leading
edge composite material with a gap between the coil face and the abrasion shield. If the abrasion
shield has insufficient conductivity, a doubler of higher conductivity material may be bonded to it
opposite the coil location.

First plans to use EIDI in rotorcraft call for the power and sequencing boxes to be placed in
the rotating hub column, with a commutator ring bringing in the low voltage current to a transformer
and rectifier in the hub for continuous recharging of capacitors. Care must be taken to de-ice
opposing blades symmetrically.

The damping effect of the rotor sub-structure on the metal surface makes it necessary to have
coils at closer spacing intervals than for the fixed wing hollow structures. The small geometry usually
dictates the use of a coil at the lower side rather than at the nose of the leading edge. Once the power
and sequencing unit is previded in the rotor hub, the addition of coils to deice the hub’s external
surface is as easily accomplished as for a wing leading edge.

4.3.7 Flight Sensors
EIDI is not applicable to flight sensing instruments.

4.3.8 Radomes and Antennas
Aircraft radome and antenna de-icing have not been accomplished with electro~impulse.
Before using FIDI coils for such de-icing, the possibility of electromagnetic interference with the

transmitter/receiver should be evaluated.
4.3.9 Miscellaneosus Intakes and Vents

Only components which are large compared to a minimum radius coil are possible candidates
for EIDI protection. The minimum radius of impulse coils is approximately 1.25 inches (33 mm).
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4.3.10 Other

EIDI coils can be varied in configuration and size for installation in structural numbers whose
remote locations or complex shapes make them difficult to de-ice by thermal or pneumatic boot
systems, This is particularly true of surfaces which contribute drag but do not reduce lift when iced.
Struts which are aluminum extrusions used for wing braces on small airplanes are easily de-iced
because of their structural dynamics (reference 4-4), Other candidaies for EIDI usage are engine
pylons and wheel covers.

II1.4.4 WEIGHT AND POWER REQUIREMENTS
Estimates of weight and power required for EIDI are tentative at this early stage of
development. The data presented below are, nevertheless, considered by the system developers to be

conservative:
Aircraft Power’ Weight™
6-place, propeller driven 400 watts 60 1bs™"
150 passenger turbofan transport
no redundancy: 2 kilowatts 250 lbs
fuil redundancy: 2 kilowatts 400 lbs
250 passenger transport
no redundancy: 3 kilowatts 350 1bs
full redundancy: 3 kilowatts 500 Ibs

Based on 3 minute cycle for all surfaces.
* For wings and empennage surfaces; for engine inlets, increase by 25%.
" Also includes wing struts for small airplanes.

II1.4.S ACTUATION, REGULATION, AND CONTROL

For surfaces not visible to the pilot, such as inboard wing areas or empennage, actuation by an
ice detection or measurement instrument is advised. Additional surfaces may need to have autornatic
ice protection system actuation. Controls should be mounted in the cockpii with the ice Qetector
indicator in an easily visible position.

I11.4.6 OPERATIONAL USE

A simple test of small airplane systems can be performed on the ground by placing one’s hand
on the leading edge skin as each coil fires, Audible differences are evident for coils whose mounting
has failed or whose circuit contains an electrical fault. An oscilloscope view of the current from the
capacitor box may reveal changes in EIDI system physical geometry or electrical circuit faults. The
more sophisticated units may have test circuitry instalied in the aircraft for inflight system checkout,.
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I1.4.7 MAINTENANCE, INSPECTION, AND RELIABILITY

Lack of sufficient operational experience at this time does not permit assessment of
maintenance requirements or reliability. The power and sequencing box must be accessible for
inspection. Terminals should be available in the box for attaching test leads to each coil’s set of wires.
For units using electrolytic capacitors, degraded performance may result if the capacitors are operated
at colder temperatures {reference 4-14) and damage to the capacitors may result at temperatures
below -40 degrees F (-40 degrees C). Inspection tests should evaluate capacitance after cold exposure,
For many uses, the more costly metalized capacitors are required; these are not damaged by low
temperature,

111.4.8 PENALTIES
See limitations below.

1i1.4.9 ADVANTAGES AND LIMITATIONS
Advantages of the EIDI System are:

a. Low power required. EIDI system power consumption is only about 1% of that required
for hot air or electro-thermal anti-ice systems. It is claimed that power requirements for
an EIDI system are about the same as for the landing lights for the same aircraft (see
Section 4.4 above).

b.  Reliable de-icing. Ice of all types is expelled, with only light residual ice remaining af'ter
the impulses. lce thicknesses from 0.} to 1.0 inch (2.5 to 25 min) have been consistently
shed.

c. Non-intrusive in the airstream, hence no aerodynamic penalty,

Weight comparable to other deicing systems,
Low maintenance. Since there are no moving parts, the system should, in principle, be
maintenance free.

f. No run-back re-freezing occurs.

g. Pilot skill and judgement required to operate the system are minimal.

Limitagtions of the EIDI system are:

a. It is new and has limited use at this writing (1989).

b. It is notan anti-icing system, so some ice will be present over most of the aircraft leading
edges during flight in icing. This drawback is inherent in any de-icing method.

c. Cutside the aircraft the discharges may be quite loud, resembiing a lignt gunshot. Inside
small aircraft, the impulses are audible but have been found to be almost imperceptible

in a large transport category airplane.




II1.4.10 CONCERNS
Concerns not resolved because of lack of opevational experience are:

a.

Possible fatigue of skin, coil mounts, insulation, etc. Testing indicates that coil
mountings must be well designed to avoid fatigue failure. Laboratory testing has been
done with small airplane leading edges, both aluminum and composite, at low
temperatures and for normal de-icing electrical engines. No fatigue damage was found
after impulses equaling the number expected in a twenty-year aircraft lifetime. Similar
laboratory tests for a transport aircraf't slat exceeding 200,000 impulses showed no fatigue
damage (reference 4-8). All of these used doublers with the skins.

Electromagnetic interference (EMI). The discharge of 1000 volts to create transient
electromagnetic fields might he expected to cause undesirable signals in communication,
control, or navigation equipment. However, both laboratory and flight tests have failed
to detect appreciable interference for metal air foils (references 4-6 and 4-7). The
reasons suggested for this are: (1) the aluminum wing box provides a good shizld (note
that this might not be true for a non-metallic leading edge); (2) the frequency of the
pulse is below 3 khz, which is below that of current aircraft avionics systems; and (3) the
pulse is a pure wave (or half wave) without the "overiones” of a spark. In flight tests,
added equipment has been carried specifically to detect EMI; these included LORAN-
C, digital readout systems, and a radar pod mounted on the wing. One of these had
control wiring which shared space with the EIDI cables. However, care should be taken
to check for EMI, especially if non-shielded leads are physically near the EIDI power
cables.

Possible adverse effects of lightning strikes. Since the EIDI gystem i¢ electrical, there is
the possibility of its being disabled by a lightning strike. Sudden overload protection of
critical components may be required. If the EIDI system is installed in an aircrai't whose
structure is largely of composite materials, the EIDI cabies could become the primary
electrical paths through the structure when it is struck by lightning. Additional lightning
paths through the aircraft may be required.

Failure modes and their consequences have yet to be clearly defined. Compliance with
the failure analyses as described in FAA AC 25.1309-1A (reference 4-13) is required.
The failure modes and redundancy possibilities will be quite different, however, for simall

and large aircraft.
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A. Accreted Ice on the Engine Inlet

B. Accreted Ice from the Engine Inlet Has Been Removed by EIDI

FIGURE 4-6. FALCON FANJET ENGINE INLET BEING DE-ICED BY EIDI
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SYMBOGLS AND ABBREVIATIONS

Description

Flow area in guide vane, ft2

Area of surface leading edge, f {2

Height of duct in inlet guide vane, ft

Bypass ratio

British Thermal Units

Degrexs Celsius

Discharge coefficient

Centimeter

Specific heat at constant pressure, Btu/(!b-°R)
Diameter of heat flow duct, ft

Degrees Fahrenheit

Feet or foot

Flow parameter at isentropic conditions, lbm("R)O.S(lbf)'l
Convective heat transfer coefficient, Btu/(sec-ft2-°R)
Horsepower

Hour

Conduction heat transfer coefficient of air, Btu/(ft-sec-°R)
Kilogram

Kilpgrams per Second

Kilojoules

Kilonewton

Pound: force

Pounds mass per second

Meter

Millimeter

Miles per hour

Mete.s par second

Mauch numbper

Pressure of airflow, Ib/f t2

Prandtl number of air

Pressure in pounds per square inch gage
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YAl
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SYMBOLS AND ABBREVIATIONS (CONT'D)

Description

Heat required, Btu/(sec-f t2)

Degrees Rankine

Duct Revnolds number

Second

Specific cubic feet per minute

Thrust Specific Fuel Consumption
Weight flow rate of air, 1b,/s

Water catch rate, lbm/hr-f t span
Dynamic viscosity of air, Ib, /(ft-sec)

Anti-icing air
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GLOSSARY

glaze ice - Coating of generally clear, smooth ice deposited on surfaces exposed to a film of
supercooled water,

liguid water content (LWC) - The total mass of water contained in all the liquid cloud droplets within
a unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m3).

median volumetric digmeter (MYD) - The droplet diameter which divides the total water volume
present in the droplet distribution in half; i.e., half the water volume will ke in larger drops and half
the volume in smaller drops. The value is obtained by actual drop size measurements.

mic¢ron (u)m - One millionth of a meter,

rime ice - Deposit of white or milky, opaque granular ice formed by instantaneous freezing of
supercooled water droplet impingement. Rime ice usually contains tiny air pockets.

stagnation point - The point on a surface where the local velocity is zero.,

datum temperature - The temperature of an unheated surface in an icing environment.

I 5-x
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II.5.0 HOT AIR SYSTEMS

IL5.1 OPERATING CONCEPTS AND CCMPONENTS

As in all thermal ice protection systems, heat is applied to an area encompassirg the water droplet
impingement region. The heat is used to either prevent the freezing of impinging dropiets or to
evaporate impinging droplets (anti-icing) or to debond the accreted ice (de-icing). In either case, a
source of heated air is required. Four sources that can be considered alone or in combination are:

1. Extraction of engine compressor air (bleed air), generally used on turbojet or turboprop

aircraft.

b. Compression of ram air using a dedicated electric-driven or shaft-driven compressor.

¢.  Recovery of exhaust gas wastc heat, generally used on piston driven engines.

d. Heating of ram air using a fuel-burning combustion heater.

The hot air supply is ducted to the surface requiring ice protection. It is then distributed to the
surfaces by mecans of special tubing or ducting such that maximum utilization of the available heat
is achieved. Major components of a hot air system include:

a.  Source of hot air.

b.  Temperature and/or pressure control for source air.

¢.  Ducting (insulated or non-insulated) o route the hot air to the desired areds.

d. Distribution equipment at the surfaces to be heated (e.g., double skin ducts, piccolo tubes).

¢. Temperature and/or pressure control at the heated surface.

Manual or automatic control unit to condition the air at either the source or at the

-

distribution area, or both,
g. Cockpit panel mounted display to advise crew of system operation (e.g., warning lights,
skin temperature indicators, pressure gages).
Safe operation dictates that the pressure and temperature of tne heated air must be controlled.
For ducts routed in an area that is a potential fire zone, the bleed air temperature is generally kept
below 450°F which is compatible with the autogenous ignition limit of jet fuel. The pressure is also
limited to less than approximately 50 lbf,/in2 (345 kN/mz) to minimize the possibility of a ruptured
duct and to reduce weight of downstream ducting and compounents.
Redundant heated air sources are generally provided to ensure a high dispatch reliability into
icing ccnditions and to ensure safe system operation.

I1L5.2 DESIGN GUIDANCE

Two basic methods are used {or hot air ice protection: anti-icing and de-icing. An anti-icing
system prevents the formation of ice in the specified area whereas a de-icing system ailows ice to
build up and then removes the accreted ice.

11 5-1
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5.2.1 Aanti-icing

Hot air anti-icing systems use heated air to maintain the temperature of the surface to be
protected above freezing throughout an icing encounter. Hot air anti-icing systems are classified as
fully evaporative or running wet. Evaporative systems supply sufficient heat to evaporate all water
droplets impinging upon the heated surface. Running wet systems provide omly enough heat to
prevent freezing on the heated surface. Beyond the heated surface of a running wet system, the water
could freeze (generally called runback ice). For this reason, running wet systems must be carefully
designed to prevent runback ice buildup in critical locations. For example, the heated surface of a

_running wet system tor a turboprop or turbojet inlet should extend into the inlet to the compressor

face so that the water runoff will combine with the intake air and not strike cold surfaces where it
could re-freeze, break off, and possibly dumage the engine.

For anti- zing, the heat source must remain on throughout the icing encounter. Areas of an
aircraft that may be afforded hot air ice protection are shown in figure 5-1. Areas usually protected
by a hot air system are engine inlets, wing leading edges, and empennage leading edges. Basically,
the hot air is manifolded to the various portions of the aircraft to be protected and distributed by
cne of several methods, as shown in figures 5-2, 5-3, and 5-4. The hot air is generally introduced
near the stagnation point of the surface to be protected and permitted to flow chordwise toward an
exit point through gas passages, The exhaust is generally dumped overboard at a non-critical location.

5.2.2 De-Icing

In a de-icing system, ice accretion is permitted on the surfaces to be protected and is removed
periodically. Hot air de-icing systems function by applying sufficient heat to the ice surface to melt
the bonding layer of ice. Aerodynamic or centrifugal forces then remove the bulk of the ice. The
areas that may be protected by a de-icing system are also shown in figure 5-1,

Large areas {o be protected are usually divided into small shedding sections by cointinuously
heated (anti-icing) chordwise and spanwise parting strips. Figure 5-5 is a schematic of such a division
showing the spanwise parting strip located aloag the stagnation line of the airfoil and the parting strips
running chordwise. Cyclic de-icing is usually reserved for the larger areas as the weight and
complexity of contro} does not justify its use on small areas.

Sources of hot air tor de-icing vary depending upon the type of powerplant. In turbojet and
turboprop engines, hot air may be obtained directly from compressor bleed or from a heat exchanger
located in the exhaust system. Combustion heaters may be used with either piston or turbine engines.
The hot air is distributed from its source to the shedding section by ducts. For each shedding section,
hot air is supplied continuously to the parting strips and intermittently to the de-icing duct. Airflow
to the various de~ice sections is controlled by valves that cycle the hot air to at least two sactions at
a time, thereby keeping the remaining accreted ice on the airfoils as symmetric as possible. Figure

5-6 shows a NACA air heated cyclic de~icing wing section with a continuously heated parting strip




for cyclicaily heating the shedding sections (reference 5-1). The air is then discharged overboard at
some convenient location.

On some aircraft, icing of the horizontal and/or vertical stabilizers does not impose an intolerable
penalty during flight but the ice must be removed prior to landing (to avoid increasing the landing
speed). For this type of application, "one-shot" empennage de-icing has been used. As the name
suggests, ice protection is not used untii sometime during the descent or approach phase. At that time,
a single de-icing cycle is imposed which sheds the accreted ice. A parting strip near the stagnation
region is sometimes heated continuously during the icing encounter to help facilitute de-icing during

descent.
111.5.3 USAGES AND SPECIAL REQUIREMENTS

5.3.1 Airfoils and Leading Edge Devices

Hot air ice protection can be implemented using either an anti-icing or de-icing system. These
methods will be compared in Sections 5.3.1.1 and 5.3.1.2, The methods used for a typical four-engine
turbojet aircraft and its wing ice protection systems will be described.

The general characteristics of the selected aircraft are illustrated in figure 5-7. Its four engines
are pod-mounted beneath the wings. Wing span is approximately 120 teet (36.6 m) with a fusclage
length of 129 feet (39.3 m). Maximum gross weight is approximately 185,000 1b (83,900 kg).

Hot air ice proicction for high-lift leading edge devices is discussed in Section 5.3.1.3 and *one-
shot" empennage de-icing in Section 5.3.1.4, Section 5.3.1.5 presents comparative data on the single-
skin (spray tube) and double-skin designs.

5.3.1.1 Wing Hot Air Anti-Icing

The wing ice protection system selected for a typical turbojet powered aircraft is hot air anti-
icing. The source of the hot air is the engine compressor bleed air. This high pressure, high
temperature air i ducted through regulating valves to each wing section (inboard, center, and
outboard) at approximately 13 lb/in2 (figure 5-8). Higher pressure is used for some wing anti-icing
applications. In each section are piccolo tubes which discharge the air to a plenum area at
approximately 2 lb/in2 (13.8 kN/mz). The air then flows through narrow-gap, high efTiciency,
chorawise gas passages which form the wing leading edge. The air then is discharged overboard
through ports on the lower surface just forward of the front spar. This is illustrated in figure 5-9.
The chordwise gas passages are designed to use 85 to 90 percent of the initial heat energy before it
is discharged. The extent of chordwise coverage nceded depends on the airfoil, angle of attack, and
other flight parameters, as well as on the effects of runback icing on airfoil drag. To determine wing
hot air ice protection system requirements, a performance evaluation point is first established. The
performance evaluation point chosen is the holding condition at 5,000 ft (1524 m) altitude. This point

was established by the following considerations: (1) Calculating the water catch rate and heat required
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for complete evaporation at several wing stations for various flight conditions, and (2) using bleed air
temperature schedule for these flight conditions to determine the condition requiring the maximum
bleed air flow. Some illustrative values for these caiculations, taken at wing station 120 (i.e., 120
inches (3.05 m) from the aircraft centerline) and at the holding design condition, are:

a. Impingement limit upper surface (SU) = 1.32 inches (3.35 cm) (20 micron droplet size).

b. Impingement limit lower surface (SL) = 591 inches (25.2 cm) (20 micron droplet size).

¢.  Water catch rate (Wp,) = 10.1 Ib/hr-ft span (15.03 kg/hr - meter span).

(Note: The impingement limits for 40 micron drops are roughly twice the 20 micron limits; however,
the bulk of the ice formation lies between the 20 micron limits.)

The heat-transfer coefficient at several wing stations is determined., With these heat transfer
coafficients water catch rates and performance evaluation flight conditions, the heat requirements
for evaporative anti-icing are deterniined. A plot of these requirements versus span station for the
entire wing are presented in figure 5-10.

This heat requirement must be converted into a hot-air flow requirement to determine the
faasibility of using hot air. Information needed for calculating the hot-air flow requirement is the

.ccolo tube air temperature decay and the leading edge air passage efficiency. Piccolo ti be air
temperature decay and air passage efficiency may be determined by analysis or laboratory tests. The
required and actual hot air flow rates versus altitude are presented in figure 5-11. As shown, the
system is marginal bui adequate at the evaluation point; performance is in excess of requirements for
other flight conditions.

Typical weight flows for wirg anti-icing protection at the design conditions are:

Inbourd 0.76 tb/s (.35 kg/s)
Center 0.82 lb/s (.37 kg/s)
Qutboard Q.66 Ib/s (.30 ke/s)
Total 2.24 Ib/s (1.02 kg/s) (semi-span)

Grand Totai  4.48 1b/s (2.04 kg/s)

A system that reduces the bleed air temperature by recirculation of anti-icing discharge air also
may be used for anti-icing protection. In this system, unregulated and uncooled bleed air is
distributed to the wings (and empennage if hot air protected) in stainless-steel or titanium ducts. At
each section, a regulator valve (usually thermostatically regulated) passes the air into piccolo tubes
where the air is discharged through a large number of small ejector nozzles, The air from the ejectors
mixes with plenum air, is cooled, and then passes through the leading edge double skin heat
exchangers and back into the plenum, The excess air is dumped overboard. The thermostatic sensor
used to controi the regulating shutoff valves is located at the heat exchanger exit and controls the air

to a discharge temperature of approximately 135°F (57°C). This system achieves high efficiency with




relative deep air passages (1/8 to 3/16 inch (3.2 to 4.8 mm)) as opposed to the single pass system
which requires narrow passages (on order of 0.04 to 0.05 inch (1.02 to 1.27 mm).

On turbine engines having two compressors, bleed air from the low pressure compressor, with
its lower energy air, will require larger volume flows. To handle these larger voiume flows, the
ducting and leading edge heat exchanger passages will have to be larger, but in other ways the system
will be generally the same as the high pressure bleed air anti-icing protection system. Difficulty may
be experienced in obtaining adequate protection at low engine rpm, as in descent and holding, but use
of low pressure bleed may allow elimination of paessure and/or temperature regulation, thus
simplifying the system. Installed weights may be lower because the reduced temperature and pressure
will allow lighter ducting; this is offsct to a large extent by the requirement for handling larger mass
flows (for a given thermal requirement). A mixing system may also be used that employs low pressure
bleed air augmented by high pressure bleed as required to achieve a desired temperature,

There may be occasions when an anti-icing system is used in a de-icing manner. Prior to such
usage, the system should be tested for de-icing adequacy. Methods of testing arc discussed in Section
5.6.

5.3.1.2 Wing Hot Air De-Icing

In a turbine engine powered aircraft, particularly one with turboprops or high bypass ratio
turbofans, adequate bleed air may not be available under all flight conditions. In this case, a solution
is the use of a hot air de-icing system. This system has been used on at least one military turboprop
transport and one long range commercial trausport. Unfortunately, the advantage of reduced bleed
air requirements is of fset by increased system complexity and, in some cases, increased weight. Thus,
the choice of hot air de-icing versus hot air anti-icing must be made with due regard to all factors
of a particular aircraft’s requirements.

Actual analysis and design of a hot air de-icing system would require a major engineering effort
because of t.e degree of complexity and the necessary transient analysis. A full description of the
results of such an effort is beyond the scope of this report. Instead, a de-icing system that would
suit the needs of a typical aircraft is described, with comments and suggestions on adaptations that
would be required for other types of transport aircraft,

The operating principles of a hot air de-icing system are identical to those of an electro-thermal
cyclic de-icing system, Only the mode of energy supply is changed. A skeich of a simple sysiem for
a swept wing transport is shown in figure 5-12. The bleed air from four engines is directed into a
common spanwise manifold from which the de-icing ducts are led for the six wing sections and for
the ¢' 'pennage. Only nine sections are shown in this arrangement, resulting in the de-icing of 18 to
20 fo t span (5-6 m) sections at one time, Performance could be improved by supplying air at the
center of each section rather than at each end as shown in the illustration. Further ¢conomies in air
supply would be effected by using 18 ten foot (3 m) sections rather than 9 twenty foot sections, but

with increased system complexity.




The system shown in figure 5-12 does not use or require spanwise parting strips because the
sweep angle is greater than 30 degrees. In nonswept wings, the spanwise parting strips may be
required as shown in figure 5-13. Use of parting strips almost doubles system complexity and
increases air flow requirements. Where parting strips are needed, the method most likely to produce
uniform spanwise width is that shown in figure 5-13. The duct is split to aliow air to flow the length
of the duct in one direction, reversing and flowing back in the opposite direction.

The air passages shown in figure 5-13 are the typical corrugated skin type often used for anti-
icing, although the passages may be tapered to aliow equal heating of the surface. {The increased
heat transfer coefficient at the aft end of the gas passage compensates for the decreased gas
temperature.)

Air supply ducis may or may not be used to carry air spanwise in the leading edge, depending
on temperature, duct length, and strength/temperature characterisiics of the aluminum alloy used for
the skins and baffles. Below 450°F (223°C) gas temperature, ducts may not be required.

The de-icing cycle used for hot air systems will usually involve somewhat longer heat-on and
heat-off times than for a cyclic electric system. This results from the thermal inertia of the inner
and outer skins, baffles, etc., as compared to a cyclic electric heat that heats only a very thin layer
of insulation and skin. For the system in figure 5-12, 30 seconds on {(maximum) and 240 seconds off
would be a typical cycle. At higher datum temperatures than the minimum value it is desirable to
reduce heat-on time as a function of datum temperature (see figure 5-14). This minimizes refrecze
at the higher temperatures. Timers are available commercially to perform this function. The heat-off
time may be fixed or may be made manually variable. Flight experience with & cyclic de-icing system
has indicated that heat-off times of as much as six to eight minuses may be required to allow a system
with high thermal inertia to cool down and collect sufficient ice before the next application of heat
is required. Heat-off time may also be made variable by use of an ice measuring instrument to
indicate icing severity.

De-icing time versus datum temperature is shown in figure 5-14 for two typical de-icing systems.
At 25°F (-4°C) de-icing times are about 4 to 8 seconds, whereas at -10°F (-23°C), 28 to 29 seconds are
required. The de-icing air flow is 1.16 to 1.74 Ib/s (.53 to .79 kg/s) based on 20 foot (6 m) sections,
depending on the system used and air temperature. Details are not shown on parting strip flow
requirements. In most current applications, (swept wing), parting strips are not needed. For nonswept

Various combinations of anti-icing and de-icing alsc may be used, depending on the needs of
a particular aircraft. For example, it might be desirable to anti-ice the more critical outboard wing
areas and de-ice the inboard wing and empennage leading edges after leaving an icing condition. This

procedure could be an acceptable compromise between available bieed air and excessive system
complexity.
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5.3.1.3 Siats and Xrueger Flaps

The preceding descriptions of ice protection systems for the wing of a transport aircraft assumed
a fixed leading edge. Wings with movable leading edge devices will have the same ice protection
requirements but methods of meeting these requirements will differ and will be more complex.

Leading edge devices may comsist of slats, slots, or flaps. A wing leading edge slat configuration
is shown in figure 5-15. This figure represents a hot air anti-icing system as applied to the aircraft
shown in figure 5-7. The slat portion of the wing leading edge incorporates a piccolo tube which
gives ice protection to the leading edge, upper surface of the leading edge, and to a small portion of
the lower surface. The fixed portion of the wing leading edge also has a piccoio tube which supplies
ice protection to the remainder of the airfoil’s lower surface and to part of the fixed leading edge
within the slot. The slat piccolo tube is supplied hot air by meuns of a telescoping duct. The fixed
wing behind the slot may or may not require protection depending on geometry, ice accretion
characteristics, and time in icing. For each new aircraft a study should be made of the need for
heating this area.

The anti-icing air flow must be divided between the slat and fixed leading edge in proportion
to their requirements. This is accomplished by the correct sizing of the piccolo tube discharge
coefficients. At the example design point (5,000 ft (1524 m) altitude holding condition) the flow
requirement of 0.8 1b/s (0.4 kg/s) for the center section is divided 60 percent for the slat and 40
percent for the fixed leading edge.

Leading edge Krueger flaps may or may not be protected depending upon the effects of ice
accretion on performance. Figure 5-16 illustrates an unprotected leading edge flap as might be
installed on the example aircraft (figure 5-7). Ice protection requirements for the wing leading edge
will remain the same but because of the flap installation, there will be a reduction in the heated area
on the lower sorface. Water may runback from the heated leading edge and freeze in the fiap, if the
leading edge anti-icing system is not fully evaporative. Also, there will be a small amount of direct
impingement. Evaluation of need for heating the flaps can be made by an aerodynamic analysis.

Ice accretion may occur when the flap is extended during takeoff and approach. Figure 5-17
illustrates the amount of ice that may accumulate, based on 30 minute holding in icing. No
appreciable ice is accumulated during takeoff, as flaps are retracted about 1.5 minutes after brake
release. If the flap is unprotected, flight tests should be conducted to determine the effects of this

and weight with wood or other materials and attach them to the flap. Then the airplane performance
and handling characteristics may be evaluated in clear air. The ice shape used and its orientation on
the leading edge should be verified by natural icing tests.

Ice protection may be provided for the flap using hot air by fabricating the flap as a double
skinned heat exchanger similar {0 the wing leading edge. The hot gas may be transmitted to the flap
either through a telescoping duct or a swivel fitting and duct.
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De-icing requirements would be similar to the requirements of a fixed leading edge. Shedding
characteristics will probably be different because of the airfoil shape and the aerodynamic forces the
ice will encounter. An icing tunnel test program may be required due to the difficulty in predicting
shedding forces and impingement.

5.3.1.4 Empennage Anti-Icing and De-Icing

Empennage hot air anti-icing may be accomplished using a system similar to the wing installation.
For a typical turbojet aircraft, this would require ducting the hot zir from the engines the 90 feet (27
m) to the empennage through the pressurized fuselage. Aircraft with a tail mounted engine will not
encounter these problems but will encounter the same problem for ducting hot air to the wings.

The design point for determining empennage anii-icing requirements will normally be the same
as for the wings. The air flow requirement calculations will have to account for the air temperature
losses experienced in the 90 feet of ducting. An approximate value of the flow required to anti-ice
the empennage at the design puoint is 2.0 1b/s (0.91 kg/s).

The design of the "one-shot” empennage de-icing concept of ice protection is described for a
typical transport aircraft horizontal stabilizer using a double-skin hot air de-icing installation. Hoi
air for horizontal stabilizer de-icing is supplied from the pneumatic system which mixes high and
Tow pressure bleed air to obtain a regulated pressure and temperature of 20 1b/ in? (138 KN/ m\2) and
380 to 490°F (193 10 254°C) respectively. From the main pneumatic system, the heated air is ducted
through the empennage shut-off valve and flow limiting venturi and up through the vertical stabilizer
supply ducting (for "T-tail" configuration). At a point near the top of the vertical stabilizer, the flow
is split for the right and left horizontal stabilizer. The de-~icing air is ducted outboard and is supplied
to two piccolo tubes located within the "D" ducts. The most inboard piccolo tube, which is 1.25 inches
(32 mm) diameter, supplies de-icing air for the inboard section. The other piccolo tube, which varies
in diameter from 3 inches at the inlet to 1 inch at the tip, supplies de-icing air for the outboard
section. Schematically, the systemi is shown in figure 5-18.

From the piceolo tube, hot air is supplied to typical double skin de-icing flow passages located
chordwise along the ieading edge. These passages extend from the leading edge to the aft edge of
the "D" duct where the de-icing air is exhausted to the horizontal stabilizer inverior. Figure 5-19
shows this configuration. Sometimes, double-skin flow passages are not used. Instead, hot air from
the picco’ ) tube is allowed to impinge directly onto the leading edge skin (figure 5-20). Since it is
not necessary to provide continuous ice protection (for some aircraft) for the horizontal stabilizer, a
manually controlled "single shot" de-icing system was selected. This system, although normally vsed
just prior to landing, may be operated at any time if it is considered necessary or desirable.

The horizontal stabilizer de-icing system is interlocked with the wing anti-icing system to prevent
simuitaneous operation which would exceed the bleed air supply capacity. To place the empennage
system in operation, the wing anti-icing switches must be placed to the ON position and the horizontal
stabilizer timer button pushed. When the horizontal stabilizer timer button is pushed, the air supply
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is switched from the wing system {o the empennage de-icing system. Hot air is then supplied to the
empennage for a period of 150 seconds, whereupon the air supply is returned to the wing anti-icing
systein,

The horizontal stabilizer ice protection system was designed to remove ice accumulations which
would adversely affect aircraft performance as ihe result of flight through continuous maximum and
intermittent maximum icing conditions defined by FAR Part 25 Appendix C.

Some wind tunnel tests of the horizontal stabilizer with simulated ice accretion installed on the
leading edge have indicated that it may be necessary to remove ice from the leading ¢dge prior to
landing. These tests have also shown that the leading edge ice accumulation permits acceptable airfoil
performance during other flight conditions. Therefore, a low altitude holding flight condition was
selected for the design point. This combination of altitude, airspeed, and ambient temperature results
in the maximum ice accretion thickness.

The design analysis is conducted in two parts. The first part predicts the time-temperature
responsc for the de-icing supply air ducting from the horizontal stabilizer shut-off valve to the double
skin de-icing flow passage inlets. The second part of the analysis predicts the time-temperature
response of the double skin de-iced areas at various locations.

A transient heat transfer analysis was conducted for the ducting which supplies high temperature
pneumatic air to the horizontal stabilizer double skin flow passages (figure 5-21). Each side of the
horizontal stabilizer is divided into 9 individual ducting segments for computer analysis. For each of
these nine segments, thermal resistance and capacitance of the ducting system was calculated. A
thermal network which represents the physical duct system and is suitable for establishing computer
input is shown in figure 5-22. A standard thermal analyzer computer program was used to compute
the transient thermal performance of the horizontal stabilizer de-icing supply for the conditions of the
design point. Figure 5-23 shows how the de-icing supply air temperature at inboard and outboard
locations varies with time. The duct system was initially cold soaked to -65°F (-54°C).

A transient heat transfer analysis was conducted at severai leading edge locations, From this
analysis, de-icing airflow required to provide effective system performance was determined. The
design conditions were:

Flight Condition Hold
Altitude 10,000 feet
Speed 200 knots
Outside Air Temperature 12°F

Bleed Air Temperature 370°F
Bleed Air Pressure 20 lb/in2




The first step in the analysis was to set up thermal networks which would represent the leading
edge sections ut each of the analysis locations. These networks are combinations of resistances and
capacitances which describe the physical system and are suitable for computer input. A typical
exampie is shown in figure 5-24. Having determined the thermal networks, resistance and capacitance
values were calculated and a standard thermal analyzer computer program was used to calculate the
transient thermal response. The previously determined transient supply air temperature was used as
an input,

Figures 5-25a and 5-25b show how the upper and lower airfoil skin surface temperatures vary
with time and airflow. The plotted temperatures were determined at a point on the outside surface
of the airfoil adjacent to the double skin fiow passage exit. Examination of these curves shows that
the upper airfoil surfaces require more airflow than the lower surfaces to reach the same temperature
in the same period of time, Since both surfaces will receive equal flow from a common piccolo tube,
the system airfiow requirements were established using the higher values.

Based on icing tunnel test data, the accreted ice will always shed when the skin temperature
adjacent to the “D" duct web is 50°F (10°C). The analysis is based on worst case conditions and
includes several conservative assumptions and therefore provides a high degree of confidence in
successful operation. Final conf{irmation of de-icing performance can be demonstrated by tests such
as icing wind tunnel simulation and artificial or natural icing flight tests.

5.3.1.5 Typical System Description

Most commercial transport aircraft use one of two concepts for hot air ice protection: single skin
or doubie skin. The single-skin concept uses the direct impingement of high velocity hot air jets to
develop the internal heat transfer coefficient necessary to transmit the heat from the air to the leading
edge skin. A typical design is shown in figure 5-26. The jets are created by means of a spray tube
which distributes high-pressure, high-temperature air spanwise along the leading edge. A pattern of
orifices in the spray tube is used to create the jets which impinge on the inner surface of the skin.
The orifices are located to achieve 2 desired flow pattern: either unidirectional (as shown in figure
5-26), or bidirectional (symmetrically divided flow between the upper and lower surfaces) or any
variation tetween these two extremes.

The double-skin concept uses an inner skin to form passages to permit higher effectiveness and
better control of the heat transfer process. A typical design is shown in figure 5-27. The supply
duct is similar to the single skin design except that the orifices are used fundamentally for flow control
and only secondarily to direct the flow. The hot air is confined so that it is forced to flow through the
passages formed by the inner skin. In the design shown in figure 5-27, the outer skin is chem-milled
to a depth of 0.045 inches (I mm) to form passages. The total tlow area is kept small to develop high
velocities and high internal heat transfer coefficients. In addition, the inner skin acts as a fin, further
improving the transfer of heat. In other designs, the inner skin is preformed in "pillows" to create
flow passages when the skins are riveted together (figure 5-21). Flow distribution is controlled by the
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pressure drop characteristics of the channels. Chem-milling permits close control of the flow area and,
hence, the flow distribution. If required, orifices can be used at the exit of the pillows for flow
distribution control.

The performance of the single-skin and double-skin concepts can be compared in an icing wind
tunnel in two ways. The first method involves a comparison of the minimum flow required to
completely evaporate impinging water droplets. Possibly as a result of the variability of tunnel
conditions and the pres~2ce of tunnel frost, a great deal of scatter may be experienced in such a
measurement. An indi. ot method was used in which the quantity of runback ice wus mensured as
a funciion of airflow for specified combinations of heated air temperature, ambient tempevature, air
velocity, liquid water content, mean effective droplet diameter, and angle of attack. The measured
data were extrapolated to zero runback to provide an estimate of the minimum required flow for each
case. The results are presented in figures 5-28 for both single and double skin designs. The legend
for the test conditions ic given in table 5-1. In cases where direct comparisen can be made, the
double-skin configuration provides equivalent performance with 5 percent to 20 percent lower air
flow. The second comparison of performance involves the time required for de-icing as a function
of flow for various hot air temperature. Generally, the test data contirm the results of the anti-icing
tests described above.

5.3.2 Windshields

Anti-icing protection is usually provided for the forward-facing windshield panels on both
military and commercial aircraft that are required to operate in all-weather conditions. The two most
commonly used hot air methods are the external air blast system (that may also be used for rain
removal) and a double- paned windshield with hot air circulated between the panes. Hot air flowing
through a double pane windshield has been used for anti-icing in the past, but is seldom used currently
because of problems of installation, nuise, collection of dirt between panes, weight, cracking, and
other undesirable effects. Further, a uniformly heated windshield may be necessary in order to meet
the bird-impact requirements of FAR Part 25 for transport category aircraft,

Windshield arrangement of a typical multi-engine transport are shown in figure 5-29. Ice
protection is needed for the forward facing windshields (main and centci) but not for the sliding and
aft windows which are at minimum angle to the airstream and would not collect ice. An alternate
arrangemens often used deletes the center windshield and increases the size of the main windshield.

5.3.2.1 Double-Pane Anti-Icing Sysicm

Although seldom used, the double pane system (figure 5-30) is possible. A source of hot air is
needed (such as a combustion heater or a compressor bleed diluted or cocled to an acceptable
temperature), with a control valve and appropriate ducting. Surface heat requirements are the same

as for an electrical system; however, the total heat input will be two to three times as iarge, depending
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ou air gap width and resulting channel efficiency. Methods of analysis given for airfoil anti-icing
may be used to Ge: rmine air flow requiremendts.

Special attention must be given to solution of the problem: of noise, duct installation, leakage,
accurnulation of dirt, dust, and oil, and stress problems resulting from temperature gradients in the
windshield panes.

5.3.2.2 External Air Blast Anti-Icing

For many high performance aircrafi, an external jet blast rain removal system employing
compressor bleed air is used in place of windshield wipers. The bleed air is discharged at the base
of ihe windshield by a wide, slotted nozzle that directs air parailei to the windshield surface (figure
5-31). Design of such systems is empirical to a large degree; however, general recommendations may
be found in SAE AIR 805 (reference 5-2). Required air flow rates are usually between 2 and 7
Ib/min/in (width) of cleared area.

In most cases rain removal air flow requirements will exceed windshield anti-icing requirements.
Airflow rates of 4.5 to 7 1b/min/in provide the most satisfactory results for rain removal. Typical
surface temperatures are discussed in Chapter V. Care must be exercised in designing such a system
to avoid blowing excessively hot air across the windshield. This can cause overeating of the interlayer
or cracking of the outer glass ply.

Windshield anti-icing, defrosting, and defogging requirements for military aircraft are specified
in reference 5-3, Figure 5-32 is a curve of heat requirements from reference 5-3 to be met during
all conditions up to normal cruising speed o the airplane with an exterior windshield surface
temperature of 35°F. Reference 5-3 requires that the windshield anti-icing systera shall be capable
of operation during engine warm-up, taxi, takeoff and touchdown, as well as during normal flight.
The specification values are based on the most severe conditions of a windshield normal to the
airstream. Less heat will be needed for inclined windshields.

Methods of calculating heat requirements are shown in Chapter V. Typical results for a jet
transport center windshield are shown in figure 5-32. For the flight profile studied, a maximum
input of 18900 BTU /hr—ft2 (345 kJ/hr—mz) was found to be adequate. Inward heat losses have not
been considered here as analysis shows them to be less than 5 percent. Calculations were based on
buildup of the air boundary layer from the nose of the aircraft. For windshields that depart abruptly
from ihe fuselage coniour, 4 new boundary fayer staris ai the windshieid's base and heat requiremenis
will be higher (as described in Chapter V).

Military specifications state that exhaust gascs from either turboprop or turbojet engines shall
not come into contact with any portion of the aircraft other than the exhaust ducts; consequently, if
the energy of the exhaust gases is tc be used, a heat exchanger must be incorporated. This is necessary
because of the toxic and corrosive nature of the exhaust gases (refcrence 5-4).
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5.3.3 Engine Inlet Lips and Componen's

Ice protection is necessary for turbojet engine inlet lips or aercdynamic surfaces in front of them
to prevent engine damage due to ingestion of ice. Decrease of the inlet urea due to ice buildup is not
a significant factor, except for extremely small engines. Because compressor bleed air is readily
available from the engine and its delivery maintenance requirements are low, this air is usually
preferred as the heat source. The hot air is usually drawn from the high pressure compressor through
a bleed manifold. The anti-ice system ducts this air forward from the engine to the inlet and
convectively heats by directing the hot air against the inner surface of the inlet lip.

There exist three basic geometric arrangements for such a convective heating system. The first
is called the piccolo tube system (figure 5-34). It uses a hoop of small diameter tubing to distribute
the hot bleed air circumferentially. Along the tube periphery, small exit holes are drilled in order
to direct the air as jets against the inlet lip skin where it transfers heat to the super cooled water
droplets impinging on the outside of the lip skin. The spent anti-icing air then flows aft into the rear
chamber through holes in the front bulkhead near the inlet throat. In the rear chamber, warming of
the inlet inner barrel occurs before the air is vented overboard through an exit in the outer barrel.
Although it is less thermally efficient, this arrangement is particularly useful for thin leading edges
(as on supersonic wings) or flush scoops. Cost of manufacturing the single skin system may be lower
for mrny applications.

The second arrangement is called the double-walied system because of the heating channel
formed between an inner skin and the exterior skin (figure 5-34). This method introduces the air into
the inlet lip "D-duct” (figure 5-34) and is then forced to flow into the channel between the two walls,
Here heat exchange occurs between the hot air and the external skin. In the double-walled system,
high circumferential air velocities between the walls is necessary to obtain a good distribution around
the D-duct. This suggestc that an effective heating system can be obtained without the need of 2
double wall. This new concept is called the "swirl system."

The third arrangement is the swirl system. The swirl nozzle introduces the air in the tangential
direction at the centroid of the lip cross-sectional area, The nozzle acts as an ejector which pumps
the air in the lip arcund the circumferential chamber producing a swirl flow several times larger than
the nozzle flow. The swirl nozzles also act as a flow restrictor as it operates choked at all flight
conditions, and its exit diameter controls the flow of hot air needed for anti-icing purposes. The hot
air transfers heat to the lip skin, then flows aft into the rear chamber through holes similar to the ones
in the piccolo system. The hot air is then vented overboard through the outer barrel.

A hot gas anti-icing system for the engine inlet lip of a typical FAR Part 25 transport is
illustrated in figure 5-34, The area of the nacelle requiring anti-icing extends aft from the ieading
edge along the inner and outer surface of the inlet lip; a horizontal distance of 6 inches (15 ¢m) is
typical, However, the exact distance may depend on cowl configuration and impingement area. The
anti-icing engine compressor bleed air is distributed around the lip by a modified "D" duct and passes
through holes in the leading edge of the inner skin into 9.40 inch (10 mm) gas passages. The air flows

III 5-13




aft through these passages into a plenum chamber between the D-duct and a baffle and then is
discharged tangentially into the inlet stream via several discharge ports {usually six). Heatand airflow
requirements for anti-icing this engine inlet were determined at a number of different flight
conditions. Since the calculations show the greatest air flow demand at the 15,000 foot (4572 m)
cruise altitude, the system was designed to meet the heat requirements at this condition. The system
will provide complete evaporation of the impinging water droplets in maximum continuous icing for
all flight conditions except descent (due to lower bleed temperatures). The heated area will be
maintained above 35°F (2°C) (running wet) for descent. In maximum intermittent icing, the heated
surface wiil be ruaning wet for all flight conditions. The amount of refreeze is not significant for
these encounters because of the short duration of exposure. Calculated values of both actual and
required heat release are shown in figure 5-35 for comparison. Figure 5-36 shows calculated values
for both actual and required air fiows,

The calculation of water catch, impingement limits, heat release, and air flow requirements for
a turbojet engine inlet lip is described in Chapter V. Knowing the bleed air pressure available at the
different flight conditions, the actual air flows can be calculated by performing a pressure drop
a' lysis of the system. The heat release can then be found knowing the actual air flows.

For other aircraft with engines having a shorter distance from the inlet lip to the compressor
face, it may be feasible to provide running wet protection for the entire area aft to the compressor
face so that runback does not build up and shed into the engine. This would not be practical for the
typical transport aircraft because the compressor face of its engines is on the order of 4 feet (1 m)
or greater aft of the inlet lip.

5.3.4 Turbofan Components

5.3.4.1 Typical System Descripticn

The typical hot air system bleeds off a portion of the relatively high temperature and high
pressure air in the compressor gas path and uses that air to heat the component in guestion. The anti-
icing heat available is dependent upon bleed location, ambient temperature and pressure, flight Mach
number, and engine power level. The necessary elements of such a system are a bleed port at the
proper compressor stage, piping or passages to transport the air between bleed port and the component,
convective heat transfer passages within the component, and a location to expel the air once it has
done the job of anti-icing (usually back into a low pressure region of the compressor gas path). A
flow retering restriction should also be provided, whether it be an orifice or the anti-iced component
itself. Such a system is an integra! part of the powerplant,

Non-rotating parts such as inlet guide vanes and stators usually incorporate an external piping
bleed system. The airfoil may be of single pass or multiple pass internal flow configuration, as shown
in figures 5-37 and 5-38. Stiffening strips and vibration damyping materials are fairly common within
inlet guide vanes. An on-off valve is a standard feature so that when anti-icing is not needed the
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bleed flow can be turned off. On engines with inlet guide vanes, generally the samie air anti-ices both
the vanes and the non-rotating spinner using a series flow system. The anti-icing hot air passes first
through the vanes and then the spianer.

Anti-icing of a rotating spinner would regquire that the bleed air must get "on board” rotating
parts internal to the engine. The most practical way to route bleed air 15 from the gas path through
the shaft which drives the fan and spinner. The convective passages for the spinner may be double
wall configuration with a narrow passage height. Such a system is usually "always on" because of the
obvious difficulty with incorporating a valve in the rotating hardware.

Typical external and internal bleed anti-icing flow routing paths are shown in figure 5-39
reprinted from reference 5-7.

5.3.4.2 System Design (Compressor Bleed)

If the analyses described in Chapter V indicate that an anti-icing system is required or desirable
for protection against a potential icing problem, the recommended design philosophy is to provide
e¢nough heating to maintain 2 running wet surface of 35°F (2°C) or greater, at the design point
condition recommended below using the thermodynamic heat balance equations described in Chapter
V. The design analysis should be based upon the FAR Part 25 intermiftent maximum (cumuliform)
cloud criteria, from which the following single design point is recommended as a minimum
requirement.

Power Setting Minimum Holding
Ambieat Air Temperature -4°F (-20°C)
Cloud LWC 1.7 g/m3

Mean Volumetric Diameter 20 microns
Minimum Surface Temperature 35°F (2°C)

A guide vane or stator anti-icing system desigred to this condition usually has the bleed source
located at a mid-stage of the high pressure compressor and, in general, the vanes will accumulate
some ice during lower power idle operation when there is insufficient hrat available from the bleed
air to anti-ice them. Ice that accumulates on inlet guide vanes during the relatively short duration
of idle descent is not necessarily detrimental, although engine operability and tolerance to such ice
accumulation must be thoroughly verified for both the short duration idle < *scent and for ground
idle operation. Icing tests and analysic may show the need for powered-up engines during descent
in severe icing conditions and for periodic power increases during longer duration ground operation

as discussed in detail in references 5-6 and 5-7.




Some engine designers have found the need for a more complex anti-icing system which will
provide higher pressure and temperature compressor discharge air to the anti-iced parts at lower
power gperation to alleviate the problem of insufficient heat from the low or mid-pressure compressor.,
This type of system incorporates a switching valve to go to higher pressure and temperature
compressor air as required.

The general procedure for tiie final design of a hot-air anti-icing system involves: (1) using the
design point above to estimate the bleed flow/temperature required to achieve a 35°F (2°C) or greater
surface, (2) using the resultant bleed flow/temperature to select the required compressor bleed stage
focation, (3) sizing the pipes and bleed ports to get the required bleed flow at the selecied iemperature,
and (4) performing the thermal design of the anti-iced part,.

Preliminary calculations based upon one-dimensional heat transfer may be used to get a rough
idea of the bleed flow and temperature required. The final detailed heat 'ransfer analysis can be
accomplished via a three-diniensional finite difference heat transfer computer analysis, using the
one-dimensional result as a starting intcrnal boundary condition. Fine adjustments to bleed flow can
then be made, based upon this analysis.

5.3.4.3 Selection of Compressor Bleed Stage - Considerations

Details of a preliminary calculation procedure for determining the optimum compressor bleed
location are given at the end of this section, using a typical inlet guide vane as an e¢xample. Prior to
beginning the calculations, the designer should note several aspects of the sclection process.

Fixing both the design point condition and engine geometry establishes the airfoil ¢xternal heat
load, hence, the anti-icing heat required. The internal (hot side) heat traansfer coefficient is a function
of the bleed flow and the vane passage geometry; therefore, one should have a rough knowiedge of
the minimum cross-scctional flow area (A ﬂow)' hydraulic diameter (Dy)), passage surface distance (S),
and passage width (b), as in4icated on figure 5-40. Since internal heat transfer coefficient depends
upon flow, bath the bleed an .emperature needed to meet the required heating and the source pressure
needed to deliver that flow quantity will change for varicus assumed values of bleed flow. Parametric
curves similar to those of Figure 5-41 (reference 5-7) can be plotted to compare bleed temperature
and pressure requirements against availability throughout the compressor stages.

It should be noted that the further forward in the compressor the bleed location is selected, the
more the source air temperature will decrease, the greater will be the bleed flow required, and the
greater will be the source pressure required. As the selected bleed air location continues to move
forwaid in the compressor, a point will finally be reached where the stage pressure available is
inadequate for delivering the required bleed flow., In addition to the above, other practical
considerations are usually involved in selecting the bleed location. The hot air system must be
configured to meet primary requirements for structural integrity, engine pertformance, cost,
compressor aerodynamics, and aiframe bleed requirements. Typically, the
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anti-icing bleed system is secondary to these other factors, and therefore a primary or priority bleed
location also serves 4s a simultaneous anti-icing source.

A hot air anti-icing system further requires that the inlet case be designed to survive tlie highest
temperatures and pressures produced by the bleed air system, such as might occur during maximum
power, hot day conditions with the anti-icing valve open. The current practice for the inlet case and
the anti-icing system is to design them for low weight and cost. As such, they are usually constructed
of titanium with vibration damping materials of moderate temperature capability incerporated in the
guide vanes. Modern engines produce compressor discharge air temperatures in excess of 1000°F
(538°C), and because this may be too severe for the inlet case structure, the anii-icing bleed is usually
located at a mid-stage of the compressor.

Sizing of the bleed ports and ducting is also important to assure that the available system pressure
drop delivers the needed flow. With the ever present weight concern, the ducts should be no larger
than necessary. Since the stators of a compressor act as a diffuser, the static pressure ot the gas path
is higher downstream of the stator than it is behind the rotor of the same stage. It is because of this
that the bleed is usually located aft of the stator.

To ensure structural integrity, it is recommended that a detailed heat transfer analysis be made
on the anti-iced siructure for maximum power, hot day and take-off conditions with the anti-icing
system operating. The resulting temperature levels and gradients will be vastly different for this
operating condition than for icing conditions.

5.3.4.4 Selection of Compressor Blced Stage - Calculations
The following is a step-by-step procedure which can be used fos preliminary calculations to
determine the optimum corapressor bleed location. A typical inlet gv de vane nose section scheme
is used for discussion purposes (figure 5-40).
a. Calculate the heat required (Q"reqd) for a 35°F (2°C) ieading edge {stagnation point) using
the recommended design point condition and one dimensional heat balance equations of
Chapter V, Section 2.2.
b. Calculate the internal heat transfer coefficient using the passage geometry by assuming the

required air flow WAl reqd.

where
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¢. The required bleed air temperaiure T Al out associated with the assumed flow is conservatively
estimated (neglecting conduction) from

Q'uqd - hAI( TAI out ~ 35}2)

d. Find the bleed air cool-down, and thus T Al in using the assumption that the entire nose¢-section
is at 35°F for full span.

Tar oue = 35 - exp {_ har Asuer noog_]

Alin © Al reqd “p

e. Most of the system available pressure drop should be taken across the inlet guide vane (ducting
losses should be small) and the required source pressure may be estimated as

R
wAI roqd( TAI in)
source reqd = Tpiun CD Aflow

P

where

FP,,. = 0.92 M (1 + .2M%)®

f. Steps (a) through (e) can be repeated for several assumed values of w Al fead and a curve
similar to figure 5-41 plotted.

g. Obtain values of air temperature and pressure available at each sta)e of the compressor from
aerodynamic analysis or test data.

5.3.5 Propellers, Spianers, and Nose Cones
Ice protection for propellers, spinners, and nose cones on propeller or turboprop aircraft is
commonly p.ovided by the electro-thermal method. (Reference Chapter 111, Section 2.0.)

5.3.6 Helicopter Rotors and Hubs

At this writing (1989), no applications of hot air ice protection tor helicopter rotors or hubs are
known.
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5.3.7 Flight Sensors

Any large aircraft has smali components that accumulate ice if not protected. Typical examples

. are pitot tubes, angle of attack sensors, etc. The need for ice protection of these components can be
o i determined by answering the following questions.

! a. Will ice accumulate on the object in question and in what amount?

i b. Will this accumulation adversely affect the component’s funciion?

] ¢. If the component function is affected, will it have an effect on safe flight of the aircraft?
! d. What is the effect of ice shedding on other components, such as engine inlets? Will ice
’ shedding affect engine operation?
AJ The current practice for smail, critical coinponents is the application of electrical heat (Chapter 111,

i Section 2.0) applied to the critical area. In the case of engine inlet total pressure probes, engine blecd

, air also has been used successfully for anti-icing. In any case, where ice protection is provided in
1‘ small components, ¢ffect of a singie failure should be considered. In the case of pitot tubes, for
i examaple, if the pilot's pitot tube fails, the copilot's may be used.

5.3.8 Radomes and Antennas

Most transport aucraft now use radar to detect and avoid severe weather conditions. The radar
commonly is housed in a nose radome made of reinforced fiberglass. Since ice formation on the
radome affects radar transmission, anti-icing systems were developed to protect radomes. Although

’ experience has suggested that loss in radar range from ice on the radome is not critical (studies show
maximum degradation values of 10 percent), this section contains brief data on typical hot gas systams.

The method that has been used on several specific kinds of aircraft is an air-heated radome. Gas
passages are formed by a patented process of the "lost wax" type, as shown in figure 5-42. Air is
supplied from a half-circle supply manifold at the rear of the radome, through passages, and into a
similar collector manifold, and then is dumped overboard. An ejector system is used to mix
compressor bleed air with ambient air (or radome discharge air).

Analytical studies of such a system for a typical transport aircraft showed that with 1/2 inch (13
mm) deep gas passages an air flow rate of 0.75 Ib/s (0.34 kg/s) was required. Of this 0.31 Ib/s (0.14
kg/s) was bleed air and 0.44 1b/s (0.20 kg/s) was obtained from the radome discharge. Mixed air
temperatures vary from 175°F to 375°F (79°C to 191°C). The system is designed for running wet

Do . . .. - o
protection in continuous maximum icing conditions of FAR Part 25.

O The major disadvantages of the air-heated radome are:
I a. Complex geometry - may be costly.
! b. Gas passage size may be compromised by radar transmission requirements.
‘ | ¢. Adequate heat transfer at stagnation point requires a thin skin, whereas rain erosion
| considerations demand a thick skin plus erosion coating.
d. Radome sirength may be adversely affected by heating.
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At present, radome ice protection is not generally provided on commercial aircraft
because the trans.nission losses due to icing aro small and do not represent an unacceptabie effect on
radar range. Changes in technology, work on reduced landing minimums, atc., could result in a
greater need for ice protection, in which case the foregoing information will be more useful,

Ice protection for antennas, if provided, would probtably be of the electro-thermal type (Chapter
IiI Section 2.0). However, a few installations of the hot gas thermal type have been utilized. Generai
practice has been to not provide antenna ice protection; however, significant amounts of ice can form
on large antennas and should be considered especiall:  r aft mounted engines.

5.3.9 Miscellaneous Intakes and Vents

General practice has been to not provide protection for flush inlets and vents. Although detailed
studies must be made for each new application it is usually found that the tlush inlet will not close
completely in icing, therefore, protection is not provided. Inlets for air conditioning system may or
may not be protected depending on wheiher ice formed on the inlet would shed into the heat
exchangers or turbocompressors and cause damage.

5.3.10 Other Usages

5.3.10.1 Strakes

Fuselage strakes, located near the forward end of the fuselaye, are vsed to improve directional
stability of the aircraft. These aerodynamic devices have been maintained ice-free by use of a hot
air anti-icing system. This is to preclude ice being shed from them that could damage the wing or aft
mounted engines.

The strakes are anti-iced using the same bleed air source as the wings and are aati-iced whenever
the wing ice protection system is activated. Typically, bleed air at & temperature beiween 400°F and
450°F (204°C to 232°C) and a pressure of 20 ll.‘)/in2 (138 kN/mz) is routed to the strakes through
insulated ducting. Each strake is divided into leading, center and trailing-edge sections as shown in
figure 5-43. The air enters a plenum, flows into chem-milled passages and exits through slois in the
lower surface. The design provides accurate and uniform temperature contrel of the eatire strake
surface.

To determine the critical design conditions, analytical investigations were performed using the
variation in gross weights, operational altitudes, airspeeds and ambieat temperatures for the aircraft
throughout the FAR 25 envelope. As a result of these investigations, it became apparent that the
major combination of factors to be considered in detsrmining the system design point were low
ambient temaperaturg,low engine power settings, high air velocities across the strake oxternal surfaces,
and highest liquid water content associated with the ambient temperature.
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The predominant mode of heat loss from the strake is convective and this is most strongly
influenced by the temperature difference between total air temperature and strake surface temperature,
Since the design intent is to provide a minimum surface temperature of 35°F (2°C), the highest heai
losses will be experienced at a minimum ambient *2mperature, i.e., -22°F (-30°C) which exists at
altitudes within the icing envelope at 22,000 feet (6700 meters). Also influencing the convective heat
loss is the heat transfer coefficient, which is dependent upon temperature, velocity, and density of the
air. The heat transfer coefficient is typically higher at the higher altitudes. These considerations of
the convective heat losses locate the most critical altitude at 22,000 feet (6700 meters), the top of the
izing envelope.

Heat loss associated wiih raising the water temperature from ambient temperature to strake surface
temperature and then the evaporation from the 35°F (2°C) running wet surface is small relative to the
conveciive losses. Thus, the necd here is to maximize this effeci at the conditions providing high
convective losses. This centers atieation on the smallest cloud extent for a maximum intermittent icing
encounter, i.e., a cloud with a three-mile horizontal extent.

Heat available to balance the losses is a function of the heating air temperature and the airflow
rate. The air temperature reaches a minimnum during descent conditions. The airflow is a function
of the pressure available to force the air {o flow and the density of the air. Both of these parameters
decrease with an increase in altitude when the engine power is the minimum, Thus, the minimum
airflow will be provided at the top of the icing envelope.

From the above considerations, the conclusion is reached that the design point is a high speed
descent through a three-mile ¢loud in an intermittent maximum icing encounter at 22,000 feet (6700
meters) with desceni engine power. This operating condition is shown in table 5-2. With the strake
anti-icing flow raws determined for the above conditions, performance was evaluated at the off
design conditions of climb, cruise, and hold. The results of this evaluation are shown in table 5-3.

LS4 WEIGHT AND POWER REQUIREMENTS

The eifect of an installed hot air ice protection system on the weight and performance of 4 light
twin jet aircraftis given below, For illustration purposes, an engine inlet lip anti-icing system is used.
It was determined that the energy requirement would be 43,000 BTU/min (755 ki/s) and an air flow
rate of 13.1 Ib/m would be needed. For this condition, the hot air systern weight would be 100 pounds
(45 kg). From this information, actual performance penalties can be predicted. These numbers are
represcntative of what would be required but a more detailed analysis would be necessary to deterrmine

them more exactly for any particular airplane (reference 5-8).
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I1.5.5 ACTUATION, REGULATION, AND CONTROL

Hot air anti-icing systems are normally controlled by solenoid-operated pneumatic valves or motor-
operated valves. Overheat protection and/or warning can be provided by means of thermoswitches,
therniistors, or wire-wound resistance sensors, plus an associated bridge circuit. In the case of engine
and inlet anti-icing, it may be required (as on co.amercial aircraft) to have a means of indicating
proper system functioning. A pressure switch is cc mmonly used, connected to a control panel mounted
warning light to warn of inadequate pressure (and thus inadequate anti-icing) to the system. A valve
position indicator or the temperature of a critical anti-icing surface may also be used to indicate
proper system operation. Many commercial aircraft turbine engines have used pressure switches or
valve position indicators for reasons of cost and reliability.

Hot air de-icing systems normally use solenoid-actuated pneumatic valves to allow rapid opening
and closing. A timer is needed to control the various valves. A fixed cycle may be used. However,
a variable heat-on time (varying with total air temperature) is more common. Time between ¢ycles
can also be made variable if desired. This tim2 is usually three to four minutes. However, longer
periods may be tolerated in moderate icing conditions. One approach that has been used is to provide
normal heat-on (15 to 20 seconds) and heat-off (three to four minutes) periods, with longer heating
periods every fourth or fifth cycle. The additional heat period removes runback that may have
accumulated during the previous cycles. An overtenaperature warning or control is also desirable.

All hot air systems may or may not contain control of the basic air source. Bleed air systems usually
are countrolled by pressure regulating valves. In addition, maximum bleed air temperature may be
limited by several methods. One is by mixing outside air or exhaust air from the gas passages using
an ejector mixing system. Another is mixing low temperature air from the low pressure compressor
of a dual rotor compressor with high temperature bleed air from the high pressure compressor. Ram
air cooled heat exchangers may also be used, although in practice, this may be limited to integration
with an air conditioning system.

Another method in use on turbine engine anti-icing systems that could be adapted to airframe use
is a temperature-modulating valve that reduces air flow as bleed air temperature increases. A coiled
thermostatic spring and vane assembly is used to restrict flow at high ternperatures, Overheat of the
inlet guide vanes and front frame is avoided by use of this type of valve. An on-off type pneumatic
control valve is usually in series with the modulating valve.

The final consideration for all control systems is that any single failure should not result in unsafe
operation of the aircraft,
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II1.5.6 OPERATIONAL USE

Operation of a hot air ice protection system requires a source of bleed air or equivalent. Cperation
on the ground for checkout or calibration purposes can be conducted using an ambient temperature,
high pressure air source. System operation is controlled from the cockpit, usually by a simple ON/OFF
control. Often when a systein is turred ON, a DISAGREE light will illuminate during the transient
valve travel and then will extinguish. This allows a check on the monitoring system prior to system
use.

Operation of a hot air ice protection system on the ground can cause serious overheating problems.
Nermal bleed air sources can be at a temperature of 450°F (232°C). Without ambient airflow over
the external surface, the skin temperature will approach the bleed air temperature which could anneal
some aluminum alloys. This is especially true of evaporative systems that purposely operate at high
heat fiux levels. Caution during ground operation is also required when dispatching with any control
valve fixed or locked QPEN,

Prior to delivery, each system should be tested to ensure the proper flow distribution among the
many branches, for proper electrical system operation, and for leaks. Some of these tests must be
repeated if parts are replaced during maintenance operations. Proper system operation may be checked
on the flight iine by means of the valve disagreement lights, temperature and pressure warning devices,
a change in EPR or NI when the system is turned ON, and a pneumatic system switch point check (if
applicable). Often, the engine pressure level at which the pneumatic system is switched from a high-
stage to a mid-stage of the compressor is increased for ice protection over the normal air conditicning
requirement. This may be checked by setting the engine at the minimum EPR (or NI) for operation
on mid-stage bleed with ice protection OFF. When ice protection is seiected ON, the pneumatic
system pressure will generally increase because of the change in switch point.

111.5.7 MAINTENANCE, INSPECTION, AND RELIABILITY

Hot air ice protection systems are generally noted for high reliability and low maintenance. The
major type of inspection and maintenance activities involve failures of the hot air supply regulator
and/or shutoff valves, leaks, and duct failure. The telescoping duct, used to transmit hot air from the
fixed wing to the moveable siat, is 2 unique area of concern. Failure of this unit can be detected by
an increase in flow measured by excessive pressure differential across an orifice.

The hot air flow control valve also has unique problems due to its infrequent operation and iis
location. For wing ice protection, the control valve may be located in an area of uncontrolled
temperature. Condensation in the high-pressure, low-temperatuie bleed air can cause corrosion or
may freeze during higher altitude operation. ln either case, a malfunction is often experienced unless

precautions are taken when designing the component and during installation.
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NL5.8 PENALTIES

Bleed air from the engine compressor for use in an anti-ice protection system can result in a
significant specific fuel consumption (SFC) penalty. Detailed penalty analysis must consider bleed
flow quantity, compressor stage location of the bleed, engine configuration, component efficieacies,
and airplane/engine operation. Such complexity is considered beyond the scope of this discussion.
Presented instead is a general level of trade penalty for an available advanced turbofan and some
important considerations for addressing advanced technology applications utilizing very high bypass
ratio engines of the future. Bypass ratio (BPR) is defined as

- Total Airflow - Core Airflow
BPR Core Airtlow

where total airflow is all air that is being "moved” by the fan/prop, and - re girflow is that which
flows in the engine core (gas generator) eventually leading to the combustor and turbine components.

5.8.1 Advanced Turbofans

A raodern representative, turbofan engine for transport aircraft application has a BPR in the range
of 5 to 6. The ice protection system usually bleeds air from the middie-stage region of the high
pressure compressor during the cruise through climb power range. A general level of penalty
associated with such a situation is that bleeding 1 percent of core engine airflow costs approximately
! percent in thrust specific fuel consumption (TSFC) at constant thrust setting. Typical usage for
engine inlet cowl plus wing anti-icing protection on & two engine transport aircraft, for the above
mentioned power range, requires about 2.5 percent to 4.5 percent of core airflow per engine. Since
the trade is one-for-one, the cost is that same percentage in TSFC. During very low power holding
and descent operation, the airframe service bleed location typically switches to the compressor exit
stage, where the bleed flow as a percentage of core flow increases, and the fuel consumption penalty
rises accordingly.

5.3.2 Future Advanced Engines

Significant performance improvement gains are being projected for future engines through
utilization of geared fans (advanced ducted props) and counter-rotating unducted props which increase
propuisive efficiency. Figure 5-44 shows specific turusi and engine airfiow irends versus bypass ratic
that resuli from conducting performance simulation studies. The parameters are non-dimensionalized
relative (0 an avaiiable turbofan of 5.5 BPR. Note that for geared turboians BPR is around 13 to 20
while for unducted props it is about three times greater. Clearly, specific thrust decreases with the
higher BPR engines. This means that the fan or prop must "move”® more total airflow to maintain a
constant thrust requirement, Core airflow for the higher BPR engines is also projected to be only 75

10 80 percent of the base turbofan with the same constant thrust restraint, a result that has major
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implications on bleed penalties if these engines are to replace the base 5.5 BPR turbofan on a given
airplane,

Consider the trends in hot 2ir anti-icing system bleed requirements when the base turbofan is
replaced by the higher BPR engine configurations of the same thrust level. Incorporation of the
geared turbofan, which is ducted, would require a larger inlet duct. Assuming that the duct diameter
would increase proportionally with the square root of fan total airflow, a 20 BPR engine moving 2.6
times the airflow would require an inlet duct diameter 61 percent larger. Since the inlet cowl surface
area requiring protection increases significantly, so would the anti-icing system absolute bleed flow.
Wing protection would probably remain constant on an absolute flow basis. The resultant total ice
protection system bleed with the geared fan engine would be a significantly larger percentage of core
fiow since cowl system absolute flow is up and engine core flow is down by more than 20 percent.
Thus, the TSFC penalty would be greater.

Incorporation of the "pusher” counter-rotating prop (unducted) engine of BPR 60 would present
diftering ice protection considerations. Since the inlet duct passes only core airflow, which amounts
to about 11 percent the total duct flow of the base 5.5 BPR turbofan, the inlet diameter would be only
33 percent as large. Cowl anti-ice flow would be less, but the smaller core engine front frame/
compresser may require active anti-icing. These "pusher” engines would probably be aft-fuselage
mounted which requires greater wing area protection te preclude wing shed ice damaging the props.
Adcitionally, the engine mount struts would require protection for the same reasoning. Total ice
protection system flow as a percentage of core airfiow is expected to be larger for this engine
substitution scheme.

Reference 5-9 summarizes these considerations, along with potential changes in cabin environmental
conditions. In addition to expanded ice protection for the airplane with incorporation of the high
bypass ratio engine, it is projected that the overall service bleed problem will be compounded by the
need to raise fresh air levels in the cabin via increased environmental system bleed flow. Figures 5~
45 and 5-46 graphically show the anticipated service bleed trends for the ultra BPR prop-fan engire
relative to the base turbo-fan. With bleed air consuming upwards of 30 percent core flow under
certain low power operating conditions, there is a definite need for developing alternative ice
protection methods.

ULS.9 ADYANTAGES AND LIMITATIONS

The advantages and limitations of the hot gas system will be discussed and compared with those of
other candidate systems in Chapter III, Section 6.0. Hot air anti-icing systems have several advantages
and disadvantages. On the positive side are; the availability of ice protection energy in the form of
bleed air at a reasonable penalty to aircraft performance (for low bypass ratio turbo-fans and
turbojets); the ducting used for ice protection is often used for other purposes, thereby saving weight;
the systems for hot air distribution are relatively simple, trouble-free and casy to maintain; and there
is no decrease in aircraft performance for anti-icing because ice accretion does not occur. A
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disadvantage of some hot air anti-icing protection systems is the potential high cost of installation
which results from designing and fabricating the leading edge heat exchangers, The system must be
designed into the original leading edge and cannot be "added on" at a later date without major retrofit
problems. For high bypass ratio turbofans, the performance penaity for extractior of sufficient bleed
air may be too severe.

The performance evaluation point for determining empeanage anti-ice requirements wili normally
be the same as for the wings. The airflow requirement calculations will have to accoun: for the air
temperature losses experienced in some 90 ft. (27 meter) of ducting, for transport aircraft with wing
mounted engines. An approximate value of the flow required to anti-ice the empennage of the
airplane in figure 5-7 at the evaluation point is 2.0 1b/sec (.91 Kg/sec).

A system that reduces the bleed air temperature by recirculation of anti-icing discharge air also
may be used for anti-icing protection. In this system, unregulated and uncooled bieed air is
distributed to the waags (and empennage if hot-air protected) in stainless steel or titanium ducts. At
each protected section, a thermostatically regulated valve passes the air into piccolo tubes where the
air is discharged through a lurge number of small ejector nozzles. The air from the ejectors mixes with
plenum air, is cooled, and then passes through the leading edge double skin heat exchangers and back
into the plenum. The excess air ic dumped overboard. The thermostatic sensor used to control the
regulating shutrff valves is located at the heat exchanger exit and controls the air to a discharge
temperature of approximately 135°F (57°C). This system achicves high efficiency with relatively
deep air passages (1/8 to 3/16 inch (3.2 to 4.8 mm)) as opposed to the single pass system which requires
narrow passages on thc order of 0.040 to 0.050 inch (1.02 to 1.27 mm).

Cn turbojet engines having two compressors, bleed air from the low pressure compressor may also
be used for anti-ice protection. To provide anti-ice protection with this lower energy air, larger
mass flows will be required. To handle these larger mass flows, the ducting and leading edge heat
exchauger passages will have to be larger, but in other ways the sysiem will be generally the same as
the high pressure bleed air anti-ice protection system. Difficulty may be experienced in obtaiaing
adequate protection 2t low rpm, as in descent and hold, but use of low prescure bleed may allow
elimiuation of pressure and/or temperature regulation, thus simplifying the systemu. Installed weights
may be lower, because the reduced temperature and pressure will aliow lighter ducting; this is offset
to a large extent by the requirement for handling large: mass fiows (for a given thermal requirement)
at iower densities. Mixing systems may aiso be used thai empioy iow pressure Dieed air augmenied
by high pressure bieed as required to achieve a desired air temperature.
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11.5.10 CONCERNS
’ Whenever a hot air ice protection system operates in a "running wet" condition (the heat applied
does not fully evaporate all of the impinging water droplets), there is a danger of freezing the water

_— el

that runs back. A typical location in which this condition may occur is the wing leading edge or

engine cowl. In these locations, any water not fully evaporated may run back ontc an unheated
surface that is below the freezing point. Several detrimental effects may result if the water freezes

on these surfaces:
2.  The aerodynamics of the surface may be affected. Generally, the maximum lift coefficient
(C

L ) is most severely affected and this could require an increase in landing speed.
max
b. The runback ice could damage downstream equipment. If the runback icing condition is held
for a significant period of time, the mass of ice may become large. Supercooled droplets may
impinge directly onto the runback ice If the flight conditions are then changed such that
the skin temperature exceeds about 35°F (2°C), the runback icecap may be released, allowing
aerodynamic forces to carry the ice into an engine, the tail surfaces, ailerons, flaps, etc.
Serious damage could result.
¢. If the runback ice forms ncar a movable surface, it may form an obstruction. Runback ice
f from an extended slat or Krueger flap could form an obstruction when the retraction of the
! slat or Krueger flap is attempted. The forces developed by the retraction mechanism could
@ damage structural elements, result in partial retraction and change the aerodynamic forces on
the aircraft.

The designer should ascertain the potential effects of ali runback ice and eliminate those that could
seriously degrade the safety of the aircraft, Final evaluation of the effects of runback ice should be

part of the natural icing flight test pregram (Chapter V).




HL5.11 REFERENCES

3-1

5-2

5-3

5-4

5-6

5-7

5-8

5-9

5-11
5-12

Gray, V.H. and Bowden, D.T., "Comparison of Several Methods of Cyclic De~Icing of a Gas
Heated Airfoil,"” NACA RM ES3C27, June 1953.

*Jet Blast Windshield Rain Removal Systems for Aircraft," SAE Aerospace Information Report,
AIR 805A, 30 July 1965.

"Transparent Areas, on Aircraft Surfaces (Windshields and Canopies), Rain Removing and
Washing Systems for Defrosting, De-Icing, Defogging; General Specifications For," MIL-T-
5842B, 29 March 1985.

"Anti-Icing Equipment for Aircraft, Heated Surface Type. General Specificaiions For," MiL-
A-9482, 2 September 1954, amended 2 April 1981.

Grabe, W. and Vanslyke, G.K." "Iciag Tests on the JTi5D Turbofan Engine. Proceediugs of
the Tenth National Conference on Environmental Effects on Aircraft and Propulsion Systems,”
Sponsored by Naval Air Propulsion Test Center, 1§-20 May 1971.

Striebel, E.E., "Ice Protection for Turbine Engines,” FAA Report of Symposium on Aircraft
Ice Protection, 28-30 April 1969.

Pfeifer, G.D. and Maier, G.P., "Engineering Summary of Powerplant Technical Data," Report
Number FAA-RD-77-76, July 1977.

Bowden, D.T., Gensen, A.E. and Skeen, C.A., "Engineering Summary of Air-frame Icing
Technical Data,” FAA ADS-4, December 1963.

Cozby, D.E., "Effects of Recent Engine.Developments on Boeing Aircraft Ice Protection
Requirements,” Symposium on Electro-Impulse De-Icing System at NASA Lewis Research
Center, 13 June 1985.

Sogin, H.H., "A Design Manual for Thermal Anti-Icing Systems,” WADC Technical Report
54-313, Illinois Institute of Technology, ! September 1954,

SAE Acrospace "Applied Thermodynamics Manual,” SAE AIR 1168, 1969,

Duffy, R.J. and Shattuck, B.F., "Integral Engine Inlet Particle Separator, Volume II - Design
Guide," Report Number USAAMRDL-TR-75-31B, August 1975.

I 5-28




TABLE 5-1
0 Icing Tunne! Test Conditious for Figure 5-28

Velocity Temperature LWC MVD Angic of Attack
Symbcl Configuration (meh/mps)  *E/°C (8/m3) (microns)  _(Desrecs)

()  Double Skin 175/78 20/-7 1.22 20 1.5

| &  Double Skin  175/78 20/-1 122 20 34

@  Single Skin 175/78 20/-7 122 20 3.4

| 7  Double Skin 175/78 16/-9 0.95 16 1.5

| A Double Skin 211/94 i1/-12 0.75 15 i.5

3 : [  Double Skin 211/94 0/-18 0.92 17 1.5

: & Double Skir 201/ 0/-18 0.92 17 3.4

| W~ Single Skin 211/94 0/-18 0.92 17 3.4

i @ &  Double Skin 175/78 0/-18 0.95 16 1.5

'| &  Single Skin 175/78 0/-18 0.95 16 1.5

- (|  Double Skin 175/78 0/-18 0.765 14 1.5
| :

' Q Single Skin 211/94 -15/-26 0.75 15 1.5
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TABLE 5-2

Design Point Flight and Icing Conditions

Flight Condition
Altitude

Aircraft Gross Weight
Aircraft Speed

Icing Condition

Cloud Length

Mear Volume Diameter

Cutside Air Temperature
Cloud Liquid Water Content
(Free Stream)

High Speed Deszent

22,000 1. (6705 m)

All

M = 0.8 (823 FPS = 4388 Kts)
Intermittent Maximum

3 miles

20 nicrons

-22°F

1.1 Grams/Cubic Meter




e

TABLE 5-3
Strake Minimum Surface Temperature

Supply**
Altitude Mach Icing LWC ao Fus OAT Air Temp
Attitude _Ft..  No. Cond. s/m®> Dsgree F _°F.

DESIGN POINT

High Speed 22,000 .80 Int. 1.1 1.1 -22 421
Descent (6705 m) Max.
OFF DESIGN POINTS

Hold 10,000 359 Cont. 040 6.1 12 470
(3048 m) Max.

High Speed 30,000 .84 Int.  0.1% 0.4 ~-40 470
Cruise (9144 m) Max.,

High Speed 15,000 572 fnt. 0.82 1.8 -26 470
Climb (4572 m) Max.

* Int. Max. - 3 mile cloud
Cont. Max. - 20 mile cloud

** At the discharge of the ice protection pressure regulator

Min. Surf,
Temp.
S G

35

56

39

42
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[ T

S— e RECIRCULATED AIR

~
by

PICCOLO
SUPPLY DUCT AND
INSULATION

Hot Air Supply

Y
—y
—

EXHAUST AIR FLOW

CORRUGATED
PASSAGES

— e Y

— -

Hot Afr Supply

e

. DUCT LINER

FIGURE 5-2. AIR FLOW IN TYPICAL DOUBLE--SKINNED
LEADING EDGES OF HEATED WINGS (REF. 5-10)
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i SEQUENTIALLY AND CYCLICALLY
HEATED AREAS FOR SHEDDING
LOCAL ICE FORMATION

| CONTINUQUS HEATED
| i SPANWISE PARTING STRIP

CONTINUOUSLY HEATED
CiHORDWISE PARTING STRIPS

FIGURE 5-5. ARRANGEMENT FOR CYCLIC THERMAL
OE-ICING
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CHORDWISE GAS FLOW PASSAGES

(DOUBLE WALLED HEAT EXCHANGER)

PLENUM CHAMBER
(FLOW INTO PLENUM
REGULATED BY A
VALVE)

FRONT PASSAGE
OUT FLOW

REAR PASSAGE
RETURN FLOW

PLENUM
CHAMBER
«~"PARTITION

S|

FRONT SPAR

SSe——

PARTING STRIP

Nty

SPANWISE PARTING STRIP DOUBLE PASSAGE
HEAT CONDUCTIVE FIN SUPPLY DUCT

FIGURE 5-6. CONSTRUCTIOM DETAILS OF GAS-HEATED
AIRFOIL FOR CYCLIC DE-ICING (REF. 5-1)
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N S

® Eugine Bleed Vaive (Pressure Regulating/Shutofd
X De=lcing Valve (Pressure Requlating/Shutoff)

Main Bieed
Manifold

Wing De-icing Duct
(Typlcal 6 Places)

Left-hand Wing Right=hand Wing
\—Supply Duct to Empennage
Left-hand Horlzontal / Right<hand Horizontal
Stabilizer . * Stabliizer
y,

Vertical Fin

FIGURE 5-12. TYPICAL HOT-GAS DE-ICING SYSTEM
FOR FOUR-ENGINE TRANSPORT
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— 0,050 Quter Skin

- ;"‘ 0.025 " Inver Skin o
..:__1 /""10% of Chord

% B ’ i g
1 -
1/8"t0 1/4" ¢

Section A=A

/-Front Spar
_—Main Bleed Line

Forward
Baffie

_—— Rear Baffle
(Optional)

SO\

N Qverboard Dump

De=-icing Duct, Delete If Gas
Temp, is less than 450°F

(a) Design for Swept-wing (over 30° sweep)

. Parting Strip Duct
Air Flow Reverses
at end of Duct

Ve Front Spar 0

_——Rear Baffle
(Optional)

Parting L——Maln Bleed Line

L
5

Add De=icing Duct for gas

Temp, over 450°F

Overboard Dump

O | (b) Design for Non-swept Wing (less than 30° sweep)

AT
T T

T ad
S 5 A,

. FIGURE S5-13. TYPICAL WING LEADING EDGE CROSS SECTION FOR
.'i THO TYPES OF HOT-GAS DE-ICING SYSTEMS
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| ~ === No parting strips, no preheat, Q= 30,000 BTU/hw. -k,
, span,Flow = 1,75 Ib,/sec, for 400°F gas, 1.39 Ib./
sec, for 500*F

H ommmemsn  Parting strips and duct preheating, Q=25,000 BTU/ e,
-ft. span,Flow = 1,45 Ib/sec. for 400°F; 1.16 lb/sec,
for 500°F
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o Approach Condition
! V, = 150 Knots

30 Min, Duration
Max!mum Continuous Icing
Conditions

Ailr Direction

Extended Leading
Edge Flap

FIGURE 5-17. ICE ACCRETION ON UNPROTECTED EXTENDED LEADING
EDGE FLAP FOR MAXIMUM CONTINUOUS ICING CONDITIONS
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e e

HOR1ZONTAL STABILIZER
DISTRIBUTION DUCT

VERTICAL STABILIZER
DISTRIBUTION DUCT

TAIL 1CE PROTECTION
@//— SHUT-OFF VALVE
~

FIGURE $-18. YAIL ICE PROTECTION SYSTEM DIUCT SCHEMATIC
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HEAT SHIELD

QUTER SN

NNER SURFACE

EXT_CRFIG  2/FOOT $PAN
PCCOLO  DUCT

TYPICAL SECTION NORMAL

TO LEADING EDCE

INNER SKIN

FIGURE 5-19.

SECTION A-A AecvE

WING LEADING EDGE CROSS SECTION
- DOUBLE SXIN FLOM PASSAGES
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SEE TABLE S-! FOR
} SYMBCOL DEFINITION

200 300 400

200
| &
}
:. § £
| ; L | |8
I - &
| PR - PN 3
i %1_. §
! N 100
i a & &
| . ‘
| =
! L
‘l ©
.‘4 Z
1 |
; L
|
i o!
|

| TEMPERATURE -°F

FIGURE 5-28. PERFORMANCE COMPARISON OF SINGLE
| AND BOUBLE SKIN ANTI-ICING
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AR Window
Anti=fog only
Shiding Window
Anti=fog Only
Main Windshieid

Anti~ice and anti=fog protection

AR Window
Anti-fog Only

Sliding Window
Anti~fog Oniy
Main Windshiekl 9 Anti=ice and

Center Windshield~ Anti=fog protection

FIGURE 5-29. TYPICAL WINDSHIELD AREAS TO BE PROTECTED FOR
TWO WINDSHIELD ARRANGEMENTS ON MULTI-ENGINE TRANSPORT
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FIGURE 5-30.

== AIR SUPPLY LINE

COUBLE PANE HOT AIR WINDSHIELD
ANTI-ICING SYSTEM

FRONTY
VIEW

=

AIR ISCHARGE - SLOT TYPE MOZZLE
OIRECTED PARALLEL TO WINOSNIELD

———
I
FRELZ STRM CANOPY i

FIGURE 5-31.

PLENUM
CONTROL VALVE
== BLEED AIR SUPPLY LINE

SIDE_VIEW

EXTERNAL AIR BLAST WINDSHIELD
ANTI-ICING AND RAIN REMOVAL SYSTEM
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SECTION A - A
TYPICAL DOUBLE SKIN
ARRANGEMENT

SECTION A - A N
TYPICAL SINGLE SKIN §
ARRANGEMENT

@ LOCATION OF SIxX
ANT1-1CING DISCHARGE
PORTS

ANTI-ICING AIR INLET

LOOKING AFT

FIGURE 5-34. TYPICAL ENGINE INLET LIP
ANTI-ICING SYSTEM
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A/l AR

VIBRATION
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SYMBOLS AND ABBREVIATIONS

Svmbol  Description

- ®

! APU Auxiiiary Power Unit
BTU British Thermal Unit
°C Degrees Celsius
cm Centimeter
EIDI Electro-Impulse De-Icing
EMI Electromagnetic Interference
°F Degrees Fahrenheit
FPD Freezing point depressant
ft Feet or foot
gpm Gallons per minute
HP Horsepower
1/p Ice Protection
kg Kilogram
T kN Kilonewton
: } kw Kilowatt
1 ibf Pounds force
l lbm Pounds mass
| O 1bs Pounds
. m Meter
‘ min Millimeter
1 psig Pounds per square inch gauge (pressure)
‘ °R Degrees Rankine
i scfm Specific cubic feet per iinute

. I VCK Variable Camber Krueger Flap
w Watts




GLOSSARY

bleed air - A relatively small amount of air diverted to an auxiliary use,

" ,4 liguid water content (L WC) - The total mass of water contained in all the liquid cloud 4roplets within
B 1 a unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m3).

g median volumetric diameter (MVYD) - The droplet diameter which divides the total water volume
C present in the droplet distribution in half; i.e., half the water volume will be in larger drops and half
the volumie in smaller drops. The value is obtained by actual drop size measurements.

micron (um) - One miilionth of a meter.

I stagnation point - The point on a surface where the local free stream velocity is zero. 1t is also the
point of maximum collection efficiency.

|
|
i T 6-vii




II1.6.0 SYSTEM SELECTION

111.6.1 SELECTION CRITERIA
The available ice protection methods for various aircraft surfaces and components have been

discussed in previous sections of this chapter. It should be noted that there is no one best system for

use on all types of aircraft and each aircraft represents an independent design probiem for ice

protection, The following considerations should be mude in the selection of the best ice protection

system for a particular aircraft:

ad.

What is needed for flight in known icing conditions? For aircraft operating in the temperate
zone, service experience indicates that holding in icing conditions for as long as 45 minutes
is an expected operating condition. Icing probabilities and characteristics are discussed in
Section 1.1.0 and certification requirements are discussed in Chapters V and V1. Generally,
ice protection systems should be capable of ice removal or prevention at altitudes from sea
level to 22,000 feet (6700 m) with temperatures of 32°F (0°C) to -22°F (-30°C) and with
LWC of 0 to 2.8 g/m°.

What is the effect of icing on the aircraft’s performance? Analysis and flight tests of the
zircraft and components should be performed to determine ice impingement limits, worst
case ice shapes, and the effect of this on aircraft performance and handling characteristics.
For example, some aircraft are sensitive to emipennage icing and others can tolerate
unprotected empennage surfaces. Section 1.2.3 discusses aerodynamic penalties of ice.
What power is available for ice protection systems? Compressor bleed air may be available
from gas turbine engines. Hot air from exhaust gas heat exchangers may be used in piston
engines. Hot exhaust gas alone is rarely used due to its corrosive nature. A separate
combustion heater transferring its heat to air is another alternative. High temperature air
could be provided by an Auxiliary Power Unit (APU) compressor. Surplus electrical power
may be available or could be provided by a larger capacity generator or an auxiliary
generator. Some light aircraft have used electro-thermal and fluid ice protection systems
with good resuls.

In view of the power available and the components needing ice protection, which of the
ice protection methods discussed in this chapter are candidates for the particular aircraft
in question? Examination ot the trade-otts between the benetits and costs of the candidate
systems suitable for each aircraft component must be performed. Costs include system
weight, power consumption, maintenance, and required system testing, in addition to initial

and development costs.

I 6-1




e. Will two or more types of ice protection system be needed? Oftien propellers and
windscreens are de-iced or anti-iced by electric resistance heaters while a¢rodynamic
surfaces are pneumatic boot or hot gas de-iced. Many other combinations occur. This may
increase inspection and maintenance complexity.

f. Other considerations which sometimes apply include:

Run-back icing concerns

Aerodynamic smoothness requirements

Maintenance requirements

Installation costs and time, if the system is being retrofitted

Confidence in the selected system based on previous exparience in similar applications

Electromagnetic interference conserns

Environmental impact concerns

N oA W -

Certification difficulties anticipated
Redundancy requirements

Figure 6-1 is a flow diagram that can be used in the system selection process. Following this
prccedure should result in the optimum system for each component to be protected with the oniy
constraint being adequate power available. After the totally integrated system is complete, factors
such as cost, weight, reliability, and environmental impact should he considered or reconsidered. It is
quite possible that any one of these may force a redesign of some of the component systems.

I11.6.2 EFFECTS OF ICE ON UNPROTECTED COMPONENTS

Some components will be judged as experiencing such a small penalty due to icing that ice
protection is not justified. Common examples are the vertical stabilizer, wing struts, wheel covers on
small airplanes, and wing tip tanks. Some of these are very difficult to de-ice due to their placement
or shape, but the decision to leave them unprotected should be made taking into account aerodynamic
penalties and changes in handling qualities. The effects may be subtie, e.g., 3 wing strut was found
to create tail buffet when iced due to its increased wake turbulence and so de-icing was necessary
even though its drag was tolerable. Section 1.2.3 discusses this subject more fully.

The effect of ice accretion can be estimated by calculation (Section 1V.2.0), or by experimental
testing of simulated ice shapes on the coinponent (Section 1V.1.0).
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1I1.6.3 COMPONENT CANDIDATE SYSTEMS

6.3.1 Airfoils and Leading Edge Devices
The chordwise extent of the ice formation on an airfoil is basically a function of the ambient
conditions and the airspeed. Scme characteristics of the airfoil thut will also affect the icing
impingement limits and chordwise coverage area are:
a. Type and size of airfoil
Leading edge radius
Thickness ratio
Leading edge sweep angle
Angle of attack
Type and deflection of leading edge device

™ e 0 o

When selecting an icing protection system for an airfoil surface, all of the above items should
be considered. Aerodynamic smoothness of the ice protection system in normal dry air flight
conditions may be another important factor.

Some airfoils that have large leading edge radii may not shed ice well under all flight and ambient
conditions,

The hot gas thermal systems are used on the wing of most transport category aircraft. The
pneumatic boot de-ice system is used on the empennage of transport aircraft and the majority of light
aircraft for wing and empennage surface ice protection. Some light aircraft have used the electro-
thermal (on empennage) and the fluid injection systems with good results. Current rotorcraft use
electro-thermal systems. Electro-impulse de-icing is too new for application experience. For
compliance requirements, see Chapter V.

6.3.1.1 Fixed Leading Edge

Light Aircraft (FAR 23)

The dominant factors in the selection of an ice protection system for singie engine aircraft (figure
6-2) are probably cost, weight, and power available. Ice pratection is usually not provided for these
aircraft. When it is, th- system requirements analysis should be made in the same manner as for light
twin aircraft (figure ¢ -3).

A summary of leading edge ice protection system attributes, weight, and power requirements
for a typical single-engine aircraft are presented in tables 6-1 and 6-2. Values are shown for different
types of systems considered to be the most desirable for this type of aircraft.

A summary of leading edge ice protection system attributes, weight, and power requirements
for a typical light twin-engine aircraft (figure 6-3) are presented in tables 6-3 and 6-4. Values are
shown for the types of systems considered to be the most desirable for this type of aircraft.




Transport Category Aircraft (FAR 25)

In the selection of ice protection for the wing leading edge of a typical light jet (figure 6-4),
the requirements are found in the same manner as for the reciprocating twin-engine light plane. A
summary of system attributes, weights, and power extraction for several different systems is presented
in tables 6-5 and 6-6.

The most desirable systems for the reciprocating twin will not necessarily be the most desirable
for the jet. More consideration may be given to hot air anti-icing systems for the wing and tail of
the jet because of the availability of engine bleed air. Also, the jet aircraft may have more power
available for electrical protection systems. Requirements must always be determined for ice protection
of turbine engine inlets. If aft-mounted engines are used, special consideration must be given to the
potential problem of ice shedding from sections of the inboard wing.

The selection process for a large multi-engine transport (figure 6-5) is much difterent than for
the business jet because it will, in general, have sufficient power available so that several methods of
ice protection become feasible. A summary of system attributes, weights, and power requirements
for a typical large jet transport aircraft is shown in tablies 6-7 and 6-8.

The dominant factor that affects the selection of an ice protection system for jet aircraft is
probably the bleed air supply provided by the engines. Depending on the amount of bleed air
available and that required for ice protection, the system selection can be divided into two categories.

a. Sufficient Supply of Bleed Air for Anti-Icing

For high performance lifting surfaces used on commercial transport aircraft, priority may
be given to the hot-air anti-icing system which has been provea over the vears to be a
reliable and effective system. Howzver, the projzcted shift to unducted fan eagines and
uitra-high bypass engines forces a trend toward de-icing rather than anti-icing. These
types of eny nes, much like the turboprop engines, may not have enough compressos bleed
air for anti-icing (see Section I11.5.8.2).

b. Bleed Air Not Available or Insufficient for Anti-Icing

A detailed trade-off study must be conducted for the following non-bleed or low bleed
alternatives:

- pneumatic boot de-icing

- fluid anti-icing or de-icing

- electro~-impulse de-icing

- electro-thermal anti- or de -icing

- hot-air de-icing (bleed air)

- hot-air anti-icing or de-icing (combustion heater)

Il 6-4




The advantages and disadvantages of each system are shown in table 6-9. Major considerations
0 recommended for the trade-off study are provided as follows:
a. Pneumatic boot de-icing

aero effects due to boots (both inflated and deflated position); can be evaluated using
tube profile data provided by boot manufacturer

aero effects due to required ice buildup between de-icing cycles

azro effects due to auto-inflation (failed suction system)

service life of boot (may be \function of hangaring practice)

ice ingestion inte tail-mounted engines and/or propeliers; work together with engine
and propeller manufacturers - weight of the system

owner's acceptance for maintenance procedures and external appearance
maintenance costs

non-recurring costs

b. Fluid anti-ice or de~icing

weight of anti-icing fluid required based on stagnation point travel, specific fluid
requirement to provide anti-icing per unit area at design icing condition, and the
amount of ice protection required.

if fluid requirement for anti-icing is too high, how about de-icing or cyclic de-icing?
aero effects due to ice buildup between cycles (de-icing modc)

ice ingestion by tail-mounted engines and/or propellers {de-icing mode)

fluid ingestion by tail-mounted engines

weight of the system

fluid costs and availability

maintenance costs

non-recurring costs

owner’s acceptance {washing of aircraft usually needed after use)

benefits resulting from aercdynamically cleaner surfaces (less insects, dirt; protection
of trailing edge)

¢. Electro-impulse de-icing

aero effects due to ice buildup between cycles

aero effects due to residuai ice

ice inéestion by tail-mounted engines and/or propellers

fatigue effects on structural components

weight of the system

weight addition due to extra electric generating capacity (if required)
electro-magnetic inierference (if any)

noise level during coil discharge

maintenance costs
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- maintenance <osts
- NOn-recurring costs
d. Electro-thermal de-icing or anti-icing

aero effects due to ice buildup between cycles

ice ingestion by tail-mounted engines and/or propeliers
additional electrical generating capacity
weight of the system

weight addition due to extra electric generating capacity (if required)

?

fuel cost for system operation
maintenance costs

- non-recurring cosis
e. Hot-air anti-icing or de-icing (bleed air)
- weight of the system

t

effects on engine performance due to bleed air extraction
fuel cost and weight penalty for system operation

aero effects due to ice buildup between cycles (de-icing mode)
- ice ingestion by tail-mounted engines and/or propellers (de~icing mode)
- maintenance costs
- non-recurring costs
f. Hot-gas anti-icing or de-icing (combustion heaters)
- air compression ratio to determine size and weight of compressor and motor

weight of the system

weight addition due to extia electric generating capacity (for electric-driven motor)
fuel cost and weight penalty for system operation

aero effects due to ice buildup between cycles (de-icing mode)

ice ingestion into tail-mounted engines and/or propellers (de-icing mode)

maintenance costs

non-recurring costs

6.3.1.2 Leuding Edge Siots, Slats, and Krueger Flaps

The discussion of fixed leading edge system selection (Section I11.6.3.1.1) is appiicable to slot and
slat configurations with the exception that slats require a means of transmitting the heated air, freezing
point depressant (FPD), or electrical power from the fixed wiag to the moveable slat. A telescoping
duct that is capable of rotating and extending has been used for hot air systems. Swivel fiiting and
flexible hoses have been used for liquid FPD transmission. In all cases, the means of transmission
presents an added degree of complexity and potential failure that must be considered during the trade-
off studies used as a basis of system selection.
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Since the Krueger flap retracts into the lower airfoil section, many applications have not required
ice protection. When ice protection is required, any of the concepts discussed in Section I11.6.3.1.1
may be considered. In addition, a variable camber Krueger (VCK) has been used that provides
automatic de-icing. In this design, the linkage that extends the VCK also alters the camber to increase
lift. During retraction after ice has accumulated, flexing the VCK debonds and shatters the ice cep
allowing aerodynamic forces to remove the ice. This concept has the normal penalties of de-icing
systems as discussed in Section IIL.6.3.1.]. In addition, the flexing may not debond the leading edge
ice sufficiently to allow removal by aerodynamic forces.

6.3.2 Control Surface Balance Horns

Control surfaces having leading edges which can collect ice must be protected. Often the leading
edge is in the shadow of the fixed surface and does not collect ice; e.g., ailerons and split flaps. But
if the leading edge rotates out of the wing plane, it will leave the protection of the upstream airfoil
and is in danger of collecting ice in such quantity as to jam the control surface in the extended
position, Examples are rudder or elevator balance horns and Fowler fiaps. Decreasing the gap
between the fixed and moving surface helps to decrease the danger, but active ice protection for the
leading edge may be required.

Ice protection system candidates for this application are limited due to the small size and hinge-
type supporfs. An electrical method is probably best, either electro-thermal or electro-impulse.

Icing tunnel or flight tests may be necessary to determine the extent of the problem and decide
whether upstream shielding or de-icing is needed.

6.3.3 Windshields

Aircraft with ice protection commonly use electrically heated laminated windshields. Typically,
these systems consist of vacuum deposited metallic coatings applied to a glass surface equipped with
contacts and temperature sensing devices. The coated glass plate is then laminated to other plates of
glass and plastic depending on the specific windshield design (references 61 and 6-2).

Another electrical systemn design uses very fine wires laminated in the plates of glass and plastic.
Electrical power is supplied to the wirgs through twe bus bars at the ends of the windshield.

Both of these systems require a controller to regulate the power applied to the heating element
to ensure adequate anti-icing performance and to prevent overheating of the windshield. These
systems may also provide defogging of the windshield if designed so the internal windshield surface
temperature is above the cockpit air dew point.

A fluid de~icing system has been used on some aircraft for windshield protection. This system
uses a freezing point depressant, such as an ethylene giycol/water mixture, which is sprayed on the
windshield. This produces a slush which is then blown off the windshield by aerodynamic forces.

The principal disadvantage is the residue left by the fluid and the quantity of fiuid required for
adequate protection.
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On aircraft powered by turbine engines, with an abundaat supply of bleed air, an external hot

1 air windshield anti-ice system may be considered. This system may also be utilized for rain remowval. ‘
! A major design problem is maintaining the correct air flow and temperature requirements for icing
without overheating the windshield. The air flow and temperature requirements for anti-icing may
! be less than for rain removal.
i Although hot air anti-iced windshields have been used in the past, all cusrent commercial
} transport aircraf't use electrically heated anti-icing systems. The selection of detailed design features
i of each windshield is influenced by the unique features of the particular aircraft and must consider
‘ the integrated design and requirements of the entire windshield. Some of the paramount
considerations in addition to normal structural and anti-icing concerns are: hail impact, bird strike,
i pressurization, environmental extremes including transient effects, rain removal, fogging, visibility,
materials properties, lightning, static electrical charge, electrical system design, plus numerous
considerations based on in-service experience. Obviously, the design of a windshield must be a closely
i coordinated activity of a team including structural, elecwrical, and environmental engineering;
specialists in materials, lightning strikes, and manufacturing processes; and the specific vendor(s).

Care must be exercised in the design of the maximum heating capabilities of any windshield anti-
icing (de-icing) system. Excessive temperature applied to the windshield could cause fogging of the
plastic laminates, crazing, delamination and/or distorted visibility.

@ 6.3.4 Engine iniet Lips and Components ’
Icing protection for engine inlets can be hot air or electrical. On turbine engine aircraft, the

inlets are usually heated with bleed air. They are frequently designed to be evaporative under

continuous maximum icing conditions and running wet under intermittent maximum conditions.

Electro-thermal boots may be used if adequate electrical power is available.

Extra precautions should be taken to prevent engine damage, by ice shedding into the inlet or by
I possible runback and refreeze that could be shed into the engine. Aerodynamic surfaces ahead of the
| engine inlet should be considered as extensions of the engine inlet lips and ice protection should be

provided accordingly.

! The concept generally selected for turbojet inlet ice protection has been hot air 2« -icing. The
i main considerations in making this decision have been availability of bleed air, high-raiiability of the
installation, and the excellent anti-icing performance of bleed air. Recently, due to the high cost of

fuel and the limited availability of excess bleed air from the newer high-bypass ratio engines, more
consideration is being given to electro-impulse de-icing and fluid anti-icing. Electro-thermal ice
protection is feasible for the smallest turboprop inlets, but is generaily impractical on turbofan engine
inlet lips dus to the high power consumption requirements.




R

Both de-icing and anti-icing systems may be considered for engine inlets. The primary concern
regarding ice buildup for a de-icing system is the engine limitation on ice ingesiion. The effect of
ice buildup on inlet flow aerodynamics is generally less critical than on wings except in the inlet
throat region.

The selection of the ice protection system for an engine inlet should be based on a cost-of-
ownership analysis and weighted by factors such as development risk and the general preference for
anti-icing as opposed to de-icing. Some of the factors to be considered in any trade-off study are
summarized in table 6-10.

For a more complete treatment of ice protection for engine components, the reader is directed

to reference 6-3.

6.3.5 Turbofan Components

The design engineer who is faced with configuring an engine anti-icing system must be aware
of the various types of systems from which to choose, their effectiveness, relative complexity and
reliability, and other practical limitations. Typical systems for consideration for turbofan engines are
electrical and compressor hot air bleed. The design engineer should also be aware of hot scavenge oil
systems for stators which provide anti-icing protection in some turboshaft engines, as described in
reference 6-4,

6.3.5.1 Electrical Systems for Turbofans

A typical electrical anti-icing system which embeds resistance heaters within the component to
be protected obtains its energy from the airframe supplied generator. Such a system would not be an
integral part of the powerplant and sizing of the generator would be affected by the engine aati-icing
requirements. Electrical heating of rotating components, such as a spinner, would require the
incorporation of a slip ring arrangement which would probably present a reliability problem. A
particular merit of an electrical system would be the ability to embed the heat source close to the
leading edge of a very thin stator where routing of hot air to achieve sufficient anti-icing effectiveness
would be difficult. All aspects considered, it appears that electrical anti-icing systems for turbine
engines are not generally accepted by the industry.

6.3.5.2 Hot Air Systems for Turbofans

Thermal systems may vary in the level of protection they provide, ranging from compiete
evaporation of all water that impinges, to allowing the body surface to run wet (with water runback)
at a preselected temperature above freezing. Furthermore, a periodic de-icing system is also a feasible
alternative in some cases. In general, a system that uchieves a high degree of evaporation on engine
components is also one that requires an uneconomically high heat input. Therefore, the accepted
design philosophy is to provide a running wet surface in icing conditions. The designer should also
investigate closely the hot air flow requircments for the anti-icing system, which could be a substantial
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amount of the total engine air flow, with an adverse effect on engine performance. A hot air anti-
icing system is the major type of system used on large transport aircraft engines of today for
protecting inlet guide vanes and nose cones. Typical hot air engine anti-icing systems are described
in Seciion 1I1.5.2.3.

6.3.6 Propellers, Spinners, and Nose Caps

The most popular current propeller anti-icing system used today is an electro-thermal boot which
is bonded to the propeller blades. The heating eiement usually consists of a stainless steel ribbon
embedded in the boot. This heating element is designed to provide more heat at the root of the
propeller biade, where the ice builduj. is the heaviest and progressively less heat ou.board, where
centrifugal force reduces buildup problems.

Total boot coverage is approximately 15% of the chord on the suction surface and approximately
30% of the pressure surface. The power to the boots is supplied through slip rings at the propeller
hub. Spanwise extent of the heated surface is usually about 30% of blade length.

The propeller thermal anti-icing requirements will vary depending upon propeller diameter,
rotational speed, and aircraft forward velocity.

Another propeller anti-icing system is the fluid system, which uses an ethylene glycol/water
mixture pumped to the propeller hub and dispersed to the blades through slinger rings. The system
is limited by the quantity of the fluid.

De-icing by electro-thermal boots is alsc used, with the electric power sequenced from one blade
segment to the other. Cyciilc heating must be sequenced so as to avoid asymmetric shedding. For an
even number of blades, opposing blades are heated simultaneously moving from large radius to small
radius positions. ror an odd number of biades, all blades must be deiced at the same radial sections
simultaneously. Outer positions are deiced first to aveid acting as a dam for the debonded inner ice
which is being pushed outward by centrifugal forces.

6.3.7 Helicopter Rotors, Hubs, and Droop Stops

6.3.7.1 System Selection for Rotorcraft

The selection of appropriate ice protection systems for roiorcraft requires a knowledge of mission
requirements and constraints. Preceding sections have presented the attributes of pneumatic boot
s} .tems, electro-thermal systems, fluid injection systems, electro-impulse systems, and hot air systems.
Those sections provide information that describe potential applications, many of which are common
to both airplanes and rotorcraft. Sections 111.6.3.1, 111.6.3.3, 1i1.6.3.4, I11.6.3.8, 111.6.3.9 and I11.6.3.10
are directly applicable to rotorcraft and need not be d'scussed further in this section. The following
sections deal only wiih the application of de-icing and anti-icing systems to problems that are unique
to rotorcraft,
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6.3.7.2 Distinctive Rotorcraft icing Preblems

While the rotor has many of the attributes of the propeller, the flight environment and larger
diameter tend to set the required ice protection systems apart from propeller ice protection system
design. Droplets from supercooled clouds generally freeze forward of 15% chord on the upper airfoil
surface and 25% chord on the lower airfoil surface. An anti-icing system that melts ice only in this
region will resuli in an ice formation aft of the keated region due to refreezing of melted ice. The
resultant penalties in the 1ift, drag, and pitching moment are not acceptable. Thermal anti-icing of
the whele vlade surface may impose unacceptable increases in system cost, weight, and power. A
fluid anti-icing system, which lowers the freezing temperature of the droplets below the ambient
temperature, avoids the runback problem, However, at present no fluid rotor ice protection system
has been certified. Rotor hubs are generally exposed on a helicopter, but experience has shown that
the only comaponents requiring ice protection are droop stops which tend to freeze in the "fly" position
if the hing: p’n is unheated. Stores support systems are nnprotected and attention must then be given
only to the prevention of ice shedding into engines and rotors. Engines must be qualified for flight
not only in forward flight, but also in hover, rearward, and sideward flight. Although icing may not
actually occur in these flight modes, the helicopter must be able to approach and land after flight in

icing.

6.3.7.3 KRotors

The selection of a rotor ice protection system involves a thorough understanding of mission
requirements and design constraints. The eventual solution may he possible to justify in terms of
weight and cost, but other factors may enter into the decision-making process. The current level of
maturity of a concept may be important to a designer, but other goals may require investigation of
advanced systems which, as of this writing, have not been applied to modern helicopters. Advances
in ice detection and accretion measurement systems may also become a part of the de-ice system
selection process.

The electro-thermal system, the only de-ice system now in production, is in use on the
Aerospatiale AS332 Super Puma, Sikorsky UH-60A BLACK HAWK, and SH-60B SEAHAWK. The
CHSS-2 (Canadian Armed Forces Sikorsky S$-61A) electro-thermal system was previously in
production. Several helicopter models are also in various stages of de-ice system qualification (Boeing
Vertoi Model 234 and HC-MK1, Beli 2145T and 412, Bell/Boeing V-22, McDonneli Douglas AH-
64A, and Sikorsky S-76B) and each of these rotorcraft uses electro-thermal rotor de-ice systems.
Electro-thermal systems have teen tested on Aerospatiale SA330, Bell UH-1H, MBB B0-1035, Sikorsky
H-34 and SH-3, and Westland Wessex 5 helicopters. While this type of system would appear to he the
overwhelming choice of designers, this is essentially by default. The level of technology available in
the 1970s precluded the use of fluid, vibratory, and pneumatic hoot systems and development had
not started on tne pneumatic-impulse de-icing system (PIDI). Work on the electro-impulse de-icing
system (EIDI) prior to 1980 was conducted in the Soviet Union, but development in the United States
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did not start in earnest until 1982, As described in greater detail in the preceding sections, research
is continuing on alternatives to electro-thermal systems, and advances in the state-of-the-art for each
system are expected. Flight tests were conducted in the early 1960s on a UH-] equipped with a fluid
anti-icing system and recent NASA airfoii tests studied fluid protection systeras in both anti-icing and
de-icing modes. A main rotor hot air anti-icing system was tested on a Sikorsky $-51 (H-5)
helicopter. This used a 200,000 BTU /hr (70 HP) heater with sufficient hot air introduced into the
blade spar to keep the leading edge free of ice. The system did keep the leading edges free of ice at
less than critical conditions, but the moisture froze on the unheated blade surface. The system was
deemed impractical for this and other reasons. Ice phobic tests on an AH-56 helicopter shows no
benefits. Shear stresses must be as low as 1 psi to have an effective system. Tail rotor ice protection
systems are derived using tcchniques applicable to both rotors and propeliers. The following
protection limits are recommended for main and tail rotors:

Main Rotor Tail Rotor
Chordwise Coverage - Upper Surface 0t 15% 0tol3%
Lower Surface 0 to 25% Oto 2%

Spanwise Coverage - 20% to 99% 25% to 70%

The main part of the ice formation generally forms forward of 8% chord. The following material
summarizes the attributes of rotor de-icing and anti-icing systems and is intended to serve as a guide
for systei sclection. Tabular summaries are given in tables 6-11, 6-12, and 6-13 for the helicopter
shown in figure 6-6.

Blade construction may dictate the type of system to be used. A typical rotor blade leading edge
is solid, containing counterweights and filler material. Since fluid and EIDI systems are added to an
airfoil section internally, retrofit of these systems to existing blades would be an expensive process.
Therefore, these systems are currently not recommended as add-on ice protection systems. Also, at
the current stage of coil development, application of EIDI to airfoils with chords less than 15 inches
1S not practical.

Useful life, reliability, and maintainability must be considered in the system selection. Rotor
blades are designed with nickel or titanium leading edge abrasion protection to withstand the harsh
environment imposed on a rotor operating in rain or near the ground. The maintainability of an
erosion resistant pneumatic de-icing boot has been demonstrated during flight testing, but experiments
conducted to date have not been sufficient to determine boot life during helicopter operations, or the
costs associated with system maintenance. Metallic abrasion strips can be incorporated. into cther
designs to reduce or eliminate the impact of the ice protection system on bilade erosion, but special
techniques may be necessary to adapt the abrasion strip to the de-ice system requirements,

Each system involves either an electronic or mechanical union to transfer signals from the
controller and power sources to the blades. Fluid systems, while mechanically simple, must be kept
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free of foreign objects that could block the pores or tubes in the leading edge. Components of systems
that must be imbedded in the blade must be very reliable, since repair or replacement is difficult and
costly.

Fixed wing designers have employed various systems on a single aircraft, using the optimum
system for each de-ice or anti-ice requirement. Rotorcraft ice protection systems have generally
utilized electro-thermal techniques (there are some nacelle bleed air systems now in use). Advances
in de-ice system design may allow the same flexibility of system selection available to the fixed wing
designer. For example, a system could be specified to use bleed air engine inlfet anti-icing, EIDI main
rotor blade de-icing, electro~thermal windshield, droop stop, and pitot protection, and a pneumatic
boot on inboard portions of the tail rotor.

6.3.8 )¥light Scnsors

6.3.8.1 Pitot and Static Probes

Pitot probes and static port assemblies are usually heated with internal electric elements which
are an integral part of the assembly. The pitot and static port assemblies must be designed to operate
in all icing conditions including exposure to water and siush from the landing gear during takeoff and

landing.

6.3.8.2 Siall Warning Transducers

Stall warning transducers are very delicate and sensitive assemblies. The icing protection on this
type of equipment must be integrated into the overall design by the manufacturer. Ice buildup on the
adjacent surface may disrupt the air flow and prevent the system from accurately indicating an
imminent stall, (NOTE: The stall speed will increase when ice accumulates on the surfaces of any
airplane.)

The transducer assembly is usually equipped with anti-icing capability on both the mounting
plite and the vane. Internal electrical healing elements provide a minimum level of heat for ground
operation, and an increased level for flight operations. Electro-thermal heat is used since it is the

nost compact and easiest system to control.
6.3.Y Radomes and Antennas

6.3.9.1 Radomes

When radomes are protected from ice accumulations, designers ordinarily use hot air anti-icing,
pneumatic boot de-icing, or fluid spray (alcohol or glycol) on the external surface. The selection of
the system for radomes thus depends on the availability of sufficient bleed air and the feasability and

appropriateness of pneumatic boots cr fluid spray.
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6.39.2 Antennas

Many different sizes and shapes of antennas are installed on aircraft today. Some of these
antennas may not function properly with ice on their external surfaces. Ice accumulated on the
antennas may also create flutter and vibration problems, however, many antennas are designed tu
withstand the maximum ice accretion. Dry air flight testing with simulated ice shapes may be helpful
in resolving some of these problems.

Ice protection may not be required if the antenna is small and is located where accumulated ice
will not shed and cause damage to other aircraft components. Each antenna installation should be
evaluated carefully for icing requirements. If ice protection for the antenna mast is required, electrical
heaters may be designed into the units b the manufacturers or added to the external surface by
installing an electro-thermal de-ice boot. Radio intexrference could be a problem with an electro-
theimal de-ice boot.

A pneumatic dc-ice boot may also be installed if the external contour permits. Radio
interference is not a problem with a pneumatic de-icer boot.

6.3.10 Miscellaneous Intakes and Vents

6.3.10.1 Air Scoops

Flush or recessed scoops may not require ice protection. External scoops can be protected with
hot air, electro-thermal, or pneumatic boots. This selection will depend on the size of the scoop, the
power available, system complexity, and location.

6.3.10.2 Fuel Vents

Electrical heaters may be used on fuel vents and are usually controlled manually with an "ON",
"OFF™ switch located on the instrument panel. Fuel systems usually have a dual vent system, one vent
is recessed to prevent icing and one vent is electrically heated and used as a backup. Some fuel vent
plumbing lines are protected against icing by electrically heated jackets. These heaters may be
controlled automatically and turned "ON" for all flight operations.

6.3.11 Drain Masts and Fipes

Wasie water drains from galley or

O

Lol azrnolilimasle am ma - : MY iti M
abin washbowls or condceasate drains from the air conditioning
w

I

system constitute special hazards. At low speeds or very low atmospheric temperatures, water may
treeze in the outlet and block the drain, More commonly, water is blown back and freexes to form
a large ice mass. Upon descent into warmer air, the aircraft then sheds the ice. lce-falls to the ground
of up to 100 1b. have been reported. (Reference 6-5, pp. 4.2-29, -30.) For these reasons, water

draining in flight should be avoided if at ali possible.
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11.6.4 WEIGHT, ENERGY, AND POWER COMPARISONS
Weight, energy and power requirement comparisons for ice protection system on four typical
aircraft (figure 6-2 through 6-5) are presented in tables 6-1 through 6-8,

11L6.5 DISTINCTIVE SMAL)L AIRPLANE ICING PROBLEMS {(FAR PART 23)

Aircraft in this category (reference 6-5) can be single or multi-engine aircraft with a maximum
takeoff weight of 12,500 pounds or less, and with either reciprocating or turbine engines. On aircraft
with reciprocating engine installations, pneumatic boot, electro-thermal, fluid injection, or electro-
impulse icing systems may be selected for lifting surface ice protection. On turbine engine aircraft,
hot-air anti-icing systems may also be considered, due to the availability of engine bleed air as a heat
source. On small aircraft, the total icing system weight and cost are major factors in selecting a
satisfactory system.

Ice protection may be more critical for small airplanes than for larger aircraft. Overflying an
icing cloud is often impossible due to lower service ceilings. Their limited rangc makes weather
avoidance or using alternate landing sitcs more difficult. There are usually more non-protected
components, such as struts, non-retracting wheels, and steps. Smaller component sizes tend to have
higher collection efficiencies, thus relatively larger ice accretions occur, Engine power margins are
less and excess engine power (o drive accessories is limited. The single engine airplane inherently has
reduced system redundancies and thus a reduced reliability. FAR23.1309 states that equipment,
systems, and installations of a single engine airplane must be designed to minimize hazards to the
airplane whereas those of a multiengine airplane must be designed to pregvent hazards in the event of

a probable malfunction or failure,

1L.6.6 DISTINCTIVE TRANSPORT CATEGCORY AIRPLANE PROBLEMS (FAR PART 25)

Aircraft in this category can be either small, medium or large and each weuld have somewhat
distinctive ice protection problems., Added to this is the complicaiion that these aircraft con be
powered by piston engines, turboprop engincs and propeilers, or jet engines (high or low bypass ratio).

A distinctive advantage of these aircraft lies in the availability of bleed air and relatively large
amounts of power for ice protection. Thus all forms of ice protection can be supported. The use of
more than one type is likely because this flexibility allows the designers fo install the optimum system
for each compoaent that is to bae protected,

An ice protection area that is perhaps unique to this category of aircraft is wing leading edge
devices. The possible need for radome ice protection is a consideration for aircraft in this category

which need not be addressed for some Part 25 aircrafit.
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1I1.6.7 DISTINCTIVE ROTORCRAFT ICING PROBLEMS (FAR PART 27/29)

The protection of helicopter components presents some unique problems. Early designers thoughi
that vibration and centrifugal forces would prevent appreciable ice accretion on helicopter rotors. This
is not the case - ice does accrete and the increased drag causes an increase in the power requirements
of the helicopter. On small helicopters, the increase in airfoil drag may be sufficient to force the
aircraft to land, while on some large helicopters the power increments may be acceptablie. When self-
shedding does occur, it is usually asymmetrical, and this causes an imbalance that may result in severe
vibration,

Ice accretion in relatively small quantities may create severe hazards to a helicopter. These
hazards may be from excessive vibration caused by asymmetrical self-shedding of ice from the main
and tail rotors, from ice impact damage when self-shedding occurs, or from the increase in airfoil drag
when self-shedding does not occur,

Another area of a helicopter that may require ice protection is the rotor head mechanism, The
rotor head mechanism is not likely to freeze up during flight or malfunction if the mechanism is
actuated frequently. But, if icing is a hazard to the mechanism, then a simple windscreen or some de-
icing system may he necessary.

Propulsion system ice protection may consist of inlet screen anti-icing and turbine engine inlet
anti-icing. On one flight test program involving a light, turbine-powered helicopter, the inlet screen
iced in a waffle pattern and caused approximately 15 percent air blockage. The total open area of the
inlet screen was twice the engine inlet area; consequently, the ice tlockage did not affect the engine
performaace. This area ratio may not always occur, and icing on an inlet screen may cause sufficient
blockage to affect engine performance. Other inlet screens for compartment cooling, carburetor
infets, etc., may also require ice protection.
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Wi . .

TABLE 6-13.

System Component Comp. Wt, (lb)
Windshield Film Conductor Neg
Wiring 8.2
Control Units (3) 6.2
Pitot-Static Conductor Neg
Wiring and Control 1.3
Temperature Sensor 0.3
Nacelle Bleed Air Plumbing 5.0
Control Wiring 2.2
Modulating Valve 6.4
Droop Stops Heating Unit 3.2
Control Wiring Incl.
Control Unit Incl.
Main Rotor Blade Heater Mats (Fcils) 10.2
Distributor 16.2
Wire Harnesses 11.3
Slip Ring Assembly 5.5
Junction Box Assembly 9.6
Control Unit 3.8
Control Panel 1.0
Fault Monitor 1.1
Misc. Seals, Tubes, Brackets 8.6
Tail Rotor Blade Heater Mats (Foils) 1.4
Distributor Incl in MR
Wire Harnesses Incl in MR
Slip Ring Assembly 4.6
Control Unit and Panel Incl in MR
Misc. Brackets 1.4
ice Detector Detector Unit 1.2
LWC Panel 2.8
Temperature Sensor 0.4
Generators 38745 vs 20730 12.4
Lower Gauge Generator Wire 1.5

Total Ice Protection System Weight

WEIGHT SUMMARY ~ COMPLETE HELICOPTER ICE PROTECTION
SYSTEM SIZED FOR HELICOPTER IN FIGURE 6-6

Sys. Wt. (1lb)

13.6

3.2

in Main Rotor
in Main Rotor

67.3*

0.4

*Included in Table 6-11 for Electro-Thermal Protection of Main Rotor
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SELECT COMPONENT |
Q FOR CONSiDERATION

'

- IS I1CE PROTECTION | _ '
: REQUIRED?

WHAT EFFECTS WILL ICE
ACCUMULATION ON THIS
COMPONENT HAVE ON
THE AIRCRAFT PERFORMANCE?

<{:§>————-—— WILL ICE SHEDDING
BE DETRIMENTAL
TO OTHER COMPONENTS?
WILL RUN-BACK
REFREEZE AND SHEDDING @
N HAVE A POTENTIALLY
| SERI10US EFFECT ON §
)
l

ANT!-!CEI-

OTHER COMPONENTS? [DETCE] [NO PROTECTiON]

® | ©

; DESIGN FOR DESIGN FOR
| LESS THAN COMPLETE
' TOTAL EVAPORATION| |EVAPORATION

i \
' SELECT OPTIMUM SYSTEM FOR THIS
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FIGURE 6-1. SYSTEM SELECTION FLOW DIAGRAM
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! SURVEY TYPES
| OF POWER AND
EXCESS AVAILABLE
o o HOT AIR
| - APU IS ADEQUATE
; :Eygky I_BLEED POWER AVAILALLE?

| o ELECTRICAL
. o PNEUMATIC
|

¢ OTHER NO

SELECT
,{E}> A_NEW

N ‘\Y, [SYSTEM
i
.

, HAVE ALL cowPLETE| [ADD
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| T TIREQUIRED | FOR DESIGN
| AVAILABLE? CHANGE

o [oone]

FIGURE 6-1., SVSTEM SELECTION FLOW DIAGRAM (CONTINUED)
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‘ FIGURE 6-2. TYPICAL SIKGLE-ENGINE AIRCRAFT
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SYMBOLS AND ABBREVIATIONS

Descrioti

Arnold Engineering Development Center

Advisory Group for Aerospace Research and Development
American Institute of Aeronautics and Astronautics
Aeropropulsion System Test Facility

Degrees Celsius

Centre d'Essais Aeronutique de Toulouse (Icing Wind Tunnel)
Centre d’Essais de Propulseus (Engine Icing Tunnel)

Centimeter

Cathode Ray Tube

Ice thickness

Local collection efficiency
Engine Test Facility
Degrees Fahrenheit

“ederal Aviation Administration

Federal Aviation Regulation
Grams per cubic meter
Helicopter Icing Spray System
Horsepower

Icing Research Tunnel
Scaling factor

Knots Indicated Air Speed
Kilometer

Knots True Air Speed
Kilowatt

Liquid Water Content

Meter

Median Volumetric Diameter
Naval Air Propulsion Facility
Naatical mile

Density
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SYMBOLS AND ABBREVIATIONS (CONTINUED)

Svmbal Descrinti

PMS Particle Measuring System
. UCLA University of California Los Angeies

USAANRDL U.S. Army Aviation National Rescarch and Development

Laboratory

|

, ; pm Microns
|
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GLOSSARY

glaze ice - Coating of generally clear, smooth ice deposited on surfaces
exposed to a film of supercooled water. Glaze ice usually contains some air pockets.

liauid water content (LWC) - The total mass of water contained in all the liquid cloud droplets within
a unit volume of cloud. Units of LWC are usually grams of water per cubic meter of air (g/m?).

median volumetric diameter (MYD) - The droplet diameter which divides the total water volume
present in the droplet distribution in half; i.e., half the water volume will be in larger drops and half
the volume in smaller drops. The value is obtained by actual drop size measurements.

microg {(ym) - One millioath of a meter.

rime ice - Deposit of white or milky, opaque granular ice formed by instantaneous freezing of
supercooled water droplet impingement.

IV 1 -vii




IV.1.0 TEST METHODS AND FACILITIES

Iv.ll SUMMARY

Ice protection system adequacy may be examined with the use of icing simulation techniques.
These techniques, both analytical and experimental, help to identify the critical icing design points
for an aircraft or its components, and the experimental techniques may be used to demonstrate
compliance with Federal Aviation Administration (FAA) regulations.

This chapter presents experimental and analytical methods used for icing simulation. The
capabilities of these techniques are described, along with information to aid users in their application,

Four types of facilities are used to provide experimental icing simulation. These are: icing wind
tunnels, engine icing test cells, ground spray rigs, and tanker spray aircraft. The differences among
these facilities are in their size, aerodynamic characteristics, spray capabilities, and types of
components that can be tested. All of these facilities generate an icing cloud by injection of water
into a cold airstream via spray nozzles. Both water and pressurized air may be heated to preclude
freezing in the spray nozzles or plumbing. Although the spray nozzles may differ from facility io
facility, a calibration of water flow rate and droplet size are usually available at the facility. To cover
as large a portion as possible of the FAR 25, Appendix C envelope throughout the airspeed range of
the facility requires water and air spray pressure changes, or changes in the number and/or types of
spray nozzles. Generally, adequate coverage with a unifarm spray cannot be achieved by pressure
changes alone; the spray nozzle types, numbers and/or geometries must be varied. This applies to ail
four types of facilities. Changing spray nozzles lengthens the testing program by causing delays
during testing. Changing spray nozzles will change, sometimes drastically, the degree and spatial
extent of cloud uniformity.

The droplets should reach the test model with the droplet size undiminished by evaporation, but
with sufficient {low length so that the droplets have time to reach 2 temperature approximately equal
to that of the air. This calls for location of the spray nozzles well upstream of the test ebject and high
humidity in the air stream. It is easier to achieve these conditions in a wind tunnel than in
atmospheric testing.

A review of experimental techniques and types of testing is presented in Sections IV.1.2, IV.1.3
and IV.l.4. Factors af fectmg xcmg simulation are dnscussed for each technique. The instrumentation

icing test facilities is provided for each facility type.
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IV.1.2 ICING WIND TUNNELS

1.2.1 Iuntroduction

Icing wind tunnels are equipped with a droplet spray system and a means for cooling the air to
produce simuiated supercooled clouds for icing tests. A droplet spray system, located upstream of the
test section, is used to produce a simuiated cioud having known droplet diameters and liquid water
content (LWC). Tunnels are equipped to control airspeed and (usually) air temperatures in the test
section. Some open return tunnels depend on ambient temperatures near or below freezing. These
provide no air cooling or & reduced refrigerating capacity. Some icing tunnels are specifically
equipped for turbine engine testing. These provide the airflow, air temperature, air pressure, exhaust
gas outflow and droplet clouds necessary to test engines under simulated operating conditions. See
figure 1-1 for examples of the types described herein.

Icing tunnel testing is often the least expensive and most comprehensive method for determining
the performance of ice protection systems. The costs include tunnel fees, model construction and
transport, instrumentation, data reduction, and crew travel and living costs, These are usually less
than the cost of aircraft flight tests, especieily if difficulty is experienced in finding atmospheric
icing conditions. Refrigerated icing tunnel tests can be scheduled in all seasons. Both meteorological
and flight variables can be controlled and maintained at steady state conditions. Measurements can
be made which would be very difficult in flight, e.g., the aerodynamic forces and moments on a

component or section of the aircraft. Qbservation of icing and de-icing phenomena is usually better ‘
f than in flight, and photography is easier. Model modification and retesting can be more quickly
accomplished.

Offsetting these advantages are several limitations. Test section sizes usually limit aircraft testing
| to scale models or full scaie portions of the aircraft. Scale model testing in icing conditions requires
the use of scaling techniques to interpret the test results for the full-scale aircraft. Scaling techniques
l are discussed in Section IV.2,

|

Truly uniform and low turbulence cloud simulation is very difficult to achieve by spraying water
from nozzles iato an airstream. Nonetheless, tunnel conditions are ordinarily more uniform both
spatially and temporarily that those encountered in flight. Some argue that ice shapes may differ to
an unknown extent from those in flight at nominally similar conditions. Heat transfer may be
increased by tunnel turbulence (although the evidence is conflicting - see, for example, reference 1-
1), in which case tunnel tests may be considered to give a conservaiive result for thermal ice
protection.

R A

P

A continuing concern is the degree of agreement in cloud measurement methods from one facility
to another. One would hope that approximately equal ice accretions would occur in two different
facilities if tunnel conditions were stated to be equal between the two facilities. This is not always
K the case, in part because different types of instruments and procedures are used in the calibration of
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different facilities (references 1-2 and 1-3). A common calibration, even for the major facilities in
the United States, does not yet exist.

Because of its relative simplicity, the icing blade (reference 1-3) is still used for calibration of
LWC in a number of tunnels. The icing blade is a manually operated and measured device. It consists
of a metal bar, 1/8 x 3/4 inch (3 x 19 mm) in cross-section and several inches long. It is tapercd to
form a sharp edge and then mounted in the airstream with the blunt 1/8th-inch-wide edge facing the
flow. Such a thin, two-dimensional object has an ice collection efficiency of nearly 100% for a wide
range of droplet sizes and airspeeds. (The actual collection efficiency can be calculated by a particle
trajectory and impingement code.) The blade is mounted in a shield and is extended for exposure to
the droplet flow for a short time, typically 30 seconds. The tunnel air temperature is reduced to
insure rime ice collection for the test. For most icing test facilitics this is an acceptable calibration
procedure, since LWC is independent of air temperature. The collected rime ice is found to grow at
almost constant width on the blade, indicating high collection efficiency. Its thickness is measured
and LWC is calcuiated from known airspeed and collection efficiency.

Currently available icing wind tunnel facilities are presented and discussed in the following
paragraphs. These include government, industrial, and foreign tunnels. The capabilities of these
facilities, their limitations, and test techniques are also presented. Reference 1-2 provides additional

description of icing tunnel facilities.

1.2.2 Icing Wind Tunnel

Data on tunnels available in North America are given in table 1-1. Data for a limited number
of foreign icing tunnels are given in table 1-2. None of the tables in this section reflect changes since
1987.

1.2.2.1 NASA Lewis Research Tunnel

The largest refrigerated tunnel in the world is the Icing Research Tunnel (IRT) at the NASA
Lewis Research Center in Cleveland, Ohio. The information which follows reflects the tunnel
performance and capability following the major rehabilitation which it underwent in 1986 and 1987
and the subsequent recalibration (reference 1-5). However, data on the IRT listed in table 1-1 does
not reflect changes due to the rehabilitation and recalibration.

The IRT, a closed-return atmospheric~type tunnel with rectangular cross sections, is equipped
to support testing of low-speed models (reference 1-6). A schematic of the tunnel, shop, and control
room is given in figure 1-2. The test section is 6 feet high by 9 feet wide by 20 feet long (1.83
meters by 2.7 meters by 6.1 meters). Airspeed is varied by changing the rotury speed of the fan,
which is driven by a 5,000 hp (3,730 kw) motor. The fan, a {ixed-pitch, 12-bladed fan tabricated
from laminated Sitka spruce, has a diameter of 25.17 feet (7.67 meters) and maximum rotational
speed of 460 rpm. Fan speed can be accurately controlled to within £1/2 rpm of the desired value and




.

can be ramped from 50 to 460 rpm. Airspeed in the empty test section varies from 50 to 300 mph
(80.5 to 483 km/hr). Maximum airspeed with a model installed depends on model blockage; for a
“typical” madel it is 250 mph (402.5 km/hr). The temperature range for air is controlled between -
20 and 28 °F through the utilization of a heat exchanger and refrigeration plant. The tunnel is
operated at atmospheric pressure. The test chamber and control room are¢ in an air tight building
which requires entry and exit through an air lock when the tunnel is operating.

The spray system, located in the plenum upstream of the test section, has eight bars and is
supplied with demineralized water and filtered, compressed air. Both water and atomizing air are
heated to 1&5 °F (85 °C) to avoid freezing in the spruay nozzles or manifold and to supply
supercooled, but not frozen droplets to the test section. (It is believed that some droplet freeze-out
may occur at high nozzie air pressures due to the temperature decrease of compressed air as it
undergoes an isentropic expansion while exiting a nozzle (references 1-7 and 1-8).) Two ditferent
nozzles, referred to as "standard” and *mod-1," are used (reference 1-7). Both are air-assist atomizers
{meaning that air is used to break up the water stream) and they differ only in the diameter of their
water tubes, that of the mod-1 nozzle being smaller. This results in a reduced water flow and droplet
size for the mod-1 nozzle when compared to the standard nozzle at the same condition and allow
operation of the tunnel at the low liquid water contents which are trequently requested. During the
recalibration of the IRT water flow coefficients were determined for all standard and mod-1 nozzles
and then averages were computed {or the two types. All nozzles used in the spray system have flow
coefticients within 5 percent of the average coefficient for that nozzle type (standard or mod-1).

All eight spray ba.  nfigured with an array of nozzles are used to develop a uniform test
section icing cloud. The configuration of standard nozzles contains 94 nozzles and that of mod-1
nozzles contains 95 nozzles. Figure 1-3 shows the cloud uniformity plots for the standard and mod-
1 nozzles at an airspeed of 145 mph (233.5 kim/hr). The uniform LWC area is defined as the area
where the LWC is within 20 percent of the center value. Note that at 145 mph the uniform LWC area
for the standard nozzles is approximately 3 feet by 4 feet (9] meters by .22 meters) while that for
the mod-1 nozzles is approximately 2 by 3 feet (.61 meters by .91 meters). Cloud uniformity improves
as the airspeed is lowered, so that at 70 mph (112.7 km/hr) the cloud is uniform over much of the test
section for the standard nozzles. On the other hand, as the airspeed is increased the vniform asrea
shrinks and is only 1.5 feet by 2.5 feet (.46 meters by .76 meters) at 220 mph (354.2 km/hr) for the
standard nozzles.

The LWC in the IRT ranges from 0.2 to 3.0 g/m”, with values under 0.5 g/m” possible only with
the mod-1 nozzles. However, the LWC achievable decreases with increasing tunnel airspecd as does
the size of the uniform LWC area. MVD ranges from 10 to 40 gra but the mod-1 nozzies are judged

to be unreliable at droplet sizes below 14 nm.
Figure 1-4 shows the LWC-MVD ¢nvelopes for tunnel airspeeds of 100 mph (161 km/hr), 150
mph (241.5 km/hr), and 250 mph (402.5 km/hr). This figure well illustrates the dependence of tunnel




operating envelopes on airspeed as well as the relationship between achievable values of LWC and
MVD. Figure 1-5 shows the operating envelopes of the IRT at 100 mph and 250 mph from figure
1-4 now superimposed on the FAA atmospheric icing envelopes from FAR 25, Appendix C.

Turbulence levels have becn measured by hot wire anemometry, For dry air flow, turbulence
levels do not exceed approximately 0.5% in the test section. Adding the nozzle air flow (i.e., spray
bar pressure on but without water flow) does not increase the turbulence for airspeeds above 150 mph
(241.5 km/hr), but the turbulence rises when the airspeed is decreased below this value with the
turbulence intensity reaching 3.5 percent at 34 mph (37.03 km/hr) {reference 1-6). Turbulence
measurements are difficult in the presence of droplet flow and have not been reported, but the
indications are that turbulence is further increased when the water spray is added. Note that an
acceptabie turbulence level for icing simulation has not been defined and that a level which is
compleiely acceptable for aerodynamic force measurements may not give acceptable ice shape
simulation. Tunnei turbulence originates from vibrations or pulsations from the tunnel propeller,
from turning vane wakes, from wall roughness or vibration, and from spray nozzle supports and water
injection (reference 1-9).

A problem with testing in the IRT, and, indeed, in icing wind tunnels in general, is the collection
of a very thin frost layer on the aft parts of the airfoil. Such a frost layer does not normally form
during flight in a supercooled cloud. It is argued in reference 1-10 that this frost is due to tunnel
turbulence, which is about an order of magnitude greater in an icing tunnel than the comparable
freesieam turbulence encountered in flight, However, a series of airfoil tests in the IRT reported in
reference 1~11 resulted in frost on the lower surface only (varying in extent from the first 30 percent
of the airfoil tc the entire lower surfuce). It is not clear why the frost would appear only on the lower
surface if its primary cause is tunnel turbulence,

Some "before-and-after-frost-removal" measurcraents reported in reference 1-10 indicared that
the frost layer can have a large effect on the drag coefficient when the drag rise due to the ice is small
(as may be the case for rime ice), but a much lesser effect drag rise due to the ice is large {as may be
the case for glaze ice). However, before and after measurements made in the later study reported
in reference 1-11 indicated that the major effect of the frost was an increace in pitching morment,
changes in lift and drag due to the frost being less dramatic. Thus the effect of the frost on
acrodynamic cocfficients is not entirely clear, and perhaps, as reference 1-10 puts it, "to be on the
safe side all acrodynamic maeasurements” should be made "with the frost removed."

The test section has a turntable on the fioor which can rotate models £20" during tesis. Models
are generally mounted on the turntable with a ceiling pivot. Large models can be lowered into the
tunnel by a crane through a 12 feet by 4 feet (3.66 meters by 1.22 meters) hatch in the roof of the
test section. Heated windows on each side and ia the roof provide good vision for photography.
Yideo cameras and monitors are available.

The diffuser section of the IRT has been used in the past to perform a limited amount of testing.
However, measuremeats indicated that the flow quality was highly nonuniform and NASA has
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undertaken a study (references 1-12 and 1-13) of the flow characteristics of the diffuser which it is
hoped may suggest methods to improve the flow quality. This would permit the wider used of the
diffuser as a second, larger, but lower speed, test section.

Auxiliary services available include AC (110 and 220 volt) and DC (12 and 28 volt) electric
power, heated air and a vacuum pipe with a mass flow measuring system for engine exhaust
simulation. Users provide their own models, test engineers and technicians; NASA provides tunnel
operators and assistance in installing medels. Due to the electric power demand of the refrigeration
unit, testing is normally scheduled at night. The facility is available for industry use, contingent upon
scheduling and priority given to government contractors. It is advisable to contact the IRT facility
manager at least 1 year in advance of desired test time in the facility to permit NASA Lewis to review
the proposed model design and test envelope. Prospective users should mail correspondence to:

NASA Lewis Research Center
Attn: David W. Vincent, M.S. 6-8
IRT Facility Manager

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

1.2.2.2 Industrial Icing Tunnels

Several tunnels owned by industrial firms in North America are available for icing tests. None
of these are comparable in size to the NASA Lewis IRT, but they can be useful in testing instruments
or small components. Also briefly discussed in this section are Arnold Engineering Cenier (AEDC)
Icing Research Cell and the icing tunnel of the National Research Council of Canada in Ottawa.

Lockheed Tunnel

This tunnel is located near the Lockheed-California plant in Burbank, Califernia. Although it
belongs to a private company, it is available for rental. It is a closed veturn tunnel, with the test
section vented to atmosphere. Rotatable disks in each side wall are available for model mounting and
angle change. A 200 hp electric motor drives a variable pitch, four-biaded fan. The spray system
is about 20 feet upstream of the test section. The refrigerated coils are about 15 feet upstzeam of the
spray system,

For information write:
Lockheed-California Co.
Box 551
Burbank, CA
Attn: Manager, Wind Tunnels
Bidg. 281, Plant 2, Rye Canyon
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Bcelng Tunnel
The Boeing icing tun~.el is located at the Boeing Plant 2 near Bocing Field in Seattle, Washington.
It is available for leasing.
For information on ‘he Boeing tunnel, write:
icing Mind Tuanel, M.S. 9R-28
Toemng Technical Services
P.O. Box 3707
Seattle, WA 98124

Fluidyue Tunmel (Reterence '-14) (Figure 1-6)

Fluidyr.¢ Engineering Corporat.  converted a transonic induction wind tunnel to 2n icing tunnel
in 1985, This tunne! is fairly large (22 x 22 inches (.56 x .56 meters) and high speed (M = O.8). It
was moved outside the building to take advantage of the cold weather where maximum daily
tem;: ratures fail to 1each 32°F (0°C) more than 70% of the time during December, January, and
February. It relies complete!ly on natural refrigeration. The user must work outdoors where the
average annual snow fall is 43 inches (1.1 meters). Vae permanent snow cover during the winter
months presents an inconvenience and sometimes precludes operation. Strong winds cause unsteady
wnnei 1w pat this has been largely remedied by constructing a building with louvered walls over
the inlet. Kysative humidity typically varies from 60 to 90 percent, often on a daily «ycle, but this
is mostly ov<ycome by the expansion of the air entering the tunncl, which shifts the air toward
saturaiion,

Despite the above difficulries, the tunnel offers a higher speed than is available in most other
facilitic. Tor icing teste. The transonic flc w is induced by 64 air nozzles located just downstream from
W ostosection. These nozzies cccelerate high pressure zir entr ining the induced tunnel flow. The
vector i, thout 18,0608 Ib. of air at 500 psi, prevides run times from 12 minutes at Mach 0.8 to 54
missetes i Macn 0.2, with altitude equivalents or 12,000 and 2,000 feet, respectively. Water is
*ut;oduced into ihe pi*aun chamber by 25 air-atomizing spray nozzles. A limited oegree of
te v perature control is »enieved by adding heated air upstream of the water nozzies.

The top and botiom wiils of the test section are solid while the side walls are one-eighth
ventilated by four 11/16-in.ch horizontsl slots to relieve madil blockage at tra.asonic speeds. Side
walls are hinged fur quick acracs to the test section,

LWC calibration was accomplished with rotating multiple cylinders and the icing blade; the
facility is re-calibrated anruallv. Droplet size was measured by oil slide. Droplet size distributions
waye approxima. :ly kangmi - B for a MYD of 15 gir . " unproximately Laagmuir D for an MYD
of 30 pm (Secuon Li.1). This was checked by Knc  ~v :rg with the PMS Axial Scattering and
Forwurd Scattering Spectrometer Probes. Glaze ice uccrelion tests on a NACA 0012 airfoil gave
sighifcantly ‘ess ice than for similar tests in NAY.."s cing Research Tunnel. Possible explanations

are b sher v ibulence m the IRT or wall effects in the Fluidyne tunnel.
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For information, write:
Fluidyne Engineering Corp.
5900 Olson Memorial Highway
Minneapolis, MN
55422
Attn: Icing Tunnel Manager

BFGoodrich Icing Wind Tuanel

The BFGoodrich Icing Wind Tunnel was completed in 1988 at the BFGoodrich De-icing Systems
facilities in Uniontown, Ohio (reference 1-15). It is & subsonic, closed ioop configuration with the
refrigeration system situated in the center of the loop. An isometric view of the tuanel is shown in
figure i-7. The test section is 22 inches wide by 44 inches high by 5 feet in length. Autematic
temperature control is supplied by a 200 hp rotary screw compressor and a singic loop microprocessor
controller; temperatures as low as -25 °F can be achieved. Tuniel airspeed up to 210 mph can be
achieved througn the use of a 200 hp rotary motor and an 80 inch diameter fan.

The spray system is composed of § equally spaced spraybars and 20 nozzles. The same "stzndard”
and "mod 1"° nozzies used at the NASA Lewis IRT are used in the BFGoodrich Tunnel. A wide range
of droplei sizes and liquid water contents can be achieved (reference 1-16).

AEDC Iciag Research Test Cull

The Icing Research Test Cell (R-1D) at the Arncid Engineering Deviiopment Center (AEDC),
a US. Air Force facility near Tuliahoma, Tennessee, has been usod for many experimental icing
studies. Although small, it has the adventage of offering controi of stmospheric pressure as well as
2 good range of LWC and MVD. The test cell consists of a flow-metering veaturi, plenum chamber,
wal  “ray system, bellmouth, removable connecting ducts, and a test chanmber. Water droplets are
spra, into the primary air stream through atomizing spray nozzles located in the plenum chamber,
upstream of the bellmouth. The bellmodth terminates in an 18-inch-diameter duct that directs the
conditioned air into a 3-foot-diameter tost section (reference 1-17). The air is exhausted 0 the
atmosphere either directly or through the Enginz: Test Facility exhaust plant (reference 1-18). Figure
1-8 depicts the facility.

Natioaal Research Couacll (Referense §-19)

The Low Te.npersture Laboratory of the National Resesrch Couscil (NRC) of Canada in Ottawa,
Oantario maintzins an v;ug tunnel that can simulste altitudes from ground level to 4.35 miles (7
kilometers). The tus o1 is 22.5 inches by 22.5 inches (.57 meters by .57 meters) in cross section and
can achiev~ au sirspeed of 200 caph (322 km/hr). The working section can be reduced in size by
using an inscrt, giving a cross-section 12 inches by 22.5 inches (.30 meters by .57 meters) and a
maximum airspeed of 3%0 1aph (630 xm/hr). At maximum sirspead, the static sir temperiture can be
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varied from -35 °C to 40 °C and the LWC can be varied from 0.1 to 1.7 g/m® (0.1 to 1.0 g/m® with
insert). The MVD can be varied from 10 t0 35 ym. For information, write:

Low Temperature Laboratory

Institute for Mechanical Engineering

The National Research Council of Canada

Montreal Road

Ottawa, Ontario, Canada K1A OR6

Attn: Iciug Tunnel Manager

(Phone 613-993-5339)

Other Tunnels

The cther tunnels listed in table 1-1 will not be discussed individually. The Rosemont tunnels
are used for instrument calibration only and are not generally svailable for work cutside the company.
The Frost tunnel is quite small and the UCLA CLoud Tunnel is both small and of slow speed.

1.2.2.3 Eurvpeac Iciag Tussnels
A limited amount of information concerning icing tunaels in Western Europe is given in table
1-2. Additional information can be found in reference 1-2.

1.2.2.4 Test Techaigues

Required instrumentation includes pressure and temperature measurement systems to ensure
correct aercdynamic coaditions, plus droplet size and LWC instrumentation i: ensure correct
meteorological conditions. in addition, support systems are needed for colleciing the desired test
article data. Typically, the data acquired will coasist of stili photographs, motion pictures, video,
pressure, and temperature surveys. A data acquisition system, often with interactive graphics
capabilities, is usually available to collect and reduce daia for display. Because of the size of the
existing icing wind tunnels, scale models of large components and full-zize parts of small components
are usually tested. Obtzining scrodynamic and metoorological similarity for the scale models is
difficult and in some cases impossible. An analysis of the parameters affucting the simulation must
be accompishad prior to testing.

As was noted in the discussion of the NASA Lewis IRT, asrodynamic coefficients of lift, drag,
pitching moment, etc., measurad in icing tunnels may be misleading due to the presence of frost on
model surfaces downstream of the icing iimit, i.e., downstream of the ice accretion. This frost does
not often appear in flight but sometimes collects on modeis. It has been ascribed to tunnel air
turbulence and wall effects, but this hat been questioned, snd the causes remain unciear. For
nmixiumum confidence in force and moment coefficients, the frost should be removed by a steam
spray or by brushing without disturbing the leading edge ice.
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1.2.3 Engiae Icing Tunnels

Test verification of engine ice protection systems in icing conditions is generally accomplished
in two ways:

(1) Engine test in a sea-level facility with an artificially produced cloud.

(2) Engine test in a facility capable of simulating altitude conditions with an artificially

produced cloud.
Engine manufacturers demonstrate compliance with FAA regulations by use of both methods. The
discussions in Section 1.2.3.3 on icing test techniques for engines, however, are aimed at (2): tests in
an altitude facility. Either type may be configured as illustrated in figure 1-1. Further discussion
of method (1) is presented in Section 1V.1.3, Ground Spray Rigs.

A listing of the available engine test facilities and their capabilities is given in table 1-3. The
nomenclature is explained in figure 1-1. The engine icing test facilities in the U.S. may be better in
some respects than the aircraft icing facilities (reference 1-20).

Testing in icing tunnels may have had a greater importance for engines tanan for the rest of the
aircraft, according to reference 1-21. FAR Part 33 permits icing certification to be accomplished
without flight in natural icing. Ground icing test facilities are used almost exclusively. The engines
are exposed to natural icing during aircraft certification, but at this point is rather late to implement
remedial ctanges in the engine design. However, engines are sometimes ‘light tested earlier by being
carried alofi by an airplane “flying test bed” which may iuclude natural icing encounters.

1.2.3.1 AEDC Engine Test Facility
The largest engine icing test facilities in the United States are those of Arnold Engineering
Development Center (see table 1-3). The largest of these is the Aeropropulsion System Test Facility
(ASTF), which has a 9 foot diameter jet. None of these test cells are dedicated solely to the purpose
of icing tesung; in fact, icing tests are performed in them but a small perceniage of the time. The
types of spray nozzles, as well as their number and their locations in the spiay manifoid, change from
test to test (reference 1-3). Thus, tae spray nozzies system shouid be recalibrated for LWC and MVD
before testing.
For information, write:
AEDC Engine Test Facility
Sverdrup Technology, Inc.
P.O. Box 844
Tullahoma, TN 37388
(Phone 615-455-2611)
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1.2.3.2 Naval Air Propulsion Facility (NAPK)

Facility 2-4 in table 1-3 lists the ten engine test cells located in NAPF, Trenton, New Jersey.
Test parameters can be varied over a very wide range at NAPF. The entire FAA Continuous
Maximum icing condition is covered and all but the high LWC portiow ./ the Intermittent Maximum
conditions. Velocities to Mach 0.7 and MVD to 50 ulv are available.

For information, contaci:

Resources Manager (Phone 609-856-5655)

Naval Air Propulsion Facility

Trenton, NJ 08628

1.2.3.3 Test Techaiques

ldeally, a test cell for conducting engine icing test should duplicate the flow conditions at the
engine compressor face experienced by an engine in flight through an icing cloud. The proper air
flow conditions at the compressor face are rarely the same as flight conditions, the air having been
accelerated or diffused before entering the engine, as iliustrated in figurcs 1-1 and 1-9, It is
necessary to relate the test cell flow conditions to those at the engine campressor face, not *o the free
stream (flight) conditions. Seiection of the correct test cell conditions to provide adequate simulation
at the compressor face will, therefore, depend upon the testing technique used.

From figure 1-1B(b), the entire test cell airflow is seen by the engine compressor face when the
direct connect test cechnique is used. Therefore, the test cell flow conditions should be set to produce
the conditions existing at the engine compressor face during flight through an icing cloud; i.e., the
effects of the aircraft inlet should be considered for correct simulation of LWC, droplet size, air
temperature, and pressure (references 1-22 and 1-23).

The flow velocity and drop:et temperatures at the engine face may not be correct for the direct
connect test techniques, however., Consider the cace illustrated in figure 1-9a of a descent flight mode
where the flight Mach number is 0.5 and :he enygine inlet Mach number is 0.15. The correct Mach
number to be simulated is 0.15 at the engine inlet. However, all ol the test cell flow goes through the
engine during direct connect testing and the duct Mach number will be less than 0.5 since the test
cell connecting duct will be larger than the stream tute enclosing the airflow ingested by the engine
in flight.

In addition to the Mach number simulation, it is often necessary to consider the effect of the
residence time of the droplet between free stream conditions and the compressor iniet condition. As
pointed out in reference 1-23, the water entering the compressor during flight will generally not be
in thermodynamic equilibrium with the air. In the case of a direct connect test, however, the resident
time of a droplet in the airstr eam 15 sufficient for the inlet flo-v te reach thermodynamic equilibrium
(reference 1-22). Hence, simulation will be cenducted with droplet temperatures higher than those
occurring in flight,
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The selection of the proper flow conditions to achieve adequate icing simulation for direct
connect testing is addressed in references 1-23 and 1-24. These studies are primarily concerned with
testing of anti-icing systems. The methods outlined in the references to compensate for velocity and
temperature differences do not, in general, apply for power-off icing testing or de-icing studies.
However, a study of icing scaling for unheated suriaces (reference 1-22) may aid in the selection of
the proper flow coaditions when performing de-icing studies or power-off icing tests.

The foregoing probiems of velocity and droplet temperature test simulation in engine inlets are
of concern only if testing is accomplished in the direct connect mode. If testing is conducted in the
freejet mode, figure 1-1B(a), the velocity and droplet temperature will reach their compressor face
conditions as they would during flight through an atmospheric icing cloud. Hence, the test cell
condition to be set when testing in the freejet mode are the actual freestream (flight) conditions of
the atmospheric icing cloud. Testing in the freejet mode is not without limitations. In general, the
size and flow requirements of the facilily are large. Hence, only small engine-inlet combinations
could be tested in a freejet. An exception is the General Electric Facility in Peebles, Ohio, but this
has very limited airspeed. Also, an accurate method for measuring thrust during freejet testing has
not yet been identified. Engine pciformance degradation because of ice accretion would be difficult,
if not impossible, to determine by freejet testing. However, the method can indeced be utilized to
study the icing protection systems performance for the inlet and engine.

Additional instrumentation (over thati required to support a standard engine test) is needed for
an engine icing test. The additional equipment is essentially the same as for supporting wind tunnel
icing tests. Pressure, (emperature, and icing cloud conditions must be determined to insure proper test
cell conditions are set. The photographic coverage is essential io icing engine testing since witnessing
the r2sults of an icing run, especially in the direct connect mode, is almost impossible. Documentation
of engine icing test resulis is often in the form of video, still photographs, and motion pictures. The
location and installation of the cameras in the test cell are critical to insure the desired field of view
and noninterference with the icing flow ficla. Time correlation of photographic data with other data
is essential.

A more extensive discussion of testing in engine icing tunnels is found in Chapter 6 and
Appendix B of reference 1-24.
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1V.1.3 GROUND SPRAY RIGS

1.3.1 Introduction

Ground spray rigs are low velocity icing simulation facilities. They can be categorized as indoor
or outdoor rigs, and the spray cloud can be blown either by fan or natural wind. The large size of this
type facility allows testing of the ice protection system for the entire aircraft engine-inlet. Icing tests
can be conducted on large unheated surfaces such as leading edges of high lift devices to determine
the probable extent of ice accumulation. Ground spray rig tests of full scale aircraft may be used in
the substantiation of the critical design points, provided the s ray can be calibrated to produce the
design LWC and droplet diameter. The ease of access to the test article in these facilities is an obvious
advantage in performing ice accumulation testing. The main disadvantages are the effects of the
ground plane and the lack of high forward speeds.

1.3.2 Helicopter Spray Rigs

Figure 1-10 shows a schematic of two types of helicopter spray rigs. Table 1-4 presents the
details of available ground spray rigs. At present, no indoor facility is capable of fully immersing a
helicopter rotor system, Figure 1-10(b) represents the National Research Council helicopter spray rig
located in an open field near Ottawa, Canada. In this case, the test helicopter hovers in the wind-
blown spray. An oii slide is normaliy used to determine the local droplet size, and LWC is calculated
from wind speed and nozzle calibration or by rotating cylinder.

Full scale rotor testing in the Ottawa spray rig has been conducted for a number of years, both
for research and for ice protection system development. It has been usaful as a "first look" technique
for the initial proving «f new de-icing systems. However, efforts to take advantage of this facility
to assist in setting up electrothermal de-icing systems have produced mixed results (reference 1-23).
Thus, its potential to assist in the certification process is not clear at this time.

At Moun: Washington Meteorological Observatory, tests are conducted in natural icing on
tied-down equipment (including helicopters in the 1950%). 1t has a unicue electrically heated
piot-static type anemometer to monitor winds under icing conditions. Icing clouds and high winds
are commmon from October through April. Multicylinder and impingement type instruments are used
fo . .

A In¢ ot
urement of cloud droplet sizc an

3

LWC. For information contact:
Mount Washington Qbservatory
Gorham, N.H. 03581 Phone 603/466-3388

1.3.3 G.E. Cross Wind kngine Test Facility

The General Electric Icing Test Facility in Peebles, Ghio is basically an outdoor engine test stand
located directly downstream of a large, free jet wind tunnel. The facility is unique because of its
large size - the tunnel exit is approximately 30 feet (9 meters) wide - and btecause of its movable
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thrust frame which can be rotated about its vertical centerline as necessary f »r crosswind and tailwind
simulation testing. It has several different cloud measurement systems, ir 1ding oil slides, rotating
cylinders, and laser spectrometer instruments.

1.3.4 McKioley Climatic Laboratory

This facility, located at Eglin Air Force Base in Florida, has a 3.3 million cubic feet (93,000
cubic meter) Main Chamber that is the largest and most complex climatic environmental test chamber
in the world. Inside dimensions are 252 {t. (76.8 m) wide, 201 ft. (61.3 m) deep, and 70 ft. (21.3 m)
high in the center with an appendant floor area 60 by 85 feet (18.3 by 26 meters). In this chamber,
the laberatory can produce special conditions such as rainfall to 16 inches (40 ¢m) per hour, winds up
to 163 knots, snow, solar radiation, humidity of 10 to 95 percent, freezing rain, simulated in-flight
ice accretion of different types and temperature extremes from -65°F to +165°F (-55°C to +75°C).
Items varying in size from a tent to the C-5A Galaxy aircraft have been tested in this chamber.

Figure 1-11 shows the C-5A Galaxy transpert aircraft undergoing testing at -40°F (-40°C) inside
the main chamber. Because of the tremendous size of the chamber, more than one item can be tested
at one time, On one occasion a3 C-5A, an F-100, and an A-7 shared the test chamber.

A distinct feature of this main chamber is an air make-up system used to cool or heat air to the
test temperature and inject the air into the chamber to allow the operation of jet engines during
climatic tests. Up to 650 lbs/second (295 kg/second) of air may be injected into the main chamber.
Sustained engine runs at -65°F (-$5°C) are possible without loss of chamber temperature.

Figure 1-12 shows a typical installation of a high performance aircraft in the main chamber. The
F-16 aircraft is positioned on hydraulic jacks to afford a stable platform for tie-down. Steel cables
are then secured to the aircraft. This type of tie-down allows the aircraft to be run at full afterburner
thrust if necessary. Hot exhaust gases from the engine are ducted out of the chamber through a duct
fitted against the tailpipe ot the F-16 and extending through the wall of the chamber. Test personnel
and test instrumentation are housed in the white buildings in the left portion of figure 1--12.

Icing of a number of different types of aircraft may be accomplished in the main chamber.
Helicopter rotor icing can be performed by a spray frame suspended vertically in front of the
helicopter, or from a frame suspended horizontally above it. Liquid water contents between 0.1 g/m?
and 5 g/m? are routinely produced. Typically, a spray fraine is positioned in front of the aircraft and
large fans are used to blow the spray cloud toward the aircraft. Cloud velocities are normally below
60 knots. The amount of water to be injected into the flow field in order to obtain the desired LWC
is determined analytically. Because of rotor wash recirculation, ihe icing conditions are a doubtful
representation of natural icing conditions.

An icing spray frame can be seen in figure 1-12 directly in front of the F-16. The small white
boxes beneath the nose of the F-16 are the transmitter and receiver of the laser spectromeler
instrument that is used for in-situ measurements of droplet particle sizes and velocities.
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The engine test facility is used for environmentai qualification and external and internal icing
of turbojet engines. The facility is supplied with refrigeration from the same system that supplies tha
main charmber. Permanently installed instrumentation includes equipment for recording temperatures
from -70°C to 4+165°C, gauge lines for recording pressure at over 100 pickup points, and a vibration
monitoring system,

1.3.5 Limitations of Ground Spray Rigs

Because ground spray rigs are sea level facilities, consideration of aititude pressure effects cannot
be accomplished without icing scaling. Sometimes investigators vary the meteorologicai parameters,
LWC and droplet diameter, in an attempt to compensate for altitude pressure mismatch.

Forward speed simulation is limited to the local ground-level wind velocity. Thus, helicopters
can be directly tested for hover condition only. Practical limits to spray tower heights result in tests
with ground effects

The outdoor ground spray rigs rely on ambient temperatures for testing. Testing must be
accomplished in the "time window" in which desired temperature occurs. Since all systems - test
article, instrumentation, facility ~ must be at the ready at all times, delays in achieving the desired
temperature can increase the test costs significantly.

1.3.6 Test Techniques

The testing of a helicopter in a ground spray rig may be for the purpose of obtaining ice shapes
at various positions on the rotors, veritying the engine ice protection system at hover, or determining
the proper sequencing times for an electrothermal de-icing system. For the latter purpose, a common
technique is to make a 30-minute run in the spray cloud while periodically cycling the de—ice.rs at
preset on-time iniervals. In a typical helicopter rotor blade test (reference 1-26), this procedure
resulted in 5 to 12 de-icing cycles, depending on the spray LWC. At the end of the spray period, the
helicopter went through a final de-icing cycle in clear air. This is considered to be a more difficult
de-icing condition because the ice temperature drops when removed from the supercooled water
dropiet environment, simulating emergence from a cloud under natural icing conditions. At the
completion of the last de-icing cycle, the rotor was visually inspected for residual ice, runback, and
generai ice collection.

The required meteorological data includes LWC, droplet size, relative humidity, and cloud
temperature. Measurements of these parameters are essential in assuring that the icing cloud meets
the desired conditions. Documentation of the test resuits is often in the form of photographic
coverage either from the aircraft or from remote focat’~ns. Because the icing cloud produced is large,
sometimes video and motion pictures cannot cover the entire aircraft. If they are obtainable, time
correlation with other daty is also required.
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IV.1.4 TANKER SPRAY AIRCRAFT

1.4.1 Introduction

As a part of an engine/airframe certification process, it is necessary to show that the installation
is tolerant to the formation and shedding of ice. For this purpose, icing tests are conducted by flight
testing in natural conditions. An alternative procedure consists of “flying" in an artificially produced
supercooled droplet cloud representative of naturai conditions, This procedure is sometimes used
along with natural icing tests. The artificial cloud is created by numerous nozzles mounted on a spray
bar manifold, which is attached to the flying booni of a tanker aircraft. This scheme was originally
designed for the purpose of testing airframe de-icing systems (such as on a wing leading edge). The
water pattern behind the spray bar can cover an area which adequately envelops the inlet section of
most engines and major portions of other components. Sampling is done in the spray for both water
content and droplet size.

The advantages of using tankers are: 1) they can be available at scheduled times in the
manufacturer’s locality; 2) they provide the ability to run icing tests without waiting for natural icing
conditions; 3) they are less expensive than natural icing flight if time for searching is typical; and 4)
increased safety of flight is achieved by the ability to easily enter and exit the icing environment.
In-flight icing tests using tankers can be a useful too! in discovering any problem which may not
appear in component testing and in demonstrating adequate ice protection for flight into natural icing.

A tanker spray system consists of a suitable aircraft equipped with storage tanks for water,
pumps, and a spray rig with suitable nozzles to produce an airborne simulated supercooled droplet
cloud. A "suitable" aircraft must match the speed and altitude of the aircraft to be tested. The nozzle
must stomize the water to the desired droplet sizes and produce a cloud of acceptable uniformity. To
provide icing conditions, the tanker aircraft and the test aircraft must be flown in ambient
temperatures that are below freezing. Tanker aircraft have limited water storage capabiiity so {est
duration is limited; see spray times in table 1-5. The cloud produced by the tanker aircraft spray
system is limited in size so that usually only a portion of the test aircraft can be subjected to icing
conditions at any one time.

Icing testing behind a typical helicopter tanker aircraft is depicted in figure 1-13. Such testing
is not considered adequate for demonstrating tull compliance with FAA regulations, but it is used for
icing protection svstem development and for indications of critical icing design points. Ice protection
systems and unprotected areas can be evaluated over a broad range of meteorological conditions at
various altitudes.
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1.4.2 Available Tanker Alrcraft

A variety of differenc tanker aircraft have been developed. These include jet and propeller-
powered large airplanes, large helicopters, and small general aviation airplanes. A typicai tanker is
equipped with a large water tank and an external spray boom. A listing of available tanker aircraft,
along with their stated capabilities, is given in table 1-35.

The Helicopter Icing Spray System (HISS) carries an internally mounted 1800 gallon water tank
with external spray boom, suspended 19 feet beneath the aircraft, as depicted in figure 1-14. Both
the spray boom and the water supply can be jettisoned in case of emergency. The water pump
delivers 125 gallons/minute at 54 1b/in? (pump discharge) and engine oleed air at 20 to 30 ib/in®
(measured at the boom). Design airspeed for testing is 60 to 150 KTAS, but use of 90 KTAS is
predominant; the stand-off distance is then approximately 250 feet (76 meters). The resulting cloud
width is 35 to 40 feet (11-12 meters). Reference 1-27 is a useful, relatively recent report on the
H1SS.

The USAF C-130 is a fixed-wing tanker system with a 4 foot diameter spray ring capable of
providing for in-flight helicopter or airplane testing at airspeeds above 100 KTAS (185 km/hr). The
USAF KC-135 is used for test speeds above 130 KTAS (241 km/hr).

Of the described spray tankers, the HISS may provide the best natural icing cloud simulation
according to reference 1-21 (p. 10).

Cne of the problems identified with the present stable of icing spray tankers is that the
availability is more limited by organizational and jurisdictional boundaries than are the ground test
facilities. For example, a well developed and proven tanker aircraft operated by one branch of the
military service may not be readily available for use by other government agencies or the civil
industry.

1.4.3 Limitations

With a maximum icing cloud width of 35 to 40 fzet (11-12 meters), all parts of an aircraft cannot
be tested simultaneously. Therefore, the icing sensors for LWC and droplet size must be located on
the test aircraft near the tested components in order to measure cloud conditions during the test.

Cloud parameters and cloud consistency are difficult to maintain. The artificial cloud conditions
(such as liquid water content and median droplet diameter) are dependent upon location in the cloud.
Figures 1-15 and 1-16 depict the variation of LWC and drop diameter as a function of location in the
cloud for a HISS tanker. Maintaining a fixed relative position behind the tanker is a challenge for the
pilot. The median droplet size is generally larger in artificial clouds than naitural clouds due to the
difficulty of maintaining small water droplets. This is due to the rate of evaporation of droplets
which changes the cloud’s droplet distribution and varies with local atmospheric humidity from hour
to hour. For droplets with diameters less than 25 microns, the evaporation time at 90 KIAS {167
km/hr) may be about 1.5 seconds or less, depending on the humidity. Increasing the water flow rate
may produce smaller droplets but also result in an undesirable droplet distribution and excessive ice
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accumusation in parts of the cloud. Small droplet evaporation makes it very difficult to simulate ice
accretions of shapes and types that occur in natural icing when small droplet impingement is
predominant.

Turbulence is almost always high in the spray cloud due to propeller wakes and lifting surface
vortices. The turbulent water is "large" since the tanker is usually larger than the test aircraft. This
resulis in ice limits farther downstream: on an airfoil and some droplets coalescing into larger drops.

1.4.4 Test Techniques

Spray tankers are used to verify the operation of various aircraft components under artificial
icing conditions. It may be useful to obtain preliminary data on the ice protection system performance
and the effects of unprotected arcas by tanker tests before attempting natural icing flight.

The test aircraft ice protection system s functionally checked in-flight to the test area. When
the tanker is at the desired airspeed and cloud conditions, the test aircraft is moved into the cloud,
For some tankers, the stand-off distance i5s determined from an aft facing radar altimeter on board
the tanker and relayed to the crew of the test aircraft, Maintaining a constant stand-off distance is
difficult if the piloi’s windshield is in the cloud. The icing sensors are imniersed in the cloud to
measure LWC and droplet size. The desired area to be tested is then immersed for the desired length
of time. The aircraft time in icing conditions is limited by the tanker's water supply or any adverse
effects due to accumulated ice. A dye is sometimes added to the water to improve in-flight
photography. By adjusting the bleed air pressure and water pressure, the cloud conditions can be
varied (i.e., liquid water content, median droplet diameter). Ambient temperatures must, of course,
be below freezing. A calibrated outside air temperature probe and a dew point hygrometer are needed
to provide accurate temperature and humidity measurement.

1.4.4.1 lastrumentation
During an icing test behind a spray tanker, the following data and
instruments are required:
(1) pressure altitude; altimeter
(2) airspeed; indicated airspeed indicator {usuaily pitot-static tubes)
(3) outside air temperature; calibrated temperature probe
(4) dew point; hygrometer
(5) liquid water content; LWC meter
(6) median volume droplet diameter (MV D); droplet sizing spectrometer (or other). This is the
most difficult measurement.

(7) photographs of the critical componenis; still or motion picture or video cameras.
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These data are required as a function of flight time in the icing cloud, so time correlation of
photographic data with the other data is essentiai. A data acquisition system is needed to collect and
reduce the data for display in near-real-time. A typical data acquisition system would include a
micro-processor, a data recording system, a printer or CRT for near-real-time output, and an operator
control panel.

1.4.4.2 Factors Affecting Icing Simulation

Icing testing behind a tanker aircraft is difficult to control and often requires the coordination
of three aircraft. The tanker aircraft lays down an icing cloud as the lead aircraft in the formation.
A chase aircraft (the second aircraft) is often used to obtain photographs, visual gbservations, and to
aid in positioning the test aircraft vertically in the icing cloud. The third aircraft is, of course, the
test aircraft, which must be held in the icing cloud at the desired position.

The location of the test aircraft in the icing cloud is vital to the success of the test. Variations
in the LWC and droplet size occur both in the vertical and axial positions within the cloud. This is
illustrated in figures 1-15 and 1-16. Although these two figures are for the U.S. Army’s Helicopter
Icing Spray System (HISS) (reference 1-28), they are representative of icing clouds produced by
tanker aircraft,

The variations in LWC and droplet size make it difficult to datermine if the aircraft is being
tested at the desired critical condition. For example, if the test condition is selected to have an LWC
of 0.9 g/m3, figure 1-15 indicates that a difference of about 2 feet (.6 meters) in altitude from that
which is desired can result in LWC varying as much as 0.8 g/m® from the desired value. The same
type of analysis can be applied to the variation in droplet size as shown in figure 1-16.

The temperature of the icing cloud is an important meteorological parameter in setting icing
conditions. Unless the tanker tests dre conducted during the winter months, the desired atmospheric
temperatures must be achieved by {lying at altitudes that are higher than normal. Under these
conditions, both the pressure altitude and humidity generally do not agree with those of a naturaily
occurring icing cloud. To compensate for the variations, changes shouid be made in the LWC and
droplet size of the simulated cloud. The magnitude of the change can be calculated by the procedure
of reference i-23. However, to do so requires a prior knowledge of the pressure altitude and
humidity encountered during testing. Frequently this is unknown before testing so compensation for
the effects of pressure altitude and humidity are not taken inte ~count. For this case, testiag behind
a tanker becomes an uncontrolied experiment, and the data acquired may not represent the critical
icing design condition as originally assumed.

Aftitude versus airspeed envelopes are given for several tankers in figure 1-17,
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IV.1.5 SIMULATED ICE SHAPES

A method of assessing the effect of ice on the performance and haadling of an aircraft is flight ‘
test in dry air with ice shapes affixed to the aircraft. These simulated shape: have been made of
wood, styrofoam with fiberglass covering, and a molded plastic. The surface roughnese of ice may
be simulated by adding body putty or epabond to the surface (reference 1-29).

The shapes can be found from icing tunnel tests, earlier icing flight tests, or an analytical model
computation. For safety, some aircraft have had the ice models attached to their wings by
quick-release fasteners.
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i B. ENGINE TEST FACILUITIES

N FIGURE 1-1. TYPES OF ICING SIMULATIOR FACILITIES
' ‘ [FROM NASA TM-81707] (REFERENCE 1.-2)
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(b) Mod-1 nozzles.

LIQUID WATER CONTENT CONTOUR PLOTS FOR AN
14% MPH FOR THE NASA LEWIS IRT (REFERENCE
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FIGURE 1-5. COMPARISON OF IRT CPERATING ENVELOPE TO FAR 25,
APPENDIX C ATMOSPHERIC ICING ENVELOPES (REFERENCE 1-7)
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FIGUR" 1-9. SCHEMATIC SHOMING POSSIBLE STREAMTUBE CONFIGURATiIORS
FOR TURBOFAN ICING CONDITIONS
[FROM AEDC-TR-73-1447 (Reference 1-23)
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