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1. SCOPE:

This Aerospace Information Report (AIR) identifies and summarizes the various
factors that should be considered during design, development, certification,
or testing of helicopter rotor blade ice protection. Although various
concepts of ice protection are mentioned in this report, the text is Timited
generally to those factors associated with design and substantiation of
cyclic electrothermal ice protection systems as applicable to the protection
of helicopter rotor blades. Other systems are described briefly in Appendix
A. Applications consider main rotor blades, conventional tail rotor blades,
and other types of antitorque devices. The information contained in this

report is also limited to the ?dentification of fgc@ors that should be

considered
test metho
references

PURPOSE :

The inform
procuring

expensive

Subcommitt
Systems Co
experience
testing an
results,

Lologies are not included. For édditiona] 1nforma%10m

in Section 7.

ation in this AIR should be useful to designers, manuf
gencies, and certificating authorities)to avoid time
redesign due to oversight. This document was prepare
me AC-9C, Aircraft Icing Technologyi of the Aircraft
mittee with information compiled Gy individuals who
with helicopter rotor blade fce‘protection design, a
who, in some cases, have gained knowledge through n

The relationship of the icing intensity tey

alysis and
refer to the

acturers,
consuming and
by
nvironmental
ave

alysis, and
gative

ms of trace,

1ight, moderate, and severe to the corresponding cloud 1iquiq water
content [(LWC) 1s defined4 as:

Icing Cumuliform Stratiform SAE
Intensity Cloud Cloud Recommendation
Term | LWC (gm/m3) LKC (gm/m3) LWC (gm/m3)
Trace <0.07 <0.11 <0.10

Light 0.08-0.49 0.12-0.68 0.10-0.50
Moderate 0.50-1.00 0.69-1.33 0.50-1.00
Severe (heavy) >1.00 »>1.33 >1.00

A further definition? of icing intensity applies to the effects on a

fixed wing transport aircraft.

These definitions are not use

ful for

design or operational purposes, but are provided here for information.

a.
gre

ater than rate of sublimation. It is not hazardous ev

Trace Icing: Ice becomes perceptible. Rate of accumulation slightly

en though

deicing/anti-icing equipment is not utilized, unless encountered for

an

extended period of time (over 1 h).
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| 3.1.1 (Continued)

b. Light Icing: The rate of accumulation may create a problem if flight
is prolonged in this environment (over 1 h). Occasional use of
deicing/anti-icing equipment removes/prevents accumulation. It does
not present a problem if the deicing/anti-icing equipment is used.

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

d. Severe Icing: The rate of accumulation is such that

the hazard.

While tHese terms are still used frequently, the definition ¢f icing

intensi
the quan
in FAR 2

Ice Clag
fce that

Rime - ¢
small sy
This tyq

Glaze oy
slower f

y is subjective and the deicing system designer shou
titative certifying or qualifying agencycenvelopes s

5 Appendix C.

sification: The following terms arejused to describ
may occur:

paque ice formed during flight\in clouds by the rapi

percooled water droplets producing a streamlined spe
e of ice occurs below the Ltudlam Limit (see below).

Clear - Transparent jce formed during flight in clo
reezing of supercooted water droplets. This is most

occur at ambient temperatures near freezing when the droplet

along th
during fi
may occy

Glime -
runback

Hoarfrog

e surface or remain liquid before freezing occurs.
reezing rain_is)also an example of glaze ice. This
r at conditions above the Ludlam Limit, reducing the

A mixturelof glaze and rime, generally with rough su
ice.

t-~TIce crystals deposited directly from water vapor

that ard

Wet Snow - Snow existing at near freezing ambient temperatures.

_below freezing

d use one of
ich as found

b the types of

i freezing of
ar shape.

ids by the
1ikely to

5 may flow

fhe ice formed
type of ice
apparent LKWC.

rfaces and

onto surfaces

Het snow

tends to cling to exposed surfaces and may create an ice-like formation
similar to the double horn shape, but is more likely to form a narrow hard
ridge on the stagnation line.

Ice Crystal - Frozen supercooled water droplets.

May exist

snow crystals or ice nodules such as sleet.

in the form of

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

=S

Rt
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3.1.2 (Continued)

Mixed Icing Conditions ~ Mixture of supercooled water droplets and ice

crystals

existing within the same cloud environment.

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

Natural Icing - Icing that occurs dufing flight in a cloud formed by

nature.

Artific

tal and Simulated Ice - These terms have been used di

many aufthorities on icing. The following convention has-bee
consistpntly by many authorities in many documents, but™the
meaning| is also widely accepted and used.
Artificiial Icing: Real ice, but formed by artificial means,
spray rfig or tanker.
Simulatpd Ice: Ice shapes that are fabricated from wood, ep
materiafls.

3.2 Physics of Ice Accretion: An understanding of the physics of i

is import
to be hea
ice must

icing and
surfaces:

Supercool
the liqui
“Supercool
another o
temperatu
has been

considera

ant; such knowledge will allow determination of the a
ted and the rate that fce can collect and, therefore,
pe removed.
the interrelationship-with airfoils and other leadin

bd Clouds - Clouds containing water droplets that hav
| state even though the ambient temperature is below
bd water droplets will freeze upon or soon after impa
pject. Water droplets can remain in the liquid state
res as low as -40°F (~40°C). Note that water in a su
pbserved-to -65°F (-54°C), but this should not be a d
Liond/"The rate of ice accretion on an aircraft compo

dependent

upen many factors such as dropiet size, liquid water

The following ' is a Tist of the terms assq

Fferently by
n followed
bpposite

such as a
DXy, or other

e collection

rea of airfoil
the rate that
pciated with

y edge

¢ remained in

freezing.

tt with
at ambient

ercooled form
sign

ent is
content,

ambient temperature, and component size, shape and velocity

Catch Efficiency - The ratio of the mass of liquid water actually impinging
on the surface to the mass of water.contained in the swept volume of the

body at a

given angle of attack (see Appendix B). Catch effic

fency is a

function of the velocity of the body, droplet size, body geometry, and air

density (Fig.

.

"Impingement - The location on the accreting surface that:the water droplets

initially

i.e.,

strike. The Timits of impingement,

surface where the droplet path becomes tangent to the surface,
are used to determine the maximum extent of icing for a specified droplet

size.

rate of water catch.

The water drop impingement calculation t

the locations on the

SU and SL,

The local impingement on the surface is used to determine the local

echniques

involve the determination of the flow field around the surface and the
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3.2 (Continued)

introduction of the water drop particles into this flow field. The flow
field definition is generally developed through a potential flow program,
which calculates the local Mach numbers and pressure coefficients
approaching and surrounding the surface under investigation.

Collection Efficiency - The ratio of the mass of liquid water remaining on
the body after any blow-off that may occur to that actually impinging on the
body moving through the air. It is subject to the same functions as catch
efficiency plus ambient air temperature, surface temperature and body-heat
conductivity.

Droplet Trajectory - The path of the water droplet through the free stream
toward, opto and around the surface of interest. Droplet trajectories are
used to eptablish the upper and lower Timits of impingement on a surface for
a specified water droplet size and to establish the local and joverall water
catch rate. The water drop trajectories may be calctlated frgm the
equations|relating the inertia and drag forces acting on the wWater drops, as
a functiop of drop Reynolds numbers and inertiac) “Reference 5 [offers one
means of addressing the trajectory calculation.procedure. Conputer codes
have been|developed to provide analytical solutions for the pdrticle
trajectorijes.

Liquid Hafer Content - The liquid watericontent is the mass off water per
unit volume of air. This governs the quantity of ice that can accumulate on
an exposefl surface or the quantitycof water striking the surfgce. The total
water catth on a surface is a function of liquid water content, droplet
size, air|speed, and surface catch efficiency.

Droplet Djiameter - The water droplet diameter determines the garticle drag
and inertfia and, therefore, the trajectory of a particle undern the influence
of another body. The diameter affects the amount of ice colldcting on a
surface, fhe surfacetcatch efficiency, and the freezing fraction. The
larger thp diametey-of the drop, the more the drop inertia tends to keep the
drop along the indtial undisturbed path, and the more 1ikely {he drop is to
strike the surface. The freezing fraction is also affected by the drop
diameter fluesto the release of heat of fusion, thus the greatdr chance of
the impinging water leaving the surface or freezing aft of thg point of
initial impact.” Since dropTets do not occur Tn nature as a single diameter,
but as a distribution, the reference diameter is generally referred to as
median volumetric diameter (MVD). Droplet size (MVD) in natural icing is
typically in the 5 to 50 ym range. These droplets are small and have a

low mass, therefore, they are strongly influenced by the airflow around the
rotor blade (see Fig. 1).

Median Volumetric Droplet Diameter - The drop size for which half the total
water volume is contained in drops larger and half in drops smaller than the
referenced median diameter.
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FIGURE 1 - Droplet Trajectory and Impingement
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3.2 (Continued)

Temperature - Temperature influences the amount of ice buildup and the shape
of the ice in several ways. Lower temperatures reduce the influence of the
heat of fusion release and the water droplets freeze faster. Also, lower
temperature clouds generally contain only smaller water droplets (except in
cases of rapid cloud 1ifting), and the liquid water content tends to be
lower, reducing the mass of water striking the surface.

Freezing Fraction - The amount of impinging water that freezes at the point
of impingement. The portion of the impinging water not freezing on contact
may freeze aft of the initial a . e the freezing
fraction {s a function of the air speed, ambient temperature; [local

temperatufe, and water catch rate as well as the surface materfial's thermal
conductivity.

Ice Shape
of the sm
double-ho
ambient (
freezing

effective

- Ice shapes range from the aerodynamic rime spear [shape typical
11 water drop sizes at low ambient temperatures to the blunt

ned glaze shape formed at the larger droplet sizes and higher

nd kinetic) temperatures. The ice shape is closely frelated to the
raction in that both are functions of the water dropllet size and
or equilibrium temperature.

Dry Kinet
temperatu
kinetic t
velocity

¢ Heating (Aerodynamic Heating) - The local dry surflace

e rise at the surface at or.mear the stagnation regipn. The dry
mperature rise is a function of the relative (or approach)
t a surface. For a helicopter rotor blade, the drprinetic

e 1s a function of local velocity and is calculated fas a function
e rotational velocity (at the span station of interest) and the
ight velocity.

forward f

Het Kinet
temperatu

¢ Heating (EquiTibrium or Datum Heating) - The locall wet surface

e rise at or.near the stagnation region. The wet kijpetic

e rise issa‘function of the local velocity, the impinging water
local heat transfer effects (heat balance due to water

t, heat-of fusion and local pressures) and the freezing fraction.
includes more details on the method of calculation of the

m-or datum temperature.

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

Surface Equilibrium (Datum) Temperature - The temperature of an airfoil
exposed to icing conditions is a complex function of airspeed, liquid water
content, ambient temperature, and altitude. The shape and type of ice (if
any) that forms is dependent on the surface temperature.
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3.2 (Continued)

3.3

3.4

‘Anti-icing
by catchmept on an upstream surface (screen*in a duct).

The equilibrium temperature (tog), has been widely used to approximate the

airfoil temperature under 1c1ng conditions.
has been derived by Messinger.

A somewhat improved estimate
These treatments are not adequate from a

rigorous thermodynamic standpoint, but are easily understood and have been

proven from experience to be quite useful.

Provided that the assumptions

are adequately taken into account, the temperatures predicted by these

models are

of practical use to the designer. These equations are described

in Appendix C. Even simpler empirical relationships are given in Reference
7.

Shed Ice Trajectory - The path taken by a piece of ice shed from an aircraft

surface.

This trajectory may be within an engine inlet, orcmay

be external

to the airkcraft such that it may strike rotor blades or tail surfaces.

Ice Protecttion Definitions:

Anti-icing

or chemicall means.

Deicing (Active) - The cyclic removal .0f accreted ice by direct

(including
after ice

Deicing (Ppssive) - The removal of accreted ice by indirect mea
natural shpdding, chemical application to enhance natural shedd

(icephobic
accrete.

Thermal De
accomplish
favored me
required bj

(Active) - The prevention of ice accumilation by dirpct thermal

(Passive) -~ The prevention of ice,formation by flow deflection or

mechanical

electro-mechanical and vibratory), B 1 means

thermal or chemic
is allowed to accrete. :

), particle separator/screen, etc.) after ice is allo

ice VersustAnti-Ice: Rotor blade ice protection can be

ad either<through anti-icing or deicing. Deicing is ¢urrently the
thod forrotor blade protection because it minimizes power

y aJlowing some ice accretion to occur prior to system cycling.

The applic
centrifuga

htioh of heat is sufficient to melt the ice bond Tayer, allowing
may be

anti-iced if necessary to minimize the consequences of 1ce shedding from the

tail rotor

.

Droplets initially in a volume swept by the blade will tend to be deflected

out of the

droplet inertia will cause some droplets to impact the blade.

frequently

initial path by the flow field preceding the blade, but the
Most

, impact of these droplets will occur in the leading edge area,
The

with frequency of impact tapering off in the chordwise direction.
result is the build-up of an ice cap locally around the leading edge of the
blade. Deicing takes advantage of this accretion pattern, providing
protection only on the area of the blade where significant impingement
occurs. :
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3.4 (Continued)

The advantage of deicing is best shown by comparison with anti-icing
systems. Anti-icing prevents formation of ice by maintaining the protected
surface above freezing. In the case of a non-evaporative "running wet"
system the surface temperature is maintained above 32°F (0°C) to prevent
freezing. HWith such a system, local blade protection will result in water
runback from heated to unheated areas where freezing may occur. Since
runback icing is usually unacceptable on rotor blades for dynamic and
aerodynamic reasons, running wet anti-icing protection cannot be utilized,
since such protection requires continuous heating of the entire area of all
blades. The alternate to a running wet anti-icing system is an evaporative
anti-icin i i all the water
impinging| on the protected surface. However, the amount of-energy required
for an evpporative system is substantial due to the heat,of vdporization of
water, and there may be material property constraints. -Consequently, for a
given levpl of protection, either method of anti-icing'irequirgs
substantiplly more power than deicing. For this reaSon, the Use of
anti-icing is generally limited to components that<cannot tolgqrate ice

accretion| and subsequent shedding (such as engine“inlets), th

t are small

and requipe Tittle power (such as Pitot tubes); or that have 3§ small surface
area and could cause damage due to ice shedding (such as tail [rotors).

4. ELECTROTHERMAL ICE PROTECTION SYSTEM

4.1 General Dpscription: The electrothermal deicing system is cunrently the
only proven controllable and repeatable means of positive, active rotor

blade ice| protection.
accrete tp a specific thickness-on the rotor at a reference s

Jocation,

There are| a number of possible rotor electrical heater config

example,

leading efdge, in a spanwise pattern from tip to root, or a co
both patterns.

from tip
starting

This deicing technique involves permit
then applying power to electrical heaters until the
the heaters may-be located in a chordwise pattern ar

The_‘thordwise heaters are generally activated

to root, (while the spanwise heaters are activated arg

pt the.(leading edge and progressing to the next most

area or zpne.

The heateps“may be constructed of wire elements, etched metal

metal foi

ing the ice to
anwise

ice is shed.
rations. For
und the
bination of

in sections
pund the chord
susceptible

foil, cut

, sprayed metal, or conductive composite materials.

The heater

construction is generally a function of the particular heater manufacturer.
The selection of the deice heater is, to a large degree, determined by the
rotor stress field (flatwise and torsional bending and spanwise stress) and

the method of blade construction, i.e., the actual blade leading edge

assembly

design parameters and tooling methods.

method. The heater material must be compatible with

basic rotor

Variations in the Tocal blade

heating can be accomplished by changes in the heater resistance, changing
the local power density, but the ability to accomplish this easily depends

onh the he

ater type and heater orientation selected.
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4.1 (Continued)

4.2

4.2.1

Power to the rotor deice heaters can be supplied from the main aircraft

generating system or from a dedicated electrical supply.
redundancy may be required.

Elec
The energy "on-time" and sequence

trical system
for the

heaters is dependent upon the icing severity, collection efficiency of the

component

c_System Description:
system instaltation are shown in Fig. 2.

, and local power density.

The main components of a typical
These include main a

blade deice
nd tail rotor

blades with electrical heaters, power supply, power switching/distribution
system, deice controller, main and tail rotor slip rings, system power

steppers,
meter sub

The exten
analysis

up to 99%
chord and
be determ
requiring
minimize

There are
elements

zZone arra
character
outboard

ice accre
the leadi
inboard s
heater el
ice from

such syst

Electri
install
be fabr

ystem, and velocity sensing instrumentation.’

of rotor blade coverage required can be deterumined
nd/or test and typically starts at 20% blade ‘Span an
blade span. Coverage is-generally back toGbout 15%
25% lower surface chord. A better estimate of heate
ned using a particle trajectory code.O0Once the tota
protection is determined, the area is.divided into z
he power required for effective protection.

several variations in the design of the electrical h
n use today. The two basic concepts employed are th
gement (Fig. 3) and the chordwise zone arrangement (
stics of rotor blade icing indicate that the leading
tations of the rotor are“generally the most critical
fon. This ts due, in‘part, to the high collection e
g edge and high velocity of the outboard stations.

ctions are critical for autorotation.)
bment zone arrangements and control systems are tailo
these areas in,the most efficient manner. The zone a
bms employ. & . combination of chordwise and spanwise zo

al Heater's: Typical main and tail rotor blade heate
htionsare shown in Figs. 5 and 6, respectively. The
cated of wire conductors woven into a carrier, etche

to a ca

rrier, sprayed metallic coating applied to a contoure

Some recent]]

fector/rate

Lhrough
1 may extend
upper surface
" coverage may
area
pnes to

ting

Ea
spanwise
Fig. 4).
edge and
in terms of
Fficiency of
(However,

y designed

red to remove
rrangements of
pes.

The

r

t
heaters may
foil bonded

surface, or

a conductive composite Tayer within a composite blade.

A su

itable

dielectric layer is incorporated on each side of the heater to provide
insulation from the spar (in the case of a metal spar) and/or from the

abrasion strip.
eliminating any aerodynamic performance penalty.

The heater can lie within the basic contour
Alternativ

of the blade,
ely, some

aircraft have used add-on deice heater assemblies, which are subsequently
bonded onto the blade exterior surface, outside of the blade contour.
Although this is a less expensive approach, there may be structural,
dynamic and aerodynamic performance disadvantages, and erosion protection
is required on outboard blade stations.
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20% SPAN (TYPICALLY)

CENTER OF

ROTATION /
i

20% SPAN

CENTER OF
ROTATION

_%.

UP TO 99% SPAN (TYPICALLY)

UPPER AFT SURFACE

BLADE LEADING EDGE

FIGURE 3 - Typical Spanwise Zone Arrangement

TYPICALLY)

LOWER AFT SURFACE

UP TO 99% SPAN (TYPICALLY)

ZONE

FIGURE 4 - Typical Chordwise Zone Arrangement

UPPER AFT SURFACE

| BLADE LEADING EDGE

LOWER AFT SURFACE
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TITANIUM SPAR
FIBERGLASS
HEATING ELEMENT
FIBERGLASS
3~ TITANIUM
‘NICKEL
(
N 4
FIBERGLASS, COUNTERWEIGHT
FIGURE 5 - Typical Main Blade Heater Installation
FIBERGLASS
HEATING ELEMENT
NICKEL ABRASION STRIP

KIN
fCOMB CORE

COUNTERWEIGHT AREA GRAPHITE SPAR-

FIGURE 6 - Typical Tail Blade Heater Installation
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4.2.2 Deice Power Supply: Deicing power is generally supplied from the
helicopter main generator/alternator system. In some configurations,
however, use of a dedicated power supply source may be the optimum choice
particularly where a decision on use of constant frequency versus variable
frequency may be an influencing factor. The electrical system must,
however, be sized for the load demand of the deicing system, which in many

4.2.3

4.2.4

cases will be equal to, or greater than the total remaining helicopter

load.

electrical power requirement determination.

A redundant powe

The generator-failed case must be considered during the total

r source may

be required-if the rotor deice system must continue to function with one
generator/alternator out.

Power_ Swi

through
power pu
the main
stationa
wing. T
illustra

Deice Co

n mechanical or solid-state switching device which tr
Ise to each heater element in a prescribed sequence-a
deice controller. Deice power must be transferred f
ry generator or alternator and power switchingounit t
he most common system employed is a shaft stip ring a
ted in Fig. 7.

ntroller: Control of the deice system,“which may inc

main and
may prov
Automati
(OAT) se
of f-time

automatic

timing b
on-times
settings
which he
light, m
changes

generall

tail rotors, is provided by the deice controller. A
de automatic control, manual control, or combination

nsor to establish the heater element on-time, while t
controller sequences power to the blade, adjusting

hsed on ambient conditions. Manual controllers estab
and off-times based of,direct pilot input of desired

is operating and his estimation of the LWC severity
derate, heavy).
n the switch-settings.
recommended,” especially for current blade construct

techniques which .encompass some form of composite rotor blade
where 1t[is necessary to prevent possible overheating of the

Many controllers can operate in either an automatic mode or i
mode, with the manual mode typically available as a backup to

automati

system as illustrated in Fig. 8.

c controllers process signals from an outside air temierature

is determined via a signal from the icing rate system.

ccomplished
insmits a

5 defined in
rom a

b the rotary
ssembly

ude both
controller
s of both.

e element
The

the cycle
ish element
switch

Typically, as a minimum, the pilot must select an QAT range at

trace,

Changes in ambient conditions are reflected via
Manual control of element onttime is not

on
technology
x1ade resin.

a manual
the

Some form of overttemperature

protectiomisdesirabie:

Protective circuitry for the deicing electrical system can be incorporated

into the

controller.

This circuitry can alter or shutdown the deice power

sequence in the event of an electrical system failure, while providing
system status information to the helicopter instrument panel.
as detected by the controller check circuitry, will result in automatic
power sequence shutdown or alteration of the cycle sequence and must

i1luminate a failure signal on the cockpit control panel.
This circuitry, when supplied

can also
with the

include built-in test circuitry.
proper signals, can verify correct system operation.

A failure,

The controller
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DISTRIBUTOR TOP OF ROTOR HEAD

Ll ob. Y]
- - el v
e 4

-_ e - -—

SLIP RING
SLIP RING/DISTRIBUTOR

INTERFACE ANTI-ROTATION TUBE

ELECTRICAL HARNESS

e e e e e o o] e e - ———

ELECTRICAL HARNESS

FIGURE 7 - Typical Main Distributor and Slip Ring Installation
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DEICE TEST PANEL

FIGURE 8 - Typical Pilot Control Panel
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4.2.4 (

4.2.5

4.2.5.1

4.2.5.2

Continued)

Automatic controllers normally receive inputs from external sensors such
as ice detectors, ambient temperature probes, and free stream velocity
sensors to trigger deice cycles and control the individual heater power-on
times. The automatic controller may also examine deice system
malfunctions and attempt to maintain system function for as Tong as
possible.

The combination deice controller combines the automatic control features
with a pilot manual override. Normally with this type of system, the

pilot manual input starts the system function and the automatic inputs
from t intai 1f] igns.

The defice controller also generally provides a system statys reporting
1ink tp the aircraft instrument panel and monitors the.elegqtrical
protecftive circuitry of the deice system.

Tail rptor deice control may be provided through the main deice controller
by propiding a delay in the main rotor power-switching when power is being
supplipd to the tail rotor, or it may have.a<separate independent

controfller, with its own cycle and heater.time sequencing.

Externpl Sensors: Manual or automati¢icontrol of the deice system

controjl ler is accomplished using signals from an outside air temperature
sensor|, ice detector/rate sensor,.&nd/or an aircraft torque meter.

Qutsiide Air Temperature Sensing: The outside air temperature (OAT)
senspr signal is generally jinput into the deice controller as the
primary source for the deice heater element on-time schedqule. (Note
that| what is commonly referred to in the rotorcraft indugtry as an OAT
senspr actually senses total temperature rather than static
temperature. At a flight speed of 64 mps (125 knots) total or measured
tempprature is about 2°C (3.6°F) higher than the static ¢r true OAT
temperature. ) <To insure accurate temperature readings, the sensor
shoulld be protected from ice accumulations, either thermally or through
the pse of-shielding. The OAT sensor location must be selected so that
fusellage(skin temperatures, solar radiation, or internal|compartment
temperatures cannot influence the OAT temperature readings.

Ice Detection/Ice Rate Sensing: The ice rate sensor, which provides an
indication of LWC, is generally used to control the deice element
off-time sequence when the deice controller is in the automatic mode.
The ice detection device provides the first indication of ice and/or the
rate of ice accretion. The control signal for the deice sequence is
generally set to activate at a reference ice accretion from the ice
detector which equates to a reference thickness on the rotor. Since
current ice detectors are fuselage mounted, a relationship between the
detector ice signal and the rotor ice accretion must be established.
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4.2.5.2 (Continued)

The Aircraft Icing Severity Level Indicating System (AISLIS)Z22 uses an
ice detector, changes in aircraft torque, and other parameters to infer
the loss of performance due to rotor ice accretion. Current research
may lead to a blade-mounted ice detector at several locations on the
rotor, to provide a direct reading of ice accretion thickness and ice
accretion rate. The rotor ice accretion quantity establishes the deice
control signal point depending on the rotor tolerance to ice (i.e., the
rate of rotor torque rise), the minimum ice thickness necessary to
promote clean ice shedding (minimize runback potential), and the maximum
ice thickness tolerable from an ice impact damage standpoint (rotor or

1 SHEeu Le/.

detector location must be selected to give a represpntative and
repeatpble icing signal. Detector location on a fuselage cpn be
determined by use of computational aerodynamic codesO(VSAERD, PANAIR,
etc.),B»9 air flow measurements, tuft studies, and)ice catch studies
over rppresentative areas of the aircraft. Usel©of aspiratef ice
detectpr configurations provides a means of reducing the defector icing
signal| variations as a function of aircraftilocation and airspeed.
Locatipn of rotor blade-mounted detectorsimust consider the|effects of
kinetift heating. At warmer icing temperatures an inboard bJade detector
is neefled, but an outboard detector would give a better indjication of
the more severe colder temperature ice. Several icing instruments are
discusped in Reference 10. '

4.2.5.3 Torque|Meter: The engine torque meter has been used to proyide an
indication of the severity of icing on some aircraft. The pilot can
then agtivate either manual or automatic control of the deigte system at
a certpin torque rise indication. This approach, however, may not
indicate a torque rise-for inboard ice occuring at conditiops just below
freezing. This could-present a hazard in the event of a mujtiple engine
failure, since autorotative performance may be degraded.

4.3 Basic Description(of Typical System Operation: The following describes the

main deice|system functional units of a typical system and iliugtrates how
these functiondl units fit into the overall deice operation.

A typical deice system 1s schematically represented in Fig. 9. Once

activated by input from the external sensors (i.e., ice detector, ice rate
probe, OAT sensor) or from pilot manual control, the deice system will
automatically sequence power to the blades according to the programmed cycle
schedule. Based on experience to date, the deice heater element on-time is
set by the signal from the outside air temperature sensor while the deice
heater element off-time is controlled by the icing rate signal. Manual
on-time control can also be set by pilot switch, however this would increase
the potential for blade overheating if an incorrect switch position were
selected by the pilot.
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FIGURE 9 - Typical Deice Schematic For Spanwise Zone Arrangment
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4.3 (

5.

Continued)

When the helicopter enters the icing environment, the ice detector or rate

meter senses the accumulation of ice and determines the rate of
accretion or LWC. During this icing interval, ice is accumulati
rotors. At a predetermined accretion (generally based on a refe
fce thickness, or a rotor torque increase) as indicated by the i

ice

ng on the
rence rotor
ce detector

or rate meter, the deice controller is activated manually or automatically

and sends its command signal to the power distributor to begin t
cycle. The distributor sequences power to the blade heater zone
response to the controller signal.
element deice cycles) is controlled by the icing rate indication

Once a deiq
manher thrg
element as
generally d
example, on

e cycle is initiated, the cycle will proceed in the g
ugh each blade heater element starting with the .same
shown in Fig. 10. The number of blades on the-<rotor
etermines the deice control sequence from blade to bl
a four-bladed rotor the first element on, eath of the
could be hdated, or (more probably) the first element of opposin
(i.e., blades 1 and 3) could be heated. Power ca®y then be appli
element-by-element on blades 1 and 3 until eachrelement had been
before swifiching to blades 2 and 4. Alternatively, deicing can
first elemgnts of blades 1 and 3, then the first elements of bl
etc.
fce shedding.
elements ofl each blade are fired simultaneously to prevent asym
shedding.

When sufficlient ice accumulates on the icing rate detector probe
defce itsel
10 to 20 s.| However, most_commercially available probes will ho
existing signal during the probe deice phase.

icing conditions (high Tiquid water content and/or
temperaturels), the next rotor deice cycle may be ready to begin
completion pf the.current cycle. - -The condition where the sum of
on times exgceeds the element off-time is called system saturatio
icing rates|, there may be a considerable time delay before the n

he deice
s in

The off-time (i.e., delay time between

system.

rogrammed
initial
head
ade. For
four blades
g blades
ed
fired

occur on the

es 2 and 4,

Howevier, the first example can be expected to provide morel effective

]z
etric ice

In the case of an odd number of blades the corresponding

, it must

, resulting in a loss of real-time LWC indication for as much as

1d the last

cold

at the

the element
n. At lower
pext cycle.

An example pfoa system saturation plot is shown in Fig. 11. The

icing

bounds of References 11 and 12 are shown on this figure for belo
(3049 m) altitude conditions.

DESIGN CONSIDERATIONS:

5.1
5.1.1

Requirements:

Icing Environment: The design considerations for rotor blade
protection start with the selection of the system environment

Liquid water content
Water droplet size
Ambient temperature
Airspeed

Altitude range

Rotor speed

w 10 000-ft

ice
in terms of:
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1 2 3 4 1 2 3 4 1112
o =a— E.O.T. VARIES WITH AMB.

~«——— O.T. VARIES WITH ICE RATE————— %=
MAIN ROTOR PULSE TRAIN

2
/\) ; MULTIPLE ZONE
4 3

MAIN BLADE CROSS-SECTION

E.O0.T. = ELEMENT ON TIME

"

0.T. = ELEMENT OFF TIME

|-<—— ONE CYCLE ——-—'

o7  —
E.O.T. -
WITH ICE
WITH AMB. RATE
TEMP.

TAIL BLADE PULSE

{/;) SINGLE ZONE

TAIL ROTOR BLADE CROSS-SECTION

FIGURE 10 - Typical Blade Deice Cycle for Spanwise Zone Arrangement.
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FIGURE 11 - Typical Deice System Saturation Limits
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5.1.2

5.2 Assessmant of Icing oh Rotor:

5.1.1 (Continued)

Some of these parameters may be specified in civil or military design
requirements for continugus_and intermittent rotorcraft operations within

the icing environment.2.11-16
rotorcraft differs from that of a fixed wing aircraft.

The effect of the icing environment on a
While the main

rotor of a helicopter can be compared to the wing of a fixed-wing

aircraft, the relative air velocity across the rotor blade
azimuth location and the distance from the hub. In hover,
varies from zero at the hub to a maximum at the tip.

varies with the
the velocity

In forward flight

the relative velocity will be a summation of tangential velocity and

forward flight velocity. The tangential velocity near the

retreﬂt+ﬁg—b+ade—may—be—+ess—than—the—$orwafd—F++ght—wehmr
in a negative relative velocity (reversed flow) on that poy

blade. Therefore, ice accretion will vary from the hubyto
around the rotor disk.

stem Requirements:

hub on the
jty, resulting
rtion of the
the tip, and

the specified icing environment.
concerjning reliability and maintainability, system weight
power
interflace conditions and built~in test equipment (BITE) fe

The 1ae protection system must be designed to'permit safe ¢

5.2.1

ical Assessment of Accnetion:
ice accretion charactevistics should be made prior t
ice system. This will include the definition of ice
lation features on-rotor blades over a given range o
fons and weather-environments. Experimental investi
ical programs on both two-dimensional airfoil sectio
provide a‘data base for more detailed assessments,
tion of t£he impact of ice accumulation on the sectio
namic characteristics of rotor blades.

accretion analysis should include both hover and fo

Additional ‘requirements may exist
consumption, lightning protectiony erosion protectiog,

pperation within

nd maximum
cost, crew
tures.

An analytical assessment of the rotor

b the design of
shapes and

F flight
pations and

ns and scaled
nllowing the
nal aerodynamic

rward flight

fons. Several blade stations should be analyzed to
describe patterns of dropfet impingement and catch rates.

sufficiently
Calculations to

determine the ice collection characteristics of the blade may be based on

the established formulas and graphs of Reference 5 or more
references, such as References 7, 17 and 20. For study of

modern
-airfoils and

conditions not covered by existing empirical data, the designer may use
more sophisticated computer programs that address flow field and ice

collection properties for specific airfoil geometries.
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5.2.1 (Continued)

5.2.2

5.2.3

5.2.4

5.2.5

5.2.6

The designer must also assess the impact of residual ice accumulations
during active rotor deicing with consideration for:

Runback ice

Impingement aft of protected area
Exceedance of deice capability (i.e., deice system saturation)
System failure (partial or complete)

Need for Rotor Protection:

Ice protection needed for the main

and tail

rotors will depend upon a number of factors such as the effect of rotor

ice on th
dynamics,
operate u
power ail
determini

Considera

a)

>

overall aircrart perrormance, handling qualities, .t
and structural loads. The specific need for the air
nder icing conditions must be considered. MWeightiyosp
pwance for ice protection equipment must be considere
ng the impact of a deicing system on aircraft perform

tions of an Ice Protection System: An icé protection

should co

nsider the type of ice protection required (active sy

passive)
etc.).

of sensin
determine
blade ice

Aerodynamic Degradation:

Methods other than electrothermal (pnetmatic, ice phob
electromagnetic impulse, chemical) are coveéred in Appendix A.

nd the available aircraft energy supply (electrical,

equipment required and location on the aircraft mus
, and the relationship between sensor signals and ac
accumulation must be established.

The aerodynamic effects of rotor ice

investiga
and to de
factors t
buildup a
torque (p
Autorotat

Dynamic Degradation:
blade center-of-gravity changes and due to vibration and contr
changes dlie. to“asymmetric ice shedding.

Other Effects on Aircraft:

fon to determine the.magnitude of the aerodynamic de
ermine the need for-specific ice protection. Many o
be considered include the penalties due to nonunifo
d shedding, asymmetric ice shedding, and rotor 1ift,
wer), flutter,and dynamic loads, and pitching moment
on should.be: feasible.

Rotor dynamic characteristics may be deg

btor
craft to
hce, and
1 when
ance.

system

stem or

bleed air,

c,
The types

L be

bual rotor

require
yradation
F the

'm ice
drag,

5 changes.

raded due to
b1 loads

Ice may affect other parts of the aircraft,

either due to impacts from shed ice, or from the icing of other

components. The ice protection system must be designed to minimize the
damage that could occur from shed ice. The flight envelope
(pitot-controlled variables such as forward speed, rate of descent, and
maneuver load factor) may be limited to avoid flight conditions that have
higher probabilities of inducing damage. Rotor static droop stops must be
protected from icing to maintain acceptable operational characteristics.
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5.3 0Ot

her Considerations:

5.3.1

5.3.2

5.3.3

5.3.4

Erosion:

The electrical heater blanket and its encasing insulating
material is vulnerable to rain, sand, dust, and impact erosion.

The

erosion potential is particularly great along the outer half of the rotor

because of the high impact velocities generated by rotor rotation.

general practice is to provide a metal leading edge erosion
electro-formed nickel, stainless steel,

The
cap such as

or titanium along the span.

Because the metal itself is subject to erosion in a sand, dust or rain

environment, an additional material such as electroplated ni
added for longer life.

Blade epos ot e e—(o
compounds) and polyethylene appears to have app11cat1on on\y
or sectfions of rotors. The heat transfer properties of (theg
however|, makes use of them questionable for electrothermal ¢
applicaftion except in very thin layers or for surfacerheater
configurations.

\J v, \J - oda( G U C \J O Yy U

Lightning: The material between the leading .edge erosion cs
deicing| blanket must be sufficient to protect the blanket du
strikes| on the rotor leading edge. The userof electrical c¢

(such als wire mesh) along the surfaces and in contact with {

ckel may be

various
nheated rotors
e materials,
eicing

ip and the

ring lightning
onduction paths
he erosion

shield [is one approach to leading the ‘charge away from the ¢
The sysitem may need some form of isolation to protect the hg
electrijcal system. A customer or cértifying group must estg
criteri for post-lightning strike operation. The general
be to minimize the effect of lightning on the helicopter, w
consideration for the requiréments or level of protection e
other essential systems and equipment fitted on board for a
rotorcrfaft application.. ‘A 1ightning strike may damage the
affecteld by the strike:

Impact: The potential for main and tail rotor blade damage
with shed ice (from either main or tail rotor, fuselage, or
sources) and other foreign objects must be taken into accou

determining the proper protection for the rotor deice blanké

damage [due_to ice has been noted along main rotor lower sur
in the [trailing edge reglons) and on the tail rotor surfaces
leadingwdge and R 5 N0 SPGB e Tmpa 03

heating blankets has been noted to date,
determine the damage potential.

n o1z

eice blanket.
licopter
blish the
ntent should
th

tablished for
particular

rone(s)

due to impact

other external
t in

ts. Impact

aces (usually
near the

o electrical

the design should be examined to
The tail rotor could be anti-iced if ice

shedding from the tail rotor became a problem for a particular design.

Dynamic Loads:
motions as the rotor leading edge region:

(inplane), and torsional bending, and blade acceleration.

The deicing blankets are subject to the same dynamic
normal (flatwise),

chordwise

The dynamic

environment must be taken into account when evaluating the choice of
deicing electrical resistance heater element, and the physical arrangement

of the elements.
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5.3.4 (Continued)
The deice blanket materials must be evaluated for the following:
Stress-strain chéracteristics
High temperature 1imits
Fatigue Timits

Thermal cycle fatigue characteristics

Erosign
Foreign object damage (FOD)
Repairability

5.4 Overall Deicing System Assessments: The following-Xists the itlems that must
be assessed during the design of the over-all dedice system:

Reliabillity and failure modes and effects

[13)

Electro-magnetic interference and radio“frequency interferenc
Redundancy requirements

Overheat| protection

Ground checkout (BITE) procedures

System checkout procedures

System spturation

Fault/fafilure detection

Repairabjility

5.5 System Attribufes: The TolTowing items must be considered for design and
optimization of the overall system:

Electrical power required

Thermal/heat transfer requirements

Heater element-on-time to achieve satisfactory surface temperature
Flight performance requirements

Environmental limits
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6. TEST CONSIDERATIONS:

6.1 Component/System Development: Tests of components and subsystemsldUring the
design and development of an electrothermal rotor deicing system can supply
valuable data to assist the design engineer.

6.1.1 Blade Heater Element Tests: Several types of tests are used to provide
design data for blade heaters. Fatigue tests of candidate heater foils or
wire matrixes can be accomplished to establish fatigue 1ife of the heater
elements, since these must be subjected to the same strain levels as other
parts of the blade structure. The heater elements are fabricated in a
sample which encloses the heater in the same structural elements which
would gurroumd—it—im the Totor btade—The sampte tsthem sybjected to
repetitive loads in a tensile fatigue test machine. White‘\being subjected
to the [repetitive loads, the heater should be energizedto pimulate the
effectdy of temperature cycling. The above described test i useful for
comparing the relative worthiness of various heater ‘@lement{materials, but
a more [conclusive test may be desired by conducting a fatigue test of a
blade gegment with the heater element installed.dn the leading edge of the
blade. | This test would use a blade segment fatigue test specimen as used
for novmal qualification fatigue tests common to helicopter|qualification
programs. During such a test, the heater*element should be|energized to
bring the heater element temperature up.®o the maximum permfissible design
values.

Anothernt very important design feature in an electrothermal feicing system
is the [heat transfer characteristic between the heater elempnt and the
blade qurface. Tolerance varjations in the thickness of materials between
the hedter element and the blade surface and wire spacing can cause
considgrable inconsistency_in temperatures on the surface. |Since the
deicing method requireswthe blade surface to be heated and fthen allowed to
cool rgpidly, it is jmportant to know the time required to heat and then
cool the blade. Although the blade heating and cooling is pffected
considgrably in fhight by the air flow and cloud moisture, much can stilil
be leafned from laboratory tests of a blade heater in a sample blade
segment. Thermocouples located within the design specimen gan provide
valuable heat transfer data for optimization of the blade/hpater
interfgcey,but these thermocouples must be located to avoid| local cold
spots. ,

Icing wind tunnel tests of helicopter airfoils and blade sections should
be conducted. No icing wind tunnel facility at present is large enough to
test a full scale rotating helicopter rotor. Therefore, while cyclical
variations in blade angle of attack can be simulated, the considerable
effects of centrifugal force cannot be simulated.
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6.1.2 Power Transfer System Tests: A1l electrothermal rotor blade deicing
systems to date use the same general electrical power fixed system to
rotating system transfer method. A two-channel or three-channel slip ring
(VDC or VAC, 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 determine operating characteristics, and evaluate
system performance.

Nonicing Flight Tests: Prior to testing a blade electrothermal deicing
system 1 ; in dry air
or wet alir conditions can be used to determine system operatihg
charactefristics.

6.1.3

Choosing| the location of an ice detector or icing intensity
device op a helicopter can be a critical problem betause the
aerodynamics of a rotorcraft fuselage can cause_c¥oud LWC to

out” or ['enriched” at various boundary layer locations. One

this is [to make a qualitative test with the aircraft in natur
temperatures well above freezing. In the test, short (approx
[25 cm])|, water-soluble, painted rods arelattached to various
icing deftector locations on the helicopter. When the aircraf
into a cfloud (approximately 1/2 min) the water droplets will

water sofluble paint and show the vantation of cloud moisture

locationg on the aircraft fuselage; The "richest” moisture 1
normally| chosen for the initialiicing detector location.

e "thinned
olution to

1 clouds at
imately 10 in
candidate

is flown
ark the
ht different
bcation is

Tests of| the deicing systemj using temperature measuring sensprs at

6.1.4

various
valuable
moisture
must be
be done

Icing F1

points on the heated blades in non-icing conditions, fan provide
information for~deicing controller settings. The effect of

on surface temperature and heat loads during tests ip wet air
ronsidered. W Electromagnetic interference (EMI) tests|should also
t this time.

ght Tests: Flight tests in natural icing conditions|are

present]]

required for the certification by civil authorities|or

qualific

vtion by military authorities of rotorcraft for flight into known

icing conditions. However, artificial icing tests in wind tunnels, spray
rigs, or behind tankers can be used to supplement natural icing flight to
optimize the heater element on-times, element off-times, and system
sequencing. Care should be taken when operating the rotor deice system in
the automatic mode behind a tanker since the test aircraft's icing rate
indication may not be fully in the spray and it may not be adequately
calibrated for the droplet distribution of the tanker cloud.

6.2 Certification/Qualification Testing: Upon completion of the design,
analytical and test substantiation and development, the rotor deicing system

“should be ready for certification and/or qualification testing.
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6.2 (Continued)

Compliance is established when there is reasonable assurance that, while
operating in an icing environment, there are no unacceptabie degrading
effects due to ice accretion. Compliance flight testing may consist of a
combination of wind tunnel testing and in-flight spray tanker tests, hover
jcing spray rig tests, dry or wet air flight tests, and natural icing flight
tests.

The amount of testing should be directly tied to the ability to compare the
flight test results with the analytical substantiation, model tests and
development tests. In the latter, care should be taken to identify the

aircraft and the effect
on certiffication/quatification can be assessed. The testimg ‘during this
time frame could consist of contractor, contractor/government [agency, or

governmenft agency. Prior to government agency flights, suffi¢ient analyses
and testipg must have been done to show that the aireraft is 'safe" for
testing.

In order [to minimize the program costs, the government agency|should be
cognizant| of tests conducted by the contractor.and limit his fests to verify
the validlity of the data taken by the contractor.

As a minimum, the certification/qualification tests should in¢liude the
following|:

a. Demonstration that the system operation and performance|is as intended
for[ the icing envelope chosen. This should include failure modes and
thelir effect on system operation.

b. Identification of performance degradation, including autorotation.

c. Evalluation of handling qualities characteristics with i¢e formations
durfing and following deicing and simulated failures

d. Evalluation_of main rotor and rotor control system

e. Evalluation of ice shedding damage during deice cycles

f. Evaluation of engine and secondary inlets, Pitot static systems,

horizontal stabilizers, rotor droop stops, fuel and drain vents, etc.

g. Determination of performance and handling qualities recovery after
exit from icing conditions

To accomplish these tasks, sufficient instrumentation should be installed to
verify the areas of concern. Typical instrumentation could consist of:
Icing parameters (liquid water content, droplet diameter), temperatures
(including blade temperatures), performance parameters, loads, vibration,
handling qualities parameters (control positions, aircraft attitudes, and
rates), and deice system performance parameters (blade heater power and
cycle times). As testing progresses, some instrumentation may become
unnecessary. The use of video and still photography, from test and chase
aircraft and on the ground, can be valuable in documenting ice accretion.

e
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6.2 (Continued)

6.3

The testing to be conducted should be in both dry air, wet air and in icing
conditions. The dry air tests can be used to partially verify the blade
thermal analysis. This would be followed by flight in icing conditions to
assure compensation has been made for the "insulating" effect of the ice.
Once the thermal analysis has been verified at several temperatures, the
blade temperature instrumentation would not be required. 1In addition, the
thermal analysis could be done utilizing a suitable icing spray system
tanker. A hover spray rig is a good research tool, but forward airspeed is
not simulated and the beneficial aerodynamic heating effect will not exist.

The flight[tests to verify impingement analysis could Tikewisge be conducted
behind a sytitable tanker. The advantages of utilizing a tanker|are many and
include the capability of immersing only a particular part,of the aircraft
in icing conditions and allowing a more rapid avenue of escape }f problems
develop. The major disadvantage is that cloud parameters (LWC and droplet
diameter) and cloud consistency, and the effects on ice shapes,|are
difficult to maintain and can vary throughout the «£loud. Tanker cloud
parameters|must be used when correlating with impingement code ¢alculations.

Because of [the disadvantages of artificial icing tests, the final tests
should be gonducted in natural conditions as“close as possibie to the
critical design points. Sufficient correlation with analysis mlst be shown
to assure fhat the aircraft can operatersafely throughout the intended
envelope. |The natural icing tests would verify any performance|degradations
for other ¢onditions not previously‘encountered. In addition, the natural
tests will[probably be the first time the entire aircraft has been immersed
in an icing environment at the-same time. Effects on unprotected surfaces,
engine inlets, possible damage-to other components due to random shedding,
etc., should be evaluated.

Operational/Functional System Performance: As a part of the
certificatjon/qualification testing, operational and functional [performance
of the system should be addressed. During the operational/functional test,
a representative ‘flight manual should be available to be evaluated by the
test team. | This should consist of failure modes and their effeqt on system
performance,-method of action to be taken depending on the failyre, i.e.,
"continue " ible" " j iately". The
test should also identify which systems should be operational prior to
flight, 1.e., minimum equipment 1ist. The majority of the failure modes can

be evaluated during tests behind the tanker.

Many single and dual failure modes (failures not affecting system
performance) can be verified in bench tests. An example of this type of
condition could be the switching sequence which is activated internally in
the controller, where the total system performance is not affected.

In summary, certification/qualification testing can be accomplished
utilizing suitable artificial icing facilities and dry and wet air testing,
with final verification in natural icing conditions.
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6.3 (

6.4

Continued)

However, it may be more desirable to do the entire compliance/qualification
in natural conditions. It is not considered feasible at this time to
conduct all testing utilizing artificial icing facilities; some natural
icing tests are required.

Icing Test Facilities: In all artificial icing facilities, the test

6.4.1

6.4.2

6.4.3

aircraft or component is located in a cold airstream containing the icing
cloud which consists either of supercooled water droplets, solid ice
part1cles or a mixture of the two. The cold airstream is obtained either by
using cold ambient air or by us1ng coo]wng prov1ded by a refrigeration
system. i : ott—ehv-Hronmen rord Sha supercooled

droplets|(10 - 50 pm) produced by special nozzles, general]y of the
air/water atomizing type using both pressurized air and pressurized water.
Care must be taken to avoid the formation of ice crystals. (Note that
different size nozzles are used to generate the 300 ~ 2000 um droplets to

simulate |freezing rain and that ice crystals may beccreated by feeding
blocks of ice onto a rotating cutter and directing the particfles into the
tunnel ajrstream.)

Wind Tgnnels: Existing wind tunnels are well suited for research and
development tests. Certification testing of aircraft compopents can be
performed at severe icing conditions, *but none of the tunnefls can cover
the entire certification envelope.!9376 The altitude and velocity

ranges [of many tunnels do not permit testing over the full pperating range
of the[helicopter. The tunnel_sizes generally only allow cpmponents of
the helicopter to be tested (i.e., inlets, airfoil sections|, instruments,
etc.).

Scaling is sometimes used. to convert tunnel results to the [size, airspeed
and alfitude of the test aircraft, but these scaling parameters have not
yet been adequately verified. If scale model tests are used the results
must be validatediby acceptable means.

refrigerated

controlled

da, is large

ng conditions.
g T30 3 ; ' er Icing Spray

Rig, can provide a rea11st1c art1f1c1a1 1c1ng cloud in wh1ch a helicopter

can hover.

Aerial Tankers: The U.S. Army Helicopter Icing Spray System (HISS) is a
JCH-47C helicopter equipped with a spray system which provides an icing
cloud ¥gat is approximately 8 ft (2.4 m) in height and 36 ft (11 m) in
width.

The USAF operates C-130 and KC-135 aircraft with icing spray systems that
can be used to test small areas of an aircraft. However, the operating
envelopes of these aircraft and conventional rotorcraft do not overlap
sufficiently to warrant their use.
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8. LIST OF SYMBOLS

a Droplet radius, ft

A/B Semi-length/maximum radius of ellipsoid, dimensionless

b Dimensionless parameter

C Airfoil chord 1ength,_ft (m)

Cp Specific heat, BTU/1b - °F

Dy Medipn volumetric droplet diameter, pm

eq Vapor pressure of saturated air at edge of boundary Tayer} in Hg

eok Vapor pressure of air at surface of airfoil, in Hg

Em Tota) collection efficiency based upon frontal area projegcted along
the Jine of flight, dimensionless

g Gravitational constant, 32.2 ft/s2
H Airfoil projected height along line of flight, ft
J Mechanical equivalent 'of heat, 778 ft-1b/BTU

a2Von
K Impingement parameter, dimensionless: K = 2/9 Cing

Ha

Ko Inert)a parameter, dimensionless: Ky = (A/Ag)K
Lg Latent heat of evaporation of water, BTU/1b
LWC Liquid watericontent, g/m3

M Free gtream Mach number, dimensionless
n Freezing fraction, dimensionless
p Pressure just outside the boundary layer, in Hg

Pr Prandtl number (for air) 3,600 cpu/k
R Rotor radius, ft (m)
Sy Impingement 1imit on upper surface, ratio to chord length, dimensionless

SL Impingement Timit on lower surface, ratio to chord length, dimensionless

to  Ambient temperature, °F (°C)
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8. (Continued)

tok Datum temperature or wet air boundary layer temperature, °F (°C)

tse Airfoil surface temperature, °F (°C)

v Local velocity along the surface, fps (mps)

Vo Free stream velocity, fps (mps)

Wy Rate of water catch on airfoil, 1b/min/ft of span (gm/sec/m of span)

A Droptet—range—whenrprojected—into—stittatr———m

Ag Dropiet range when projected into still air according-tq Stokes law

o Anglle of attack, deg

" Visgosity, 1b s/ft2

a Air| viscosity, 1b s/ft2

B Colfection efficiency at any point o airfoil or body, qgimensionless

[ Ratjio of specific heats

o Air| density, slugs/ft3

00 Free stream air density, (slugs/ft3

O Density of water droplet, slugs/ft3

dy Specific weight of water, 1b/ft3

PREPARED BY SAE COMMITTEE AC-9, AIRCRAFT ENVIRONMENTAL SYSTEMS
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APPENDIX A
OTHER ICE PROTECTION CONCEPTS

Ice-Phobic

The ice-phobic concept (the self-shedding of ice due to interface shear
reduction or the prevention of ice accumulation) has been under investigation
for use on helicopter rotor blades for over 20 years. Various pastes, waxes,
Tow adhesion materials (such as Teflon®, and several types of

polyurethane), flexible substrates and other materials have been tested for
their ice shedding potential on rotating arm rigs and on helicopter rotors
with limit erial tests on
a UH=TH in| the Nat1ona1 Research Council (NRC) of Canada Helicopter Icing
Spray Rig KHISR) and during in-flight icing trials indicated that the blade
coatings ape highly susceptible to rain erosion, and exhibit a Jlack of
predictablg ice shedding.

More work [is needed in the ice-phobic material development areal The results
of the testing to date has led to conculsions that selected icerphobic
material mpy show prom1se for rotor blade application for at least a limited
capability for flight in supercooled cloud icing conditions at LWC's less
than 0.5 gi/m3 and ambient temperatures above 14°F (-10°C). Suth '
capability|may be useful for some applications, however, the FAA has not
favorably gonsidered limited approvals i the past and has not phown any
inclinatiop to accept lTimited approvals~in the future.

Pneumatic Boot Deicing

Pneumatic boot deicing has and_is currently being used on a number of
fixed-wing|aircraft (primanrly-general aviation type) for wing aId empennage
protection| The pneumatic system employs a series of deformabl
(stretchabje) tubes running in either the chordwise or spanwise|direction
along the airfoil Teading edge. A compressed air source (enging¢ bleed, load
compressor| etc.) supplies the pressure source to inflate the tiybes at a
predetermined ice(thickness, thus cracking the ice layer, and t¢ provide a
negative pressure-to keep the boot contoured to the leading edge during
non-operating.periods. Aerodynamic, dynamic, and centrifugal forces acting
on the cra¢ked ice separate the ice from the pneumatic boot surface.

Testing of pneumatic deicing on a helicopter rotor has been accompiished by
the U.S. Army on a UH-1H in icing trials in the NRC HISR and in forward
flight behind the Army icing spray tanker (HISS). Tests have indicated that
the pneumatic boots can provide satisfactory rotor deicing within the range
of icing conditions tested. Additional work is required, however, to reduce
the aerodynamic penalties on the rotor, to demonstrate resistance to erosion,
and to extend the capabilities under icing conditions.
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Fluid Deicing/Anti-icing

Fluid deicing and anti-icing systems have been tested in rotor blade
installations for several helicopter applications. In principle, the fluid
system distributes and secretes an ice-depressant fluid along the rotor
Teading edge to provide an ice-free surface (anti-icing) or to weaken the ice
bond and permit aevodynamic, dynamic and centrifugal shedding (deicing). The
fluid distribution systems may include a series of small holes along the
leading edge or may incorporate a porous metal surface to permit fluid
distribution to the ice impingement regions. To date, while fixed wing fluid
systems are well under way in development, no successful rotor fluid system
has been achieved.

Electromagnetic Impulse Deicing (EIDI)

The electromagnetic impulse deicing concept involves the mechanfical
deformatiop of an airfoil leading edge skin through the Use of fa series of
spanwise 1pcal deflections driven by electromagnetic devices whlich cause the
skin to "rjpple" in a propagated wave along the span. The effect is somewhat
similar to[that of the pneumatic boot, in that the “ice is crackied and removed
from the syrface by aerodynamic, dynamic, and centrifugal forces. The major
difference|is the "ripple" which, in the case“of the pneumatic |poot, is
produced by a low frequency, high amplitude-wave, while the impulse system
produces a|high frequency, low amplitude wave.

No practicql rotor blade installationihas occurred for the elecjtromagnetic
impulse approach to date. Becausexthe impulse devices must be |[installed
beneath the blade leading edge skin, a unique fabrication apprdach is
required for the blade to accommodate the installation.

Microwave Deicing

The microwave concept involves the transmission of microwave erfergy along a
rotor leading edge cavity wave guide. In theory, the rotor icq will extract
a portion of the transmitted energy in sufficient amounts to cguse local
shedding of the_ice. The microwave deicing concept is similar [to the
electrothermalddeicing approach in that both are heating a thin layer at the
ice/surface dwterface in order to reduce and break the bond and permit ice
shedding. i s electrical
energy than the electrothermal because only a small area is being heated at
any one time. A practical application of the microwave as a deicer has not
surfaced.

Vibratory Deicing

The vibratory deicing concept involves the application of an induced rotor
blade excitation at blade natural frequences with ampiitudes necessary to
fracture the ice interface at the blade leading edge. The blade excitation
is provided through forcing function shakers mounted at selected locations at
the rotor hub to provide the required vibratory mode shapes to cause ice
shedding. In theory, the vibratory concept accomplishes a similar function
as the electromagnetic impulse approach. In both cases, the purpose is to
introduce a high-frequency, low-amplitude wave along the rotor leading edge
surface of sufficient energy to break the ice bond. A practical rotorcraft
vibratory deicing system has not been designed and demonstrated.
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APPENDIX B
RATE OF ICE COLLECTION

The liquid water content (LWC), median volumetric drop diameter (MVD), and
outside air temperature (OAT) are used to determine the rate of water (ice)

collection
equation:

where:

The collect
or test. P
calculate t
B-1 illustr
airfoil sur
helicopter
by calculat
shapes test
method outl

where:

on a surface.

The collection rate is given by the following

Wp = 5.278 x 10~4 x Vo x LHC x H x Ep (British Units)

We = Vo x IWC X H ¥ Fp (Standard International Units)

Wy = mass of water intercepted - 1b/min/ft of span
(gm/sec/m of_span)

Em = .collect%on efficiency

LHC = Tiquid water content - gm/m3

H = projected height - in (m)

Vo = forward speed - kt (m/sec)

jon efficiency of a surface.€an be determined either
otential flow/particle trajectory analysis methods cm
he theoretical amount of*“ice catch on various body s

ates airfoil particle trajectories that become tangen
face and shows associated collection efficiencies for
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