9 Ice & Rain Protection (ATA 30)

9.1 Definition

Those units and components which provide a means of preventing or disposing of formation of ice
and rain on various parts of the aircraft. Includes alcohol pump, valves, tanks, propeller/rotor
anti-icing system, wing heaters, water line heaters, pitot heaters, scoop heaters, windshield wipers
and the electrical and heated air portion of windshield ice control. Does not include the basic
windshield panel. For turbine type power plants using air as the anti-icing medium, engine anti-
icing is... [part of the power plant] (ATA 100)

9.2  System Classification

Ice & rain protection may be classfied asfollows:
nontransparent surfaces: ice protection (leading edges, radome, inlets, etc.):
0 pneumatic boot systems
o therma ice protection systems:
= hot ar sysems
= dectrica resstance systems
o fluid sygems
0 dectroimpulse de-icing (EIDI) systems
0 microwave systems
externa components: ice protection (antennas, sensors, drain madts, etc.)
internad components: ice protection (water lines, etc.)
windshield: ice and fog protection
windshield: rain removd
ice detection

Externd and internal components are generdly protected againgt icing by eectrica resstance
sysems. Some technica solutions for windshied ice protection serve at the same time aso
for windshidd rain removad.

The two man ice protection principles are deicing and antiicing. Various technical
solutions exis to do the job. Some ice protection technicad solutions can perform both:
deicing and antiicing. Other technica solutions only manage deicing (Table 9.1).
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Thetermsdeicing and antiicing are defined in AIR 1168/4:
Deicing is the periodic shedding, ether by mechanicad or thema means of smdl ice
buildups by destroying the bond between the ice and the protected surface.
Antiicing is the prevention of ice buildup on the protected surface, ether by evaporating
the impinging water or by alowing it to run back and freeze on noncriticd aress.

Table 9.1 Ice protection technical solutions and protection principles
ice protection technical solutions deicing antiicing
pneumatic boot systems X (0]

hot air systems X X
electrical resistance systems X (x)
fluid systems X x)
X solution usually applied to protection principle
(x) solution usually not applied to protection principle
o] solution can not be applied to protection principle

9.3 Icing Fundamentals

From our dally experience we know that water freezes to ice below 0°C (32 °F) and melts
again above 0 °C. When it comes to arcraft icing, we learn that this need not be so. Small
droplets can 4ill be in the liquid phase below(!) 0 °C. Most droplets will have turned to ice
below -20°C (4 °F), though very smdl and pure droplets may reach temperatures as low as
-40°C (-40 °F) and ill remain liquid. Bdow -40 °C findly dl water in the ar will be frozen.
(Liquid) water below 0 °C is cdled supercooled water. Supercooled water can exist because
the water has been totaly undisturbed during cooling — nothing has caused it to turn to ice.
When an arcraft hits the droplet, however, the droplet receives the necessary input for the
phase change and turns to ice. The phase change from water to ice usualy requires some
latent heat extraction, but when the droplets are supercooled water, the heat extraction has
dready taken place. The ice will be dightly warmer than the supercooled water was just a
second earlier. Summing up: Supercooled water turns instantly to ice due to the
interaction with the aircraft. The result will be ice accretion on the arcraft surface if the
surfaceisbelow 0 °C.

Aircraft icing is thuspossible if

1. theair contains water (clouds are an indication of water in the air)
2. thear temperatureisbelow 0°C

3. theair temperature is above -40°C

4. theaircraft surfaceisbelow 0°C.

There are other icing mechanisms besides the standard one just discussed:
Icing will occur during descent from high dtitudes if the arcraft encounters humid ar
even above 0°C. The arcraft surface will be bdow 0°C due to a long flight a high
dtitudes. The fud in the wings will dso be bdow freezing. The fud is in dose contact
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with the skin as a consequence of integra fue tank design (see Section 7: Fue). The fud
does not warm up quickly and islikely to remain below 0 °C until landing.

Carburetor icing can occur at temperatures between -7 °C (20 °F) and +21 °C (70 °F)
when there is visble moidure or high humidity. Carburetor icing is caused by cooling
from vaporization of fue, combined with the expanson of ar as it flows through the
carburetor.

Water and dlush that the aircraft picks up during taxi out can freeze a higher dtitudes
with detrimental effectsto the aircraft.

Frogt, ice, and snow that have settled on an arcraft on the ground have to be removed
before takeoff. Ground deicing equipment and procedures have been developed (see
AC 135-16).

The two basic forms of ice bult-up on the arcraft surface are clear ice and rime ice

(Figure9.1):

- Clear ice forms between 0°C to —10 °C usudly from larger water droplets or freezing
rain, and can dradticdly change the form of the leading edge. It can spread over the
surface.

Mixed ice forms between -10 °C to -15°C. A mixture of clear ice and rime ice has the
bad characteristics of both types and can form rapidly.

Rime ice forms between -15°C to -20 °C from smdl droplets that freeze immediately
when contacting the aircraft surface. This type of ice is brittle, rough looking, and colored
milky white.

clear ice

)

mixed ice

rime ice

Figure 9.1 Ice shapes on the leading edge of airfoils

In order to calculate the total water catch of the wing, let us cut off a piece of a wing with a
goanwise extenson Dy and maximum thickness t. This piece of wing will fly & a speed v
through a unit volume of ar with a cetan mass of supercooled water. The mass of
supercooled water per volume is called liquid water content (LWC) and is something like a
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dendgty we name r .. We consder tXDy as the area of an imaginary Seve a an angle

perpendicular to its flight path. The mess flow rate of supercooled water through the seve
would be m=vtDyr .. The impingement of water on the leading edge of the wing will,
however, be different from the flow through the seve as shown in Figure 9.2. The ar and
with it very small droplets pass around the wing; only larger droplets hit the surface. This
phenomenon is expressed by the water catch efficiency E_ . The imaginary sSeve shows an

effidency E,, = 1. Thetotal water catch of apiece of wingiscadculated by including E,,:
m: Vt [).)/ r LWC Em

E_ is a function of arcraft speed and droplet sze, airfoil shape and thickness, viscosty, and

dengty of theair:
High aircraft speeds and alarge droplet size cause an increase in water catch efficiency.
High arcraft veocities, however, lead to aerodynamic heating of the leading edges. This
reducesicing.
Thin wings divert the flow less and increase the water catch efficiency.
AIR 1168/4 presents detailed methods to calculate E, .

Figure 9.2 Flow around a wing leading edge:
- Streamlines of dry airflow
- Trajectories of differently sized droplets

A smplified method to calculate the water catch efficiency E, is presented here based on
Figure 3F-3 of AIR 1168/4 asafunction of arcraft speed v and wing thicknesst (Figure 9.3)

,.0.613

E, :0.003248%9 forvinm/sandtinm.
elg
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This equation is based on typicd arfoils with a reative thickness of 6 ... 16% at an angle of
attack a =4°. The mean effective drop diameter d__, =20 nm, dtitude h = 10000 ft. Other

dtitudes from sealevd to h = 20000 ft will result in an error less than 10%.
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Figure 9.3 Water catch efficiency E_ as a function of aircraft speed V and wing thickness t for

typical applications. The diagram is calculated from AIR 1168/4, Figure 3F-3 (®)

ACJ-25, section1419 assumes for cetification a typicd mean effective drop diameter
d.s =20mm. The liquid water content (LWC) that an aircraft is supposed to meet

continuoudy in flight rangesfrom r |, =0.2g?a-30°Ctor . =0.8gm*a 0°C.

The detrimental effects of icing on the aircraft are manifold. Ice can...

... dter the shape of an arfail. This can change the angle of attack a which the arcraft
ddls, and cause the arcraft to gdl a a sgnificantly higher arspeed. Ice can reduce the
amount of lift that an airfoil will produce and increase drag severd-fold.
... partidly block control surfaces or limit control surface deflection.
.. add weight to the aircraft. The arcraft may not be able to mantain dtitude. The 4all
Speed is higher.
... block the pitot tube and static ports.
... cause the breakage of antennas on the aircraft.

. cause a talplane gdl. The arplane will react by pitching down, sometimes in an
uncontrollable manner.

. reduce propeler efficiency. Ice that is hurled away from the propeler is a hazard to
everything in its plane of rotation.
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... endanger the internal parts of ajet engine.

In order to protect the arcraft properly against these effects, ice protection may become
necessary in areas shown in Figure 9.4.

EMPENMAGE
WING LEADING LEADING EDGES

PROPELLERS

ESSENTIAL INSTRUMENTS / AUXILIARY AlR
INLETS

ENGINE MR
INLETS

Figure 9.4 Areas of the airframe that may require ice protection (FAA 1993)

The design of ice protection systems will aways have to be based on the certification
requirements For transport category arcraft, the fundamentd datement reads “If
certification for flight in icing conditions is desred, the arplane must be able to safely operate
in the continuous maximum and intermittent maximum icing conditions...” (FAR Part 25,
JAR-25, section 1419). Icing conditions are given in Appendix C of these documents.

Criticd parts of the arcraft (like the wing) will probably need some kind of ice protection
device. Other pats of the arcraft (like the empennage) may fulfill the requirements without
being protected.

9.4  Pneumatic Boot Systems

Pneumatic boot sysems have been the dtandard ice protection method for piston engine
arcraft snce the 1930s. The boot surfaces remove ice accumulaions mechanicdly by
dternately inflating and deflating tubes within a boot that covers the surface to be protected
(Figure 9.5). Inflation of the tubes under the accreted ice bresks the ice into particles and
destroys the ice bond to the surface. Aerodynamic forces, and centrifugal forces on rotating
arfoils then remove the ice. In principle, this method of decing is desgned to remove ice
after it has accumulated rather than to prevent its accretion in the firg place. Thus, by
definition a pneumatic boot sysem cannot be used as an antiicing device. Conventiond
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pneumatic boots ae condructed of fabric-reinforced synthetic rubber or other flexible
materid. The materia is wrapped around and bonded to the leading-edge surfaces to be de-
iced on wings or empennage. Totd thickness of typicd pneumatic boots is usudly less than
1.9 mm (0.075 in). Pneumatic boots require very little power and are a lightweight sysem of
reasonable cogt. The tubes in the pneumatic boot are usudly oriented spanwise but may be
oriented chordwise. The inflatable tubes are manifolded together in a manner to permit
dtenae or dmultaneous inflation as shown in Figure 95. Altenae inflation is less
commonly used.

spanwise chordwise

tubes deflated

tubes deflated

Figure 9.5 Inflatable deicing boots (FAA 1993)

In addition to the boots, the primary components of a pneumatic system are a regulated
pressure source, a vacuum source, and an air digtribution system. Miscellaneous components
may include check and rdief vaves ar filters, control switches and timer, and dectricd
interfaces, including fuses and circuit breskers. A regulated pressure source is required to
inure expangon of dl tuoes in the sydem to desgn limits and within desgn rise times.
Pneumatic boots should inflate and deflate rgpidly to function effectively. The time to reach
full pressure should be about 5 to 6 seconds. If tube expandon is too dow, decing
effectiveness is lessened. The vacuum source is essentia to insure positive deflation and keep
the tubes collgpsed during nonicing flight conditions to minimize the aerodynamic pendty.
Air pumps generdly multiply the atmospheric pressure by a fixed factor, so the pressure
ddivered becomes a function of dtitude. Therefore, for ar pump systems, the pressure
produced at service ceiling dtitude is a design condition.

Some aerodynamic drag penalty is to be expected with pneumatic boot deicing systems on
an arfail, but it can be lessened by recessing the surface leading edge to offset the boot
thickness. Pneumatic boot deicing systems have been in use for many years, and their repair,
ingoection, maintenance, and replacement are wel understood. Pneumatic boot materid
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deteriorates with time and periodic ingpection is recommended to determine the need for
replacement. System weight and power requirements are minimdl.

Ice bridging is the formation of an arch of ice over the boot, which is not removed by boot
inflaion In the lore of fligt of ealy pigonpowered air transports, it used to be
recommended that some ice should be dlowed to accrete before the deicing system was
turned on in order to avoid ice bridging. The arcraft flight manua (AFM) for modern arcraft
now requires that the sysem be activated a the fird sSgn of ice formation. Ice bridging for
modern, properly functioning deicing boots has not been reported. (FAA 1993)

9.5 Hot Air Systems

Hot air systems and electrical resistance systems are thermal ice protection systems.

Thermd ice protection systems are classified into three groups:

1. Evaporative anti-icing systems supply sufficient heat to evaporate dl weater droplets
impinging upon the heated surface.

2. Running-wet antiicing systems provide only enough heet to prevent freezing on the
hested surface. 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 for runback ice in critical locations. For example, a running-wet
system may be used for a turbine engine inlet duct where the runback is permitted to enter
the engine.

3. Cyclic de-icing systems periodicdly shed smdl ice buildups by medting the surface-ice
interface with a high rate of heat input. When the adheson at the interface becomes zero,
aerodynamic or centrifugd forcesremovetheice.

An evaporative antiicing sysem uses the most energy of the three ice protection principles
presented, cyclic deicing usesthe least energy.

Hot air systems are used on most of the large jet trangports because of the availability of hot
ar from the engines and the reldive efficiency and rdiability of these sysems. Hot air is used
to antiice or deice leading-edge wing pands and high-lift devices, empennage surfaces,
engine inlet and air scoops, radomes, and selected components. Detalls of the hot ar system
are given below, using the Airbus A321 as an example.
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9.6  Electrical Resistance Systems

Electricd ressance sysems are thermd ice protection systems. They may aso be cdlassfied
as evapor ative, running wet, or cyclic.

Electricd resstance systems have awide range of application:
External components protected with an eectricd resstance system will use the
evaporative technique.
Internal components like water lines are smply heated above 0 °C to prevent freezing.
Nontransparent surfaces will most probably use cyclic deicing because the dectricd
loads would otherwise become unbearable.

Electricd resgance sysems use dectricd resistance heaters in the form of fail, film,
resstance wire, or mesh imbedded in fiberglass, plastic, rubber, or metal to heat the surface or
component.

Electrical Deicing Systemsfor Nontransparent Surfaces

Electricd deicing sysems for nontransparent surfaces may use parting grips to divide the
total protected area into smaler sequentidly heated arees. The spanwise and chordwise
parting strips must prevent any ice bridging from one shedding zone to another (Figure 9.6).
Parting zones reduce the tota instantaneous power requirement and maintain a stable load on
the eectrical system. Aircraft wings with about 30° or more sweepback will normaly use
only chordwise parting strips.

sequentially and cyclically
heated areas for shedding
local ice formation

continuously heated
spanwise parting strip

continuously heated
chordwise parting strip

Figure 9.6 Arrangement of an area with an electric cyclic deicing systems
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For efficient deicing protection, the correct amount of heat must be supplied. If there is too
little heet, the ice may not shed as required, perhaps causing large chunks of ice to shed. If too
much heat is supplied, there can be too much mdting, resulting in undesrable amounts of
runback ice. It has been found desirable to have a high specific heat input goplied over a short

period.

The off-time of a shedding zone depends upon the rate a which the surface cools to 0°C
(32 °F). It dso depends upon the icing rate. The off-time may be talored to the maximum ice
thickness dlowed for the application and can be as long as 3 to 4 minutes for fixed-wing
arcraft.

The biggest disadvantage of an electricd resstance system for large surfaces is the high
power demand. If additiond generators are indaled just for the purpose of ice detection, the

system will get very heavy.

9.7  Fluid Systems

Fluid ice protection systems operate on the principle that the surface to be protected is coated
with a fluid that acts as a freezing point depressant (FPD). Current systems use a glycol-based
fluid. When supercooled water droplets impinge on a surface, 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 &t and is ether evgporated or shed from the traling edge of the
asurface. FPD fluid is digributed onto the surface leading edge by pumping it through porous
materid or by spraying the fluid onto the surface.

The use of a freezing point depressant can provide antiicing or deicing protection. The
antiicing mode is the normad mode of operation in light to moderate icing conditions. The
deicing mode is a condition dlowing ice to accumulate and bond to the wing surface. When
the fluid ice protection system is turned on, a flow is introduced between the ice and the
surface to weaken the bond so that the ice is shed by aerodynamic forces.
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outer porous skin

porous plastic

backplate

Figure 9.7 Construction of a typical porous panel (FAA 1993)

FPD fluid is sored in a tank. A pump meters the system's fluid flow requirements. Porous
pands are congructed typicdly of dntered dtanless sed mesh or laser-drilled titanium for
the outer skin, a sainless sted or titanium backplate to form a reservoir, and a porous plastic
liner to provide uniform control of pand porosity (Figure 9.7).

The principle disadvantage of the fluid protection sysem is the fluid Storage requirement.
The gored fluid weight may be sgnificant when compared to other candidate ice protection
systems. The system has afinite period of protection, dependent on fluid supply. (FAA 1993)

9.8  Windshield Ice and Fog Protection

Windshidd pands are usudly provided with antiicing protection on those arcreft that are
required to operate in dl weather conditions. The most widdy used system is an electrical
resistance system for antiicing, whereby dectric current is passed through a transparent
conductive film or resstance wire that is pat of the laminated windshidd. The heat from the
antiicing film or resgance wire dso achieves internd defogging. Electrical heat may dso be
used to maintan the windshidd layers of glass and plasic near the optimum temperature for
resistance against bird strikes.

Where dectric power seems not to be the adequate solution, an external hot air blast system
can be an dternative. This system may dso be used for rain removal.
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9.9 Windshield Rain Protection

Ran-remova systems are designed to dlow the pilots to have a clear view out of the cockpit
a the airport and during departure and gpproach. The systems are not commonly used during
flight a dtitude Ran may be removed by the use of windshield wipers. Alternatively, an
external hot air blast can clear the windshield. In addition to either one of the two systems, a
chemicd rain repellent may be used.

Windshidd wipers peform adequatdy, dthough ther ability is limited. High osallation
raes ae dedrable to kegp up with high raes of ran impingement during heavy ranfal.
Sufficient blade pressure on the windshiddd must be maintained to produce satisfactory wiping
when the aerodynamic forces are high a high arcraft speeds. Unfortunately, wipers aso
cause consderable aerodynamic drag.

An external hot air blast operates on the principle of blanketing the outsde surface of the
windshiedd with a protective wal of high-veocty, high-temperature ar. The ar blagt
prevents water impingement by deflecting many of the incoming raindrops Water on the
surface that has penetrated the air blast will be evaporated.

Rain repellent may be sprayed on the windshield to form a trangparent film that reduces the
adhesive force between the water and the glass. The water draws up into beads that cover only
a portion of the glass. The high veocity dipstream continudly removes the beads. Depending
on the ran intengty, the ran impingement bresks down the repdlent film, causng the
window to return gradudly to a wettable condition. Unless the windshidd is wiped off
frequently, the effectiveness of repested repelent application decreases. Windshied wipers
goread the repelent and improve its efficiency. Rain repdlent used together with an externd
hot ar blast is used in the criticd landing phase when engine bleed air pressure is low and the
jet blast is reduced.

9.10 | ce-Detection Systems

Some method of ice detection is necessary 0 that the ice protection system is operated only
when necessary. Two methods exist: visual detection and electronic detection.

Visual detection is achieved by the flight crew monitoring such things as windshied wipers,
wing leading edges, pylons, or landing lights that could serve as an ice datum. Those surfaces
of the arplane directly exposed to Stagnation flow conditions usudly accumulate the largest
quantity of ice. Wing and engine scan lights are used to monitor the engine intakes and the
wing leading edges a night.
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Electronic ice detectors condst of a probe extending into the free stream. The probe vibrates
a a known frequency. When ice starts to build on the probe, the frequency will decrease. This
will be detected by an atached controller. The controller will energize a heating dement in
the probe to remove the ice so that the probe can check again for icing conditions.

9.11 Example: Airbus A321

The ice and rain protection system lets the arcraft operate normdly in ice conditions or heavy
ran. lce protection is given by the use of hot ar or eectricad power to make the necessary
aress of the aircraft hot. The areas supplied by hot air are (Figure 9.8):

the leading edge of the dats 3, 4, and 5 on each wing

the engine air intakes.
The engine bleed air system supplies the hot air to the anti-ice system.

The items with éectrical heaters are:
the cockpit windshield and sde windows
thetotal air temperature (TAT) probes
the angle of attack (alpha) probes
the pitot and Static probes of the air data system (ADS)
the wastewater drain masts.

Rain is removed from the windshield with windshield wipers.
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m— ——
PROBES HEAT
Figure 9.8 A321 ice and rain protection component locations

The A321 wing ice protection sysem is a hot air evaporative antiice sysem. Only dats 3, 4,
and 5 on the outboard wing need to be ice protected. The hot air is bled from the engine. Each
engine supplies its related wing. On both wings, an antiice valve isolates the antiice system
from the bleed ar supply. When the crossfeed vave is open, it is possble to supply the two
wings from only one engine bleed-ar sysem. Lagged ducts connect the antiice vave to a
telescopic duct at dat 3. A piccolo tube runs along dat 3, 4, and 5 and supplies the hot air to
the leading edge. A piccolo tube is a tube with calibrated holes that ensures that hot ar is
evenly distributed dong the leading edge, dthough bleed pressure decreases towards the wing
tip. The bleed ar in the dats is released overboard through the holes in the bottom surface of
the dat. The operation of the antiice valve is controlled by the WING pushbutton switch on
the ANTI ICE overhead pandl in the cockpit.
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Figure 9.9 A321 wing antiice

Prof. Dr. Dieter Scholz university of applied scienceshamburg AUTOMOTIVE AND AEROSPACE ENGINEERING



	9 Ice & Rain Protection (ATA 30)
	9.1 Definition
	9.2 System Classification
	9.3 Icing Fundamentals
	9.4 Pneumatic Boot Systems
	9.5 Hot Air Systems
	9.6 Electrical Resistance Systems
	9.7 Fluid Systems
	9.8 Windshield Ice and Fog Protection
	9.9 Windshield Rain Protection
	9.10 Ice-Detection Systems
	9.11 Example: Airbus A321

