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OEPARTMENT OF THE ARMY
U. 8. ARMY AIR MOBILITY RESEARCH & DEVELOPMENT LABORATORY
EUSTIS DIRECTORATE
FORT EUSTIS, VIRGINIA 23604

This report was prepared by the Lockheed-California Company under the
terms of Contract DAAJ02-72-C-0054. The report contains informatfon
pertaining to rotary-wing aircraft ice protection systems which can be
used in establishing requirements for future R&D programs and for the
design and test of ice protection systems for existing helicopters.
This report presents an analysis of the problems associated with
rotary-wing aircraft ice protection, the capability of existing
technology to support future requirements, and the R&D necessary to
satisfy future objectives; however, the conclusions and recommendations
made herein are based on the following assumptions:

1, Icing conditions considered are those created by flight in
supercooled clouds only.

2. Army aircraft will not be required to fly in icing severity
levels greater than moderate.

3. Existing helicopters are representative of future Army
helicopters.

The project engineer for this effort was Mr. Meyer B. Salomonsky,
Military Operations Technology Division.
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ABSTRACT

A study program was conducted for the U. S. Army AMRDL to define ice
protection requirements for advanced rotary-wing aircraft. The study
included investigations intos (1) the hazards of flying through ice, (2)
probability of icing, (3) vehicle ice accretion rates, (4) current ice
protection system designs, (5) operational limitations of current heli-
copters, and (6) advanced deicing concepts.

Information for the flight hazards of icing was obtained from flight test
results of a number of aircraft, including National Research Council of
Canada, Ottawa spray-rig tests where available. Icing probability data were
obtained from a compilation of worldwide weather survey data. Data are
presented on icing frequency of occurrence and severity and are used to
establish meteorological design conditions. Component ice accretion rates
and ice shapes were generated analytically using digital computer techniques,
and were used to establish anti-/deicing system design criteria. A survey
of current ice protection system designs includes thermal, mechanical, and
chemical systems. The systems are evaluated in terms of weight, reliability,
and vehicle performance penalties for each system. The appropriateness and
applicability of the various concepts tc the affected components of rotary-
wing aircraft are discussed, along with the sensitivity of the performance
to meteorological conditions. The need for in-flight measurement of icing
severity is also discussed. Knowledge obtained from the survey contributed
to the determination of the limitations of these systems and the aircraft
upon which they are installed. Investigation was conducted to determine
advanced concepts which show promise for future research and development,

and the greatest potential for advancement of the state of the art of

deicing systems.
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FOREWORD

This report presents the results of a study program on ice protection re-
quirements for advanced rotary-wing aircraft. This program was conducted
by the Lockheed-California Company under Contract DAAJO2-72-C-0054
(Project 1F162205AA54) to the Eustis Directorate, U. S. Army Air Mobility
Research and Development Laboratory (USAAMRDL), Fort Eustis, Virginia.

The program was performed during -the period from April 1972 through March
1973. Technical monitoring of the project for USAAMRDL was by
M. B. Salomonsky.

The Lockheed program was under the technical direction of J. B. Werner,
Senior Research and Development Engineer. Additional Lockheed personnel
contributing to the program included E. V. Ashburn, G. F. Bollinger,

M. J. Cronin, S. N. Miller, H. C. Moe, A. M. Petach, K. K. Schmidt, and
S. T. Tuan.
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SECTION 1 INTRODUCTION

In recent years, rotary-wing aircraft have been found increasingly useful
in a large number of military activities. These applications include search
and rescue of crew members from downed aircraft, transportation of troops
outside of combat zones, and airmobile operations. The latter includes the
direct participation in action by transportation of troops to and from
combat zones, lending fire support, logistics support and cover for ground
forces, observation of ground-activities, and medical evacuation of wounded
personnel, Other services performed by rotary-wing aircraft include mail
delivery to remove field stations, utility inspection and repair, and traffic
control functions. The widespread use of Amy rotary-wing aircraft and the
increased emphasis now being placed on all-weather, round-the-clock opera-
tion of such craft has made reliable operation in adverse weather conditions
an urgent safety-of-flight requirement for all instrument-certified rotary-
wing aircraft,

All-weather aircraft must be designed to ensure safe flight in icing condi-
tions and yet not burden overall aircraft performance with unnecessary
penalties due to the ice protection system. Thus the effects of ice accre-
tion on aircraft performance and handling qualities must be assessed and
balanced against the cost of providing and maintaining a system capable of
ice removal or prevention. In assessing the effects of ice accretion on
aircraft performance (i.e., drag, stability, vibration level, etc.), one
must consider the available engine power margin and percentage of flight
hours for which ice protection is necessary. The cost of providing an ice
protection system, then, is measured in terms of added aircraft weight, the
availability of thermal energy, and the power loss or increased fuel con-
sumption due to use of that energy. Therefore, the icing problem can be
examined in termms of (1) flight envelope requirements and (2) aerodynamic
performance, handling qualities, and vibration levels as influenced by ice
formations on the affected areas.

Rotary-wing aircraft are limited by lower L/D's than fixed-wing aircraft
and thus constrained by shorter range capabilities and lower operational
ceilings. They are far more sensitive than fixed-wing aircraft to poten-
tial self-deployment constraints such as enroute navigation facilities,
wind and icing conditions at the intermediate altitudes, cloud cover, and
alternate landing/refueling locations. The flight regime of rotary-wing
aircraft in clouds with supercooled water droplets or in icing fog is
highly conducive to ice accretion.

During rotary-wing operational service in Europe, and particularly in West
Germany, the U. 8. Amy came face-to-face with an urgent need for all-
weather capability to increase mission capability and yet not compromise
vehicle safety. The topography of some regions of West Germany, for in-
stance, is characterized by substantial changes in terrain elevation and
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by rapidly changing local weather conditions that are difficult to forecast.
The combination of low ceiling, icing conditions in the clouds, and terrain
features obscured by clouds presents difficult flying problems, as a result,
there can be expected to be no flying for as many as 55 days during winter
months (depending upon the minimum allowable flight ceiling) if no ice
protection is provided.

Whereas the engine and engine inlet ice-protection requirements and design
practices for rotary-wing aircratt are not appreciably different from those
of fixed-wing aircraft, blade icing does introduce special problems. The
blade icing occurs despite centrifugal forces, rapidly degrading the aero-
dynamic efficiency of the blade and creating a serious condition of un-
balance and vibration due to unsymmetrical ice shedding. It follows that
for most, if not all, helicopters, flight in icing conditions of moderate
intensity is not feasible without ice protection to ensure blade balance
and aerodynamic efficiency.

It is the purpose of this report to address itself to the icing problems of
rotary-wing aircraft and the techniques required to solve these problems.
Particular attention is given to the hazards of flying in icing conditions
and to an in-depth investigation of meteoroclogical conditions associated
with low-altitude flight. Other aspects presented in this report include
calculation of ice accretion rates, determination of the adequacy of exist-
ing ice protection techniques and optimum application of these techniques
(based on weight, performance penalties and reliabi.ity considerations),
determination of capabilities and limitations of adverse weather protection
installations on rotary-wing aircraft, and exploration of airborne icing
instrumentation methods. Finally, the direction for appropriate research
and development efforts to overcome identified deficiencies and problems is
delineated.



SECTION 2 HAZARDS OF FLYING THRUUGH ICE

This section reviews operational data and flight test experience with
various helicopters under natural and simulated icing conditions. It is
shown that flight safety can be compromised to an unacceptable degree with-
out provisions for adverse weather protection on the vehicle. Available
accident statistics are reviewed, and finally, components are discussed
that require ice protection as revealed by flight test experience.

2.1 FLIGHT EXPERIENCE

2.1.1 Review of Operational Data

Experience of the U. S. Army in Europe

Among the significant factors that contributed toward launching this inves-
tigation for advanced rotary-wing aircraft is the severe operational
restriction experienced by the U. S. Ammy in the European theater with
helicopters that lack all-weather capability. The problems and consequences
resulting from this lack of all-weather capability are brought to light in
an Army letter ,*

1. "U. S. Army helicopters do not possess a deicing or anti-icing
capability. This is a significant deterrent to helicopter opera-
tions in the European theater.

2. "Weather phenomena in Germany are said to be more unpredictable
than in most other parts of the world. This is primarily due to
the combination of latitude and longitude and the west to east
Alps range relative to the predominate maritime winds. This
situation causes rapidly changing weather conditions. Ilsolated
local weather phenomena are difficult to forecast and aviators
are often caught in these local conditions,

3. "Assuming that helicopters are prohibited from flying when ceilings
are less than 1500 feet, (due to icing conditions), a total of 55
days during October-March can be expected to be non-flying. If
helicopters were equipped with a deicing system capable of handling
at least light ice, it is probable that weather conditions on 30
of these 55 days could be considered acceptable for flying. These
data, of course, are not conclusive because they are based on
assuming an altitude ceiling that may be conservatively high when
compared to rigorously derived future requirements; however, they
do provide limited justification for requiring helicopters to
have a deicing capability.

*Letter AEUTAVG-6 from 15th Aviation Group (Combat) APO 09025 to Commander in
Chief USAREUR and Seventh Army (Attn: Aviation Safety Officer), Subject:
"Helicopter Deicing System,” dated 12 May 1970.
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4, "The topography of West Germany is characterized by severe changes
in terrain elevation. The combination of low ceiling, icing condi-
tions in the clouds and terrain features obscured by clouds,
preserts difficult flying conditions. In many cases, the aviator
is forced to abort the mission and land or return to home station.
In most cases, an aviator piloting an aircraft equipped with de-
icing equipment could continue the mission by climbing into the
clouds. Currently the only action a helicopter pilot can take
against icing is to avoid the region characterized by this adverse
combination of weather and terrain features.

5. '"Increased mission capability, plus safety considerations clearly
establish the need for helicopter deicing capability. Once a
system is developed, priority should be given to modifying heli-
copters in Europe, if practical, or assigning new helicopters with
this capability to Eurcpe."

The rotary-wing operational problems in icing conditions are aggravated, no
doubt, by local weather changes in West Germany but are by no mears unique
to Europe. However, it is the U. S. Army in Europe that focused attention
on this problem to promote awareness of the magnitude of operational limita-
tions imposed by the lack of true all-weather capability on rotary-wing air-
craft and to initiate plans for corrective action.

Pertinent Information From Other Sources

At the International Helicopter Ice Protection Conference (Ottawa, May 24-26
1972), an audience discussion regarding the necessity of ice protection for
helicopters yielded the following pertinent information:

1. lNew York Airways is shut down an average of one day/month in the
winter due to forecast icing, and they have been shut down as long
as three consecutive days.

2. The Canadian lNavy finds its operations restricted 25 percent of the
time off the coast of Nova Scotia in the winter,

3. Approximately 7 percent of the helicopter training flights in the
United Kingdom are curtailed due to forecast icing.

4, Many Russian rotorcraft are provided with ice-protection equipment.
Therefore, considerations related to maintaining parity would dic-
tate all-weather capability for U. S. Army airmobile operations.

5. The Canadian Armed Forces are equipping 37 S-61 Sea Kings with
rotor ice-protection at a cost of 3 million dollars.

6. Snow ingestion is turning out to be an unexpectedly serious problem
as a cause for engine flameouts.



7. Light helicopters are quite power limited, and thus are sensitive
to drag changes on the rotor system due to ice buildup.

8. Larger helicopters are not as sensitive to drag changes but are
more sensitive to vibration and damage due to uncontrolled ice
shedding.

The preceding summary of rotary-wing aircraft experience under adverse
weather conditions infers the potential operational benefits inherent from
equipping such vehicles with all-weather capability.

2.1.2 Flight Profiie Considerations

Ice accretion on aircraft surfaces is associated with flight at speeds slower
than Mach 0.9 through subfreezing clouds of supercooled water droplets

(which usually occur from sea level to 20,000 feet). Since the rotary-wing
aircraft's flight regime is well within the constraints of this icing
envelope, flight profile details must be examined to assess the impact of
all-weather capability on operational considerations. Flight in icing
conditions implies flight in clouds with visibility restricted to 100 to

200 teet (even for moderate to light icing). Therefore, it is unlikely

that the direct combat segment of the mission will be carried out under icing
conditions. For a ferry flight, it is also likely that it will be possible
to select a cruise altitude where icing canbe avoided. Mission aspects of
rotary-wing flight which would be most concerned with the needs for adverse
weather capability include:

1. Takeoff and landing, including autorotation

2., Climb and descent

3. Low-altitude flight from base to target

L. Deliberate evasive flight (or hiding) in clouds

For those phases of flight where it is unlikely that icing can be avoided,
the question then arises:

Will the time that must be spent in an icing condition cause a flight safety
problem? The answer to this question is related to the consideration of
three factors:

1. The total time spent in icing during the sensitive flight modes

2. The horizontal and vertical extent of the icing condition (the
probable time spent in icing relative to the mission time)

3. The sensitivity of the rotorcraft (and its components) to ihe total
accumulation of ice which is likely to occur.
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Representative mission times for the critical flight periods for several
types of missions are shown in Table I. Based on the data in Table I it
appears that the maximum duration of rotorcraft icing encountered during
airmobile operation may last up to one hour under "idealized" severe icing
conditions. Considering the nonuniformity of natural icing clouds and

the rapid variation in liquid water content (ILWC), a maximum equivalent
icing duration between one-half and one hour under maximum continuous icing
conditions is probably more realistic.

TABLE I. TYPICAL ROTORCRAFT LOW ALTITUDE FLIGHT CONDITIONS
Mission Time (min) Distance (mi
Reconnaissance

Takecff and Landing 3 0
Climb and Descent* 2 3/
Low-Altitude Flight e 60
Antimechanized
Takeoff and Landing 3 0
Climb and Descent 2 3/4
Low-Altitude Flight 27 85
Attack Mission 1
Takeoff and Landing (Main Base) 3 0
Climb and Descent 2 3/l
Low-Altitude Flight** 16 20
Takeoff and Landing (Forward Base) 3 0
Climb and Descent 2 3/bL
Low-Altitude Flight#** 16 20
Attack Mission 2
Takeoff and Landing (Main Base) 3 0
Climb and Descent 2 3/4
Low-Altitude Flight#* 17 17
Takeoff and Landing (Forward Base) 3 0
Climb and Descent 2 3/
Low-Altitude Flight* 15 16
Takeoff and Landing (Forward Base) 3 0
Climb and Descent 2 3/4
Low-Altitude Flight#* 26 20
* Rate of Climb = 1200 - 1500 fps
Rate of Descent = 2600 fps
*%* Tncludes hover while sighting and firing on targets

2.1.3 Rotor Unbalance and Vibration Due to_Icing-Analytical Results

Before reviewing the flight test experience associated with flight of rotary-
wing aircraft in icing, a theoretical analysis was conducted in an effort

to yield a better understanding of the problems and consequences resulting
from ice accretions on an unprotected rotor. The analysis was conducted in

6



three steps to determine (1) the degree of helicopter rotor unbalance due
to ice shedding, (2) the criteria for self-shedding of ice accretions from
rotor blades, and (3) the vibration levels induced by unsymmetrical ice
shedding.

Rotor Unbalance Due to Self-Shedding

Potential unbalanced forces for a four-blade rotor system due to natural
(noninduced) shedding of ice from the main and tail rotors huve been cal-
culated. These are plotted in Figure 1, showing the force developed as a
function of the spanwise length of blade ice which is shed after varying
times in the clouds without icing protection. Based on these forces, the
vibration response of the structure was determined on a high-speed computer.
The vibration response at the crew stations for the following assumed con-
figurations is shown in Figure 2.

1. Ice sheds from the outer 2 feet of one main rotor blade after 10
minutes in the icing cloud.

2. Ice sheds from the entire length of one main rotor blade (from root
to tip) after 10 minutes in the clouds.

3. Ice sheds from the entire length of one tail rotor blade after 3
minutes in the cloud (higher centrifugal forces cause shedding
in less time than for the main rotor).

The results show that the vibration level produced by the tail rotor ‘blade,
shedding ice completely (3), is the most severe. Levels as high as 1.59 g
at 20.7 cps are indicated. The main rotor causes 0.15 to 0.25 g at 4.1 cps
when one blade is cleared over its entire length. If only the outer 2 feet
of a main blade is cleared, the response at the crew station is only 0.04

g at 4.1 cps.

The effect of these vibration levels on the crew performance is also shown
in Figure 2, which was obtained from the Shock and Vibration Handbook
(Reference 1). These data show that intolerable levels would be generated
at the crew stations if the extreme assumption is made that either rotor
would shed a full span of ice accretion from one blade. It is recognized
that for the random shedding pattern occurring under actual flight condi-
tions, instantaneous shedding of a full span of ice from a blade is
extremely remote, Therefore, for this case the results may be viewed as

a theoretical extreme rather than being representative of actual flight

in icing.

Rotor Ice-Shedding Criteria

An analysis has been conducted on rotor shed characteristics and allowable

ice thickness versus "g" level. Reference 2 contains information on ad-

hesive properties of ice as a function of bond temperature. Excerpts from
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this information have been replotted as Figure 3. As expected, the shear
force required for its removal increases with decreasing temperature. Also
shown on this figure is the standard deviation of removal force (versus
temperature). Sixty-three percent of the sheds would occur within *1
standard deviation (o), and 95 percent would occur within #20. Based upon
the mean shear strength, an analysis was performed to determine the
"eritical” ice buildup for self-shedding when the centrifugal force equals
the shear force. The results of this are shown in Figure 4 for a main
rotor, and in Figure 5 for an antitorque rotor. Figure L was prepared for
a rotor rpm of 250 (a tip speed of approximately 660 fps at 50 feet dia-
meter), and Figure 5 was prepared for a tail rotor speed of 1240 rpm.
Comparing the two figures, the "critical" ice thickness for the tail rotor
is one-fifth that for the main rotor at equivalent rotor stations (root-to-
root, tip-to-tip, etc.) and the same temperatures.

Typically, ice will shed more frequently from the tip areas due to the
higher centrifugal force and higher equilibrium temperature. It is also
apparent that, even considering the scatter in the shear strength, it is
unlikely that a whole blade would shed at once.

The ice thicknesses determined above can be compared with an "acceptable"
thickness based upon a rotor imbalance criteria of 0.1 g, which would be a
barely tolerable vibration level value for short time exposure.

Vibration Levels

First order estimates have been made of vibration levels associated with
asymmetric ice shedding, and the results are shown in Figures 6 through 8.
Figure 6 shows the vibration level for a four-blade main rotor, assuming
that various amounts of ice are shed from the outer half of one blade.

The vibration level is a function of the unbalanced weight, rotor assembly
weight, location of the rotor with respect to the center of gravity (cg)

of the aircraft, the moment of inertia of the aircraft, the damping charac-
teristics of the structure, and the rotor speed. To simplify the analysis,
the cg of the aircraft was assumed to be stationary and the fuselage was
assumed as a rigid body. The maximum vibration level, in terms of g's,
occurs at the rotor assembly and linearly reduces to zero at the cg. At
any other location, the vibration level is proportional to the maximum
level by the ratio of the distance from the location to the cg tc that
from the rotor to the cg.

The most critical unbalance case will be for the ice shed completely on
ornie blade or the rotor while the other blades remain unshed. However, as
observed earlier, this condition is considered to be highly unlikely and
has not been observed during any flight tests. Therefore, the case analyz-
ed for the main rotor has ice shed only on the outer half of one blade.

As for the tail rotor, the effects of ice shed from both the outer half
and one whole blade were calculated.

10
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The vibration levels, shown in Figures 6 and 7, are the maximum values
occurring at the rotor assembly. The level which can be felt in the cockpit
depends upon the relative location of the cockpit with respect to the center
of gravity of the aircraft. For example, on one aircraft, the vibration
produced by the tril rotor is attenuated approximately 46 percent at the
copilot's station and only 30 percent at the pilot's station.

Vibration levels are influenced by the number of blades, as shown in Figure
8. As expected, the vibration level decreases with an increasing number of
blades (for a constant rotor mass) since the unbalance represents a smaller
percentage of the mass., It is difficult to compare the absolute effects
among rotors with different numbers of blades since the rotors are designed
for different aircraft configurations. 1In order to have a meaningful com-
parison, the calculation is assumed for the same aircraft fitted with
different rotor assemblies which differ only in the number of blades with a
proportional change in rotor weight. The results are shown in Figure 8.

Figure 9 shows tolerable vibration levels based upon the human factors
criteria of Reference 3. Unbalance allowables from a fatigue standpoint
are approximately .035 g, and the short term structural allowables are
approximately 0.1 g. Thus, the crews are more limiting than the structure
for vibration and represent a fortunate operational safety factor.

While the self-shedding configurations assumed in the analysis may not be
precisely representative of the actual random ice-shedding pattern occurring
under flight test conditions, the analytical results are very useful as a
guide to the designer in assessing the magnitude of the problem and deciding
whether ice protection provisions are required for the rotor blades. Based
on the results presented herein, it has been concluded that for cases where-
in ice shedding is induced solely by centrifugal forces, an ice protection
system is required to control the shedding pattern, and thus ensure that
blading balance is maximized. In this manner vibration can be held to
levels that can be tolerated by the crew.

2.1.4 Results of Flight Tests in Icing Conditions

The Icing Helicopter Spray Rig of the National Research Council of Canada
(NRC) at Ottawa offers the most suitable ground test facility to experimen-
tally evaluate the sensitivity of rotary-wing aircraft to ice accretions.
The facility can accommodate helicopters to a 55-foot blade diameter.
Although the cloud width at the spray nozzles is 75 feet, the cloud contracts
at the helicopter hover location to approximately 4O feet. Therefore, for
vehicles with a blade diameter larger than 40 feet, judicious interpretation
of test results is required. The icing tests are conducted at the prevail-
ing local ambient temperature, and the droplet size can be varied within
the 30 to 60 micron range at a liquid water content (IWC) of up to 0.9
gram/cubic meter.

More expensive and/or time-consuming alternatives to hover icing tests at
the Ottawa spray rig are helicopter flight tests in simulated icing condi-

17



TRACIUC) JOJ TDAST UOTIBIYT, UMUIXB) SA swurl a2ansodxy ATIRg

S1°0

5.6 - LIOIWOD 404 13ATT NOILVIGIA WNWIXYW

oL'o

‘6 oaAn3dTd

al ..-.n..”

MEAE e d G I L) E Y

dH-IWIL INSOdXI ATIVa

18



tions behind an aircraft-tanker or flight tests under natural icing cloud
conditions.

References 4 and 5 which report cn flight tests of unprotected rotor systems
for the Bell HTL-4 and the Sikorsky HOLS-2 at the Ottawa Spry Rig have been
reviewed.

Bell HIL-4 Icing Tests

The Bell vehicle had a 35-foot main rotor diameter, a 300-hp Franklin engine,
and an all-up weight of 2,180 pounds (includes pilot and observer). Figure
10 is a typical plot from Reference L, showing the increase in horsepower
required while accreting ice; Figure 11 shows the associated ice thickness
distribution at the time of landing. At the time these tests were made
(1955), NRC did not have a calibration of the icing cloud parameters for
the spray rig; thus the only meteorological parameter reported is an ambient
temperature of 12°F, In addition to hover tests in the spray rig, five
autorotational descents were made with sufficient ice on the blades to make
hovering flight marginal without ground effect. The rate of descent was
increased as much as 30 percent because of a near-critical ice accretion on
the blades (where a critical ice accretion was defined as one just suffi-
cient to make hovering impossible out of ground effesct at maximum engine
power). Vibrations of an uncomfortable nature were encountered on about a
third of the flights (mostly at the higher temperatures). On two occasions
they were of sufficient severity to prompt the pilot to discontinue the
tests., Generally, the onset of noticeably higher levels of vibrations
coincided closely with the event leading to termination of flight (the
requirement for full throttle accompanied by a decrease in rotor speed).
From Figure 11, it is noted that all of these adverse effects occurred with
less than 1/8 inch of ice on the main rotor system, and Reference 4 con-
cluded that "the performance of this type of helicopter is extremely
susceptible to small amounts of rotor blade icing over a wide range of
conditions."

Sikorsky HOLS-2 Icing Tests

The Sikorsky helicopter had a 53-foot main rotor diameter, a 550-hp Pratt
and Whitney Wasp engine, and a design gross weight of 6,490 pounds (some
flights were made with takeoff weights up to 7,200 pounds. Figure 12 is

a typical plot from Reference 5, showing the increase in power requirements
as a function of time. About every 6 minutes there would be typically an
abrupt decrease in power required as a result of some shedding (the minor
variations are due to wind gusts). Since this aircraft had a larger power
margin than the Bell machine, it was possible to achieve flights of up to

1 hour duration at the higher ambients and wind speeds due to frequent self-
shedding. (Had no self-shedding occurred, little more than 6 minutes of
flight would have been possible due to a limitation of 33.8 inches Hg mani-
fold pressure.) However, the level of vibration rose to such an extent on
several occasions that the flight had to be terminated for structural
considerations. The most severe vibrations were attributed to asymmetric

19
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self-shedding of ice from the tail rotor. Unbalance of the main rotor blades
did not appear to produce vibrations of an excessively unpleasant nature,
owing to the low frequency (about 3 cps) and the fact that asymmetry was
never excessive. Greater asymmetry of self-shedding, on the other hand,
occurred from the tail rotor. One flight was discontinued when a momentary
violent loss of control occurred, during which the helicopter plunged side-
ways out of the cloud before control was regained.

While no evidence was obtained as to the ekact cause of this control loss,
two explanations were: (1) early onset of blade stall aggravated by wind
gusts; or (2) some ice accreting on the sloppy link of the main servo and
subsequently removed by the ensuing motion of the controls. On one occasion,
ice thrown from the tail rotor self-shedding had struck and dented the port
stabilizer., At the completion of a number of icing flights, some difficulty
was encountered with the droop stops on shutting down. With the centrifugal
weights of the droop stop mechanism in their extended position in flight,
even a light ice accretion on parts of the mechanism prevented full engage-
ment of the stops when rotor rpm was reduced before shutting down. A certain
amount of stick stirring by the pilot, however, would overcome the problem.
Autorotational descent tests confirmed the 30 percent increase in descent
rate observed with the Bell aircraft.

Kaman HU2K-1 Icing Tests

The HU2K-1 helicopter was tested in the Ottawa Spray Rig during December 1960
(Reference 6). The aircraft had a 1/2-inch mesh screen covering the engine
inlet. This screen iced very rapidly. The inlet system had alternate
blow-in doors that automatically open when the plenum pressure reaches a
-10 in. H.0 (of which approximately 6 in. H.0 is due to ice). As seen from
Figure 13, this would occur within two minutes. Icing of the pitch locks
and droop stops was also a problem. The test aircraft was fitted with a
wire embedded heating element in a neoprene rubber blanket for the rotor
blades, but a number of runs were made with the system off. The self-
shedding ice from the blades did cause damage. Some bad and many small
teil rotor dents were caused by ice shedding from the main rotor, and a

few dents were made in the main rotor from ice shed from the tail rotor.
Some of the dents were severe enough to require blade replacement. Asymme-
tric tail rotor shedding also caused heavy vibrations, although vibrations
from the main rotor were not felt to be serious.

Sikorsky HH-53C Icing Tests

Reference T reports Category II icing tests on the HH-53C helicopter in 1971.
These tests were conducted behind e KC-130 tanker and in natural icing.

For this aircraft (about 30,000 pounds gross weight), vibration levels due
to ice accretion on the blades were acceptable, but there was repeated
damage to the tail rotor from ice shed from the main rotor. Damage to the
main rotor from tail rotor shedding was mimimal.

23



Figure 13.

SCREEN ICE SUFFICIENT
TO CAUSE BLOW-IN
DOOR TO OPEN

RUN 7-2
TEMP  -7.9¢

LW.C 05gm/m?3
TIME IN ICING 2min

HEAVY SCREEN ICING

Kaman HU2K-1 Engine Inlet Screen Icing.
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Lockheed AH-56A Icing Tests

These tests were conducted at the Ottawa Spray Rig in February 1969 and are
documented in Reference 8. The presence of rotor blade ice buildups was
readily detectable by the pilot since it was evidenced by a noticeable in-
crease in airframe 1P vibration; there was, however, no deterioration in
stability or control power. These ice buildups on the rotor blades were
readily controlled by the application of small, rapid cyclic inputs (pitch
or roll) to flex the blades and shed the ice. This is a relatively safe
procedure for this rotorcraft since the main rotor coning angle is such that
ice shed from the blades clears the tail rotor and propeller. Also, the
ice was shed upon pilot command while the accumulation was relatively
light. As a result, the overall operation of the vehicle was satisfactory
within the range of climatic conditions encountered during the test program.
The ability of the AH-56A pilot to readily control ice shedding from the
rotor blades and thus promote a greater tolerance to icing for the AH-S56A
as compared to other helicopter models may be due to the unique in-plane
and flapping characteristics of the AH-56A rigid-rotor system. Whereas the
rigid-rotor system is hingeless and the flapping mode of the rigid-rotor
blades is accompanied by considerable flexing of the blades, the other
rotor systems incorporate hinges or pins that do not permit blade flexing
and result in different flapping and/or in-plane frequencies. In the case
of the OH-58 teetering rotor, which is solid with a pin at the hub permitt-
ing "teeter-totter" action, the in-plane frequency characteristics are
similar to those of a rigid rotor. However, the rotor flapping characteris-
tics are different from those of the AH-56A, and no blade flexing can be
induced. 1In the case of the CHSS-2 and Superfrelon articulated rotor systems,
as a result of action of blade hinges, no blade flexing is possible and both
the in-plane and flapping blade frequencies are different from those of the
AH-50A. Although plausible, available experimental data is not sufficient
to fully verify the hypothesis relating to the cause of the different be-
havior of the AH-56A rotor under icingconditions. To fully resolve this
question more testing would be required.

Sikorsky S61N (Commercial Version of SH-3)

BEA Helicopters Ltd. aof England conducted extensive S61N flight tests under
natural icing conditions during January/April 1971 (Reference 9), As a
result of these tests, BEA received official clearance from the British
Civil Aviation Authority (BCAA) to operate the S61N in icing conditions
down to minus 5°C (23°F). These icing trial tests in 1971 consisted of 18
flights, of which 27 hours were flown in actual icing conditions out of a
total of 30 hours 20 minutes. On flights 1 to 9, the aircraft was loaded to
approximately 17,500 pounds, and for flights 10 to 18 the takeoff weight
was approaching the maximum of 19,000 pounds. Most of the flying was done
in stratiform type clouds associated with frontal depression type weather
conditions.

Changes in directional control settings were required to remain within the
cloud. The vertical height of the icing conditions varied from the 2000-
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foot level to 7000 feet and temperatures varied from 0°C (32°F) down to
-12°C (10°F). Icing conditions encountered varied from light to severe
glazed and/or rime type ice, some moderate snow, and heavy sleet/rain at
temperatures jusv below 0°C (32°F). The icing test flights were performed
over the sea to permit descent to warmer temperatures at low altitude where
the effect of ice shedding could be observed.

On landing after each flight, the main and tail rotors were found to be clean
down to the root ends, but substantial ice deposits were always obvious on
pitch change rods, droop stops, damper and bifalar weights. The engine air
inlet ice deflector and the anti-icing system were found to be satisfactory
for operation in icing environments down to -10°C (14°F). Perhaps the most
significant observation made as a result of these tests, which is not found
in icing test reports of other helicopters, is that "the weight of airframe
ice and drag (due to ice) at high speed may well be an important factor."
There was a marked increase in excess power required (with respect to power
level for clear air flight) when entering icing conditions at normal cruis-
ing speeds. Therefore, to reduce the excess power, it was recommended that
during fligint in icing, the maximum permissible speed be reduced by 40 to
50 knots and the ability to autorotate be retained at all times. At the
high forward speed (110 knots), increased vibration levels were experienced.

On the other hand, the worst case of icing at the slower speed (60 to 70
knots) was not accompanied by increased vibration levels. This suggests
that for the SO1N, vibration may not be a reliable indicator of the presence
of ice on the rotor blades.

The following modifications were considered essential to operate the S61N in
icing conditions:

1. Introduction of HF aerial restraint.

2. Introduction of a second more accurate outside air temperature
gage.

3. Introduction of the Teddington "Hot Rod" (a small ice detection
probe which is mounted in front of the forward windshield. An ice
buildup observed on the small-diameter cylindrical probe provides
a visual indication of the presence of icing conditions. To
monitor the presence or absence of icing conditions and the
approximate intensity of such conditions when encountered, the ice
accretion on the probe is periodically removed by pilot-activated
electric heating).

4, Introduction of rear-view mirrors to enable observetion of the
pitot mast and front of the engine inlet ice deflector.

General Trend of Icing Test Results as Related to Rotor Icing

Changes in aircraft drag, lift, pitch, roll, controllability, and vibration
levels which may be caused by ice formations are important criteria in
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establishing the need for rotor ice protection. Another criterion is the
degree of potential structural damage that can be inflicted on the main
rotor by uncontrolled ice shedding from the tail rotor, or vice versa.
Potential damage to the fuselage, flight probes, and engines is another
important consideration.

A review of the Ottawa icing flight test results, with respect to airframe
and rotor icing, revealed a definite trend which is related to the gross
takeoff weight of the rotary-wing aircraft:

1. The larger the vehicle and the higher the available power margin,
the more tolerant the vehicle is to ice forming on unprotected
rotor surfaces.

2. A helicopter geometry wherein the main rotor coning angle is
designed so that ice shed from the blades clears the tail rotor,
engine inlet, and other vehicle components is conducive to greater
safety during icing encounters.

3. The basic design of the rotor configuration (rigid rotor versus
teetering or articulated rotor) may imply the rotor blade ice
protection requirements.

For those helicopter designs having a sufficient power margin during cruise
and hover, the drag rise caused by icing is, in itself, not considered
sufficient justification for ice protection, This is true if it can be
demonstrated that the controllability characteristics are not adversely
affected, and that the vibration level and potential structural damage,

due to uncontrollied rotor self-shedding of ice, are within tolerable limits.

The Ottawa icing flight test results indicate that small vehicles, such as
the OH-6 and the OH-58A (which have gross takeoff weights up to approxi-
mately 7000 pounds) are ultrasensitive to icing because they experience a
rapid degradation in aerodynamic characteristics and handling qualities,
and significant increases in vibration levels. These small vehicles cannot
tolerate any prolonged icing encounters. For example, Ottawa icing flight
tests of the OH-58A were aborted due to unacceptable 1lift and/or stability
and excessive rotor vibrations. Of the five OH-58A flights conducted at
Ottawa, one flight in the cloud was as short as 1.0 minute, and the longest
was only 7 minutes (Reference 10).

These icing tests revealed that for rotary-wing aircraft with gross takeoff
weights in the approximate range between 7,000 and 12,000 pounds, such as
for the Bell UH-1 and Kaman UH-2, degradation of the aerodynamic character-
istics and handling qualities represents a lesser hazard, particularly for
icing encounters of moderate duration. However, for this class of aircraft
the vibration levels under icing conditions deteriorated and damage to the
main or tail rotor due to icing caused concern (Reference 6). Thus, it
appears that for helicopters with a gross takeoff weight in the 7,000- to
12,000-pound category, the vibration level may dictate ice protection pro-
visions for both main and tail rotors.
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Finally, on heavy vehicles that were tested at the Ottawa Icing Spray Rig,
such as the HH-53, CH-54, and CH-L7, the aerodynamic characteristics and
vibration levels were found to be within acceptable limits after 0.5 hour
or longer in icing. The greater tolerance of larger vehicles to icing
during the tests at Ottawa may have been enhanced by the fact that the spray
rig cloud diameter is too small to retain the entire rotor within the cloud.
However, damage to the main and/or tail rotors due to uncontrolled ice
shedding was observed on some of these vehicles., Also, to prevent ingestion
of rotor-shed ice into the engine, special Foreign Object Damage (FOD)
deflectors had to be installed at the engine inlets of some large vehicles
(Reference 7). It is concluded, therefore, that for vehicles with gross
takeoff weights in excess of 14,000 pounds, the governing criterion for ice
protection appears to be structural damage of the main and tail rotors and
the engine due to uncontrolled ice shedding from the blades. The relative
location and geometry of the two rotors with respect to one another and with
respect to the engine inlet influence to a large extent, the degree of
potential damage that can be inflicted.

In swnary, experimental data indicate that to assure adequate aerodymamic
and handling quality margins, tolerable vibration levels, and elimination
of engine and rotor damage due to ice shedding, teetering and articulated
rotor grstens rajulre ilce protection to afford all-weather capability with-
out regtrictions. On heavy vehicles this need is largely dictated by the
fact that on teetering and articulated rotors, ice shedding is caused solely
0 centrifugal forces and cannot be controlled without rotor deicing systems.
Cyelic deicing on rotor blades 1s acceptable if the ice buildup thickness
between shedding cycles is limited to approximately 1/4 inch. On heavy
vehicles with rigid-rotor systems wherein controlled ice shedding can be
pilot-induced by a combination of centrifugal forces and blade flexing,
rotor lce protection may be deleted without apparent detrimental effects

to vehicle safety.

Engine Inlet Icing

Helicopter turbine engine inlets have two unique features which distinguish
them from conventional fixed-wing aircraft: (1) a much higher sensitivity
to ingestion of ice shed from the basic airframe, and (2) the use of sand
and dust particle separators (also, the engines are of smaller scale than
those on fixed-wing and commercial aircraft; thus their structural members
are generally less rugged). Common practice has been to locate the engine
inlet at the top of the fuselage behind the cockpit or flight station.
Thus, any ice which slides along the fuselage ahead of the inlet would be
ingested. This problem has been noted on the CH-53 and CH-46 aircraft.
The approach taken to solve this problem has been the incorporation of FOD
deflectors at the engine inlet, bringing the air in at right angles to the
airstream. This approach, however, results in serious propulsion perfor-
mance penalties since there is a negative ram pressure recovery at the
engine front face. Moreover, tests in the Canadian NRC spray rig on the
SH-3D, CHSS-2 and CH-53 have indicated unsatisfactory large accumulations
of ice on certain interior surfaces of the deflectors, thus creating a
further hazard.
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Ice accretion tests of engine air particle separator systems (EAPS) consist-
ing of multiple inertial separator modules have been run for the design
incorporated on the CH-54A/B (Figure 14). The system incorporates the
Donaldson filter design, and an inlet assembly was tested in the NASA-Lewis
Research Center Icing Tunnel in December 1970 (Reference 11). The unit was
tested at a tunnel airspeed of 110 knots, and the ram performance under
various icing conditions is shown in Figures 15 and 16. With the protective
screens at the filter inlets removed, it is seen that the tunnel results
show a "favorable" effect due to icing for an initial period of time (e.g.,
there is a ram pressure gain in the EAPS plenum over the clear configuration).
This very surprising result has been attributed to the growth of the ice
forward from the filter inlets causing a rem tunnel type of buildup, par-
ticularly at the lower tunnel (total) temperatures as shown in Figure 17.

The HH-53C also had an EAPS filter installed on the engine inlet (Reference
7), and no serious performance effects were noted on the aircraft. In
fact, it was reported that "the ice that formed on the EAPS were self-shedd-
ing in flight. This was confirmed by simultaneous observations from both
the chase helicopter and the photo observer who saw noticeable decreases in
the static differential pressure reading as the ice was shed". Another
icing flight test with an EAPS system was that on the OH-58A (Reference 10),
where the vehicle was tested on the NRC Spray Rig. Unfortunately, that
aircraft is so sensitive to main rotor ice accumulation and tail rotor vibra-
tion that the limitations of the EAPS could not be determined. Of the five
flights conducted at Ottawa, one was as short as 1.0 minute in the cloud,
and the longest was only 7 minutes. The Bell tests showed increases in
filter pressure drop - averaging about 2 inches of H0 (a 1-percent loss in
engine power).

The design of the vortex inertial separators used with their high efficiency
collection surfaces would suggest a high likelihood of rapid icing, partic-
ularly in view of experience with screen icing; and while the Navy considers
CH-54 flights of up to 1/2 hour in icing safe as a result of the Lewis
tests, further testing is recommended to explore a wide variety of icing
conditions, especially just below freezing.

Flight Sensors

While anti-iced pitot-static probes are presumably a well-developed compo-
nent, Reference 12 reports difficulty with the installation during icing
tests of the CHSS-2 in 1970. Icing of the probe near the static ports
caused airspeed indicator fluctuations and malfunctions of barometric
altitude stabilization of the automatic stabilization equipment. The cause
of this icing was an installation peculiarity of the probe rather than a
defect in its anti-icing capability, and illustrates the need to carefully
consider all factors of a component installation in determining the need for
ice protection. The probe itself apparently met Military Specification
requirements, but a collar around it was cold. This occurrence is worth-
while, however, in demonstrating the need for adequate pitot-static anti-
icing.
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Figure 1h.

CH-54 EAPS Installation in NASA Icing Tunnel.
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2.2 ACCIDENTS CAUSED BY ICING

Information on civil aircraft rotary-wing accidents attributable to icing
is shown in Figure 18. A relevant statistic in addition to the data con-
tained therein is the number of Canadian helicopte:r accidents per year,
which average LO. Thus an average of 7 percent of the helicopter accidents
were due to icing, with about two-thirds believed due to blade icing. The
U. S. civil records for the years 1968 - 1970 showed that approximately 2
percent of the helicopter accidents were attributed to icing (15 icing
accidents out of a total of 786 rotorcraft accidents). The bulk of the
accidents were believed to be due to carburetor icing, and thus the data
are somewhat at variance with the Canadian experiences., In addition to the
accident data, the Canadian Ministry of Transport has accumulated 27 pilot
reports of "incidents" due to icing. Of these, 7 reported noticeable
vibration, and 10 showed deterioration of rotorcraft control effectiveness.
There does not appear to be similar information on military aircraft since
no models are cleared for flight in icing (apparently chance encounters are
not reported).

2.3 COMPONENTS REQUIRING ICE PROTECTION

The rotary-wing aircraft components and surfaces which are subjected to
some degree of ice accretion are shown on Figure 19. In view of the acci-
dent records, the probability of encountering ice worldwide (discussed in
the next section), operational experience in the field, flight test experi-
ence from the Ottawa Icing Rig, and the general prohibition of flying
unprotected vehicles in icing conditions, conclusions have been drawn with
respect to the needs for ice protection and the areas requiring ice protec-
tion.

1. Engine induction system, windshield, and flight sensor ice pro-
tection should be mandatory.

2. No uniform ground rules can be established on the necessity for
main and tail rotor protection, but such a capability should be
available on test aircraft in order to provide a high confidence
level for flight testing under natural icing conditions. A pre-
liminary determination on the necessity for main and tail rotor
protection for individual helicopter models must be based on
experimental results from one of the following: the Ottawa
Spray Rig, flight in simulated icing conditions behind an aircraft
tanker, or flight under natural icing conditions. However, the
general trend of sensitivity of helicopters to icing in terms of
vibration level, aerodynamic efficiency, and handling qualities
is known: (1) the larger the vehicle and the higher the engine
power margin, the more tolerant it is to ice forming on unprotect-
ed rotor surfaces; (2) a rotorcraft geometry wherein the main
rotor coning angle is such that ice shed from the blades clears
the tail rotor, the engine inlet, and other vehicle components is
conducive to greater safety during icing encounters; and (3) the
basic design of the rotor configuration (rigid versus teetering
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or articulated) may mean the difference between the need for and
the deletion of rotor blade ice protection. This has not been
fully substantiated (extensive operational experience in icing
may ultimately be required to fully settle the question of rotor
jice protection for individual models).

Components and surfaces of rotary wing aircraft that require ice protection
are shown in Figure 20.

37



*uoT309301d 20 Butatnbay ATTeISUSD SBOIY STOTUSA °O2 InITd

a av M
1903 ONIaVIT DOMNIM 380%d LOLId

- ...L.u.l - 3 .\‘\_ ¥ ......
e < Q13IHSANIM

T 4O LOY MNIYW

¥3ZNIEvLs IWINOZINOH

38



SECTION 3 PROBABILITY AND SEVERITY OF ICING CONDITIONE

Of major importance in determining the need for ice protection on Army
rotary-wing aircraft is an analysis of the probability of encountering

icing in various potential operational theaters. Therefore, this section
contains a discussion on worldwide icing probabilities during various

times of the year, a discussion of the meteorological parameters pertinent
to an analysis of icing severity, a review of statistics on icing severity,
and recommendations of meteorological criteria to be used for cystem design.

3.1 WEATHER CONDITIONS CONDUCIVE TO ICING

The most useful information relating to weather conditions conducive to ice
formation on aircraft is found in References 13 and 14. Information from
these two sources has been utilized in the following discussion.

Ambient Conditions and Cloud Considerations

Clear and rime ice were observed to form at mountain observatories long
before the first aircraft flew. Reference 15, for example, noted that the
formation of ice was associated with clouds at ambient temperatures below
0°C and that these clouds consisted predominantly of liquid water drops.
Later studies at mountain observatories and on aircraft confirmed that the
meteorological factors conducive to icing of aircraft are determined by:

1. supercoolea water content

2. temperature and humidity level

3. 1ice crystal content

4, droplet and crystal size distribution

The atmospheric distribution of potential aircraft icing zones is mainly a
function of temperature and cloud structure. These factors, in turn, vary
with altitude, synoptic situation, orography, location, and season.

It is widely accepted that aircraft icing is limited to the layer of the
atmosphere lying between the freezing level and the -40*C isotherm. Icing
has occasionally been reported at temperatures lower than -4O*C in the
upper parts of cumulonimbus and other clouds. In general, the frequency
of icing decreases rapidly with decreasing temperature, becoming rather
rare at temperatures below -30°C. The normal vertical temperature distri-
bution in the atmosphere is such that icing is usually restricted to the
lower 30,000 feet of the troposphere.
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Supercooled droplets have diameters varying from a few microns to a few
millimeters. When such droplets impinge upon a surface, freezing is ini-
tiated. At surface temperatures near but below 0°C, and especially with
large drops, the freezing process may be relatively slow, and the drop has
time to spread over the surface before losing all the liberated latent heat
and before freezing is completed. This process produces a clear ice for-
mation bonded firmly to the surface and often referred to as glaze ice.

At low temperatures most droplets are small and freeze essentially on im-
pact; ice at low temperature is formed in great numbers of discrete parti-
cles with air entrapped between the particles to produce a white crystalline
deposit known as rime ice. This rime ice has a low apparent density and
is easily broken away from the surface., Statistical summaries of flights
at 10,000 feet and 18,000 feet indicate that clear ice formed 10 percent

at the time, clear-rime mixture 17 percent, rime 72 percent and frost 1
percent.

Aircraft icing can occur in stratiform or cumuliform clouds. Icing in
middle- and low-level stratiform clouds is confined, on the average, to a
layer between 3,000 and 4,000 feet thick. The intensity of the icing gen-
erally ranges from a trace to light, with the maximum values occurring in
the upper portions of the cloud. Both rime and mixed icing are observed
in stratiform clouds. The main hazard lies in the great horizontal extent
of some of these cloud decks. High-level stratiform clouds are composed
mostly of ice crystals and give little icing.

The zone of probable icing in cumuliform clouds is smaller horizontally
but greater vertically than in stratiform clouds. Further, icing is more
variable in cumulif'orm clouds because many of the factors conducive to
icing depend to a large degree on the stage of development of the parti-
cular cloud. Icing intensities may range from generally a trace in small
supercooled cumulus to of'ten light or moderate in cumulus congestus and
cumulonimbus. The most severe icing occurs in cumulus congestus clouds
just prior to their change in cumulonimbus. Although icing occurs at all
levels above the freezing level in a building cumwlus, it is most intense
in the upper half of the cloud. Icing is generally restricted to the up-
draft regions in a mature cumulonimbus, and to a shallow layer near the
freezing level in a dissipating thunderstorm. Icing in cumuliform clouds
is usually clear or mixed (Reference 16). Aircraft icing rarely occurs in
cirrus clcuds, some of which do contain a small proportion of water drop-
lets. However, icing of light intensity has been reported in the dense
cirrus anvil-tops of cumulonimbus, where updrafts may maintain considerable
water at rather low temperatures.

Frontal Systems

In general, frontal clouds have a higher icing probability than other
clouds. It has been estimated that 85 percent of the observed aircraft
icing occurs in the vicinity of frontal zones. Usually, the greatest hor-
izontal extent of icing is associated with warm fronts, and the most in-
tense icing with cold fronts.
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Warm frontal icing may occur both above and below the frontal surface.
Moderate or severe clear icing usually occurs where freezing rain or
freezing drizzle falls through the cold air beneath the front. This con-
dition is most often found when the temperature above the frontal inver-
sion is above 0*C and the temperature below is below 0°C. Icing above the
warm-frontal surface, in regions where the cloud temperatures are lower
than 0°C, is usually confined to a layer less than 3,000 feet thick. Jones
(Reference 17) found a definite possibility of moderate icing, usually
mixed or clear, within 100 to 200 miles ahead of the warm-front surface
position. This was particularly noticeable for fast-moving, active, warm
fronts. Light rime ice was noted in the altostratus up to 300 miles ahead
of the warm-front surface position.

Whereas warm-frontal icing is generally widespread, icing associated with
cold fronts is usually spotty (Reference 18). Its horizontal extent is
less, and the areas of moderate icing are localized. Clear icing is more
prevalent than rime icing in the unstable clouds usually associated with
cold fronts (Reference 17). Moderate clear icing is usually limited to
supercooled cumuliform clouds within 100 miles to the rear of the cold-
front surface position and is usually most intense immediately above the
frontal zone (Reference 19). Light icing is often encountered in the ex-
tensive layers of supercooled stratocumulus clouds which frequently exist
behind cold fronts. Icing in the stratiform clouds of the widespread
anafront type of cold-front cloud-shield is more like icing associated
with warm fronts.

Icing cecnditions associated with occluded and stationary fronts are simi-
lar to thcse of a warm or cold front, depending on which type the occlu-
sion or stationary front most resembles. Moderate icing conditions are
frequently associated with deep, cold, low-pressure areas in which the
frontal systems are quite diffuse (Reference 19).

Icing is more prevalent in maritime than in continental air masses, and
is more hazardous in regions of instability (Reference 20).

Effect of Dew Point and Precipitation

Statistics from a number of sources suggest that the spread between the
dew point and the dry bulb temperature at flight level can be used as an
indicator of aircraft-icing occurrence. Table II shows the probabilities
of icing occurrence and intensity as related to the dew-point spread, the
flight-level thermal advection*, and the presence of building cumuliform

ouds. Considering only the dew-point spread, there was an 84 percent
probability that there would be no icing if the spread were greater than
3°C, and an 80-percent probability that there would be icing if the spread
were less than 3°C.

*¥Advection is defined here as the rate at which the isotherms appear to be
transported by the upper-level contours, i.e., -(v.VT) at flight level.
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TABIE II. ICING INTENSITY AS RELATED TO TEMFPERATURE DEW-POINT
DIFFERENCE (PROBABILITY IN PERCENT)
Temperature Dew-Point Difference
<3*C >3%C

Condition of No Trace | Light [Moderate | Severe| No Trace

Flight Level Icing | Icing | Icing | Icing Icing |Icing | Icing
Cold-Frontal Zone* 0 18 45 35 2 67 33
Cold-Air Advection 10 33 Ly 13 0 54 46
Neutral Advection 22 T 29 3 0 100 0
Warm-Air Advection 67 20 13 0 0 100 0
Building Cumulus 0 6 70 24 0 - -
Overall 20.5 | 30.5 35.5 13.0 0.5 | 84.0| 16.0
¥Most intense cold-air advection occurs in cold-frontal. zone.

The type of thermal advection or the presence of building cumuliform clouds,
taken in conjunction with the dew-point spread, showed a definite associa-
tion with the occurrence and intensity of aircraft icing. When the dew-
point spread at flight level was 3°C or less in areas of warm-air advection,
there was a 67-percent probability of no icing, 20-percent and 13-percent
probabilities of trace and light icing, respectively, and no probability of
moderate icing. By contrast, when the dew-point spread was 3°C or less at
flight level in a cold-frontal zone, the probability of icing approached
100 percent. There was also nearly 100 percent probability of icing in
building cumuliform clouds when the dew-point spread was 3°C or less.

With a dew-point spread greater than 3°C, trace icing was about 4O percent
probable in regions of cold-air advection while there was almost 100 per-
cent probability of no icing in regions of neutral or warm-air advection.

During NACA flight tests (Reference 21) to measure the physical properties
of icing, a trace of ice was reported in 80 percent of the observations in
clouds over steady precipitation areas, and light icing was reported in
only 20 percent of the observations. In stratiform clouds over areas with-
out precipitation, the observed percentages were just the reverse. How-
ever, Air Force investigators (Reference 19) found that the presence of
precipitation does not necessarily mean that the icing will be trace. If
the vertical motion caused by frontal slopes, terrain, or surface heating
is sutficient to maintain a constant supply of supercooled water droplets,
light or even moderate icing can be present in clouds over areas of steady
precipitation. Table III based on flight-test data (Reference 19 ), shows
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the probabilities of various intensities of icing when the dew-point spread
at flight level is 3°C or less and precipitation is present. Icing occurred
in 67.5 percent of the cases when there was no precipitation and 9L.5 per-
cent of the cases when there was precipitation.

Geographical and Seasonal Considerations

High or steep terrain, particularly mountains, causes icing to be more in-
tense than is usual under identical conditions over low, flat terrain (Ref-
erences 17 and 22)., Icing is greater over the ridges than over valleys and
greater on the windward side than on the leeward side. Moderate icing,
usually clear, is experienced in convective clouds over mountainous ter-
rain.

Windward, mountainous coasts in winter are especially subject to extensive
aircraft-icing zones. The lifting of the fresh maritime polar air by the
mountains results in the formation of more-or-less continuous supercooled
clouds. Also, the orographically-induced updrafts permit the air to sup-
port larger cloud droplets than otherwise, so that the icing is more
intense.

There is a wide variation between geographic areas in aircraft-icing poten-
tial due to area-to-area variations in temperature and available moisture.
For example, icing during the winter season is very frequent over the warm-
water areas off the east coast of continents, to the lee of large inland
water bodies, and over those western portions of continents where winds
transport ample moisture inland from the oceans (References 20, 23, 2k,

25, and 26), Because of the comparatively small amount of moisture in
winter arctic air and the small liquid-water content of clouds, icing is
seldom regarded as a serious problem in the arctic in winter (Reference
208

The distribution of Air Force aircraft accidents in which icing was a fac-
tor is shown in Figure 21 for the 13-year period ending 31 December 1958
(Reference 28). The greatest number of such accidents occurred in the Cen-
tral United States while the Northern Rockies and Plains ranked second. An
NACA study (Reference 25) of icing reports by civilian airlines in the U.S.
showed similar results.

Generally spesking, winter is the season of maximum, and summer the season
of minimum, aircraft-icing frequency. A similar seasonal variation is also
evident in the incidence of Air Force aircraft accidents involving icing.
Of the 114 aircraft accidents occurring from 1946 through 1958 in which
icing was a factor, 56 occurred in winter, 6 in summer, 25 in spring, and
27 in fall,

At 10,000 feet in the vieinity of this pressure surface, there is rela-
tively little seasonal variation over the northern portions of the North
Atlantic and North Pacific Oceans, which have a relatively high climato-
logical frequency of icing. However, comparatively large seasonal
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variation is found over the other ocean areas. Winter is the season of
maximum icing (more suitable temperatures) in these other areas, except
over the Arctic Ocean which has the maximum in summer (Reference 30) (tem-
perature and moisture too low in winter).

Because temperatures are almost always below freezing at 18,000 feet, sea-
sonal variations of icing at altitudes near this pressure surface are more
dependent on the seasonal variations of moisture than of temperature. The
summer-season icing maximum over the Arctic Ocean and the northern and
western portions of the North Atlantic and North Pacific Oceans results
from the higher moisture content of the air in summer than in the other
seasons. On the other hand, the maximum icing over the eastern ocean areas
is found in the fall, the season of greatest cyclonic and convective
activity.

3.2 WORLDWIDE ICING FROBARBILITIES

3.2.1 Potential Icing Conditions

The climatology of icing conditions for aircraft in flight is generally
categorized in terms of potential icing conditions, reports of actual icing
encounters, and the probability of icing conditions. Potential icing con-
ditions are defined as the presence of a cloud at a temperature <0°C and
> -30°C. The probability of icing is defined by Katz (Reference 30) and
Heath (Reference 31) as the product of the probability of potential icing
condition and the probability that icing would occur given the existence
of potential icing conditions. Each of these three aspects of the clima-
tology of icing are discussed in this section.

A necessary but not sufficient condition for the formation of ice on a
helicopter is the presence of a supercooled cloud. Hence, maps indicating
the frequency of occurrence of supercooled clouds also indicate the occur-
rence (Reference 32) of potential icing conditions. Such maps have been
published by Jailer (Reference 22), Figures 22-25; Ingram and Gullion (Ref-
erence 33), Figures 26-29; Guttman (Reference 2)); and Briggs and Crawford
(Reference 35), Figures 30-35. The significant differences between these
estimates are, in part, attributable to the differing altitudes and time
intervals used, but most of the differences are probably associated with
different interpretations of meager data. None of the authors are explicit
on the procedures used for determining the isopleths. All, however, caution
that the charts should be used in a qualitative sense only.

The basic problems associated.with the construction of maps such as are
given in Figures 22-35 are discussed in the following paragraphs. First,
it is important to know that the various National Weather Service meteoro-
logical stations do not directly measure or report the temperature in
clouds or whether the clouds consist of water droplets, ice crystals, or
a mixture of both. The maps of the frequency of occurrence of supercooled
clouds are made by combining the data on the relative frequency of below-
freezing temperatures with the data on the frequency of occurrence of
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WINTER

Figure 30. Winter Percentage of Probability of Temperature <0°C
Combined With More Than Half Cover of Cloud (Averaged
0-1000 Feet) (Ref. 35).
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Figure 31. Summer Percentage of Probability of Temperature =0°C
Combined With More Than Half Cover of Cloud (Averaged
0-1000 Feet) (Ref. 35).
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Figure 32, Winter Percentage of Probability of Temperature =0°C
Combined With More Than Half Cover of Cloud (Averaged
2000-5000 Feet) (Ref. 35).
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Figure 33. Summer Percentage of Probability of Temperature <O0°C
Combined With More Than Half Cover of Clouil (Averaged
2000-5000 Feet) (Ref. 35).
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Figure 34. Winter Percentage of Probability of Temperature =<-10°C
Combined With More Than Half Cover of Cloud (Average

2000-5000 Feet) (Ref. 35).
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Figure 35. Summer Percentage of Probability of Temperature <-10°C
Combined With More Than Half Cover of Cloud (Average
2000-5000 Feet) (Ref. 35).
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clouds presumed to consist of water droplets. The frequency of occurrence
of temperatures below 0°C is assumed to be independent of the frequency of
occurrence of clouds. The probability of occurrence of supercooled clouds
is the product of the probability of temperatures below freezin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>