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PREFACE

The US Army Aviation Engineering Flight Activity acknowledges
the outstanding participation of all who attended the Rotary
Wing Icing Symposium. The papers presented by the participants
were highly informative and of excellent quality. Their contri-
butions played a significant part in the success of the
symposium and achieved the aim of the conference to provide an
exchange of information concerning operational and test results,
testing methods and facilities, and protective measures.




PROLOGUE

Questions to authors and discussions were recorded on magnetic
tape. Recording system and procedural inadequacies rendered
certain portions inaudible. Mr. Hayden edited the tapes and
attempted to paraphrase the comments to convey the sense of the
conversation. Should any transcriptions inadequately describe
the intended comment or response, please direct your wrath to
Mr. Hayden and your written corrected texts to the US Army Avia-
tion Engineering Flight Activity for literal post publication.
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ANTI-ICING/DE-ICING REQUIREMENTS FOR ARMY

HELICOPTERS
CPT JOSEPH L. PIKE ANTI-ICING/ US ARMY AVIATION CENTER
DE-ICING REQUIREMENTS FOR ARMY ATTN: ATST-D-MS
HELICOPTERS FORT RUCKER, AL 36360

Good afternoon gentlemen, I'm Captain Pike from the office of the
Deputy for Developments, US Army Aviation Center, Fort Rucker,
Alabama.

Purpose:
A brief history of Army aviation

The Aviation Center/User needs that pertain to anti-icing/
de-icing equipment.

The Army Aviation Center's experience with the current icing
program and , . .,

Our anticipated course of action with this program in the
months ahead.

History

As many of you know, Army aviation has experienced a steady
growth since its birth on 6 June 1942, with a somewhat acceler-
ated rate having been experienced over the past 10 years. The
aircraft inventorv has grown from 10 L-4 observation aircraft,
the type which was used in World War II, to the current figure of
aporoximately 10,000 rotary and fixed wing vehicles, Our mission
has evolved from one of aerial observation to one of support for
all five of the ground combat functions, that is, Command Control
and Communications, Intelligence, Mobility, Firepower and Service
Support. This growth is attributed, both in terms of number of
aircraft and mission, to the valuable services Army aviation
rendered during World War II, the Korean War and the Vietnam
Conflict. As a result, Army aviation today is a proven member

of the Armv's fighting team. Wherever the United States Army
goes, so goes its organic aviation.

It is important to note that Army aviators have not forced this
growth., The case is quite the contrary, Army aviation has
flourished by responding to the needs of using ground units and
unit commanders. These commanders have initiated and demanded
many of the functions and missions that are today considered as
established doctrine and procedures. Our future success is
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dependent upon our ability to continue to meet these needs.
Background

Of particular interest here today, is the need for helicopters

capable of sustained operations in an icing environment. The

current fleet of Army helicopters do not possess such a

capability. However, if the helicopter is to be considered as an *
effective combat weapon in areas where these conditions often

prevail, such as Europe, the need for this capability is

obviously justified. The need is further justified by the fact

that those nations constituting the threet in the European

Theatre allegedly have an anti-ice/de-ice capability with their

rotary wing aircraft.

This is not a new requirement nor a recently discovered problem
area. Many of the industries and DOD agencies represented here
today have conducted studies on helicopter icing and/or tested
a variety of prototype systems. Bell Helicopter, for example,
began gathering data in this area over 20 years ago.

User Needs

We at the Army Aviation Center became involved with the helicop-
ter "Icing Problem" in 1968 in response to a deficiency noted by
the United States Army in Europe. The crux of the problem, as
stated by USAREUR, was that the lack of an anti-ice/de-ice
capability presented a significant deterrent to helicopter
missions in their area of operations. The problems and conse-
quences associated with this deficiency were later highlighted:"
in a letter between 15th Aviation Group and USAREUR safety
officer. The significant points were: (1) Weather conditions
in Germany are subject to rapid change, making them difficult to
forecast. As a result, aviators are often caught in isolated
local weather conditions. (2) 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. (3) The topography of
West Germany is characterized by severe changes in terrain
elevation and when combined with low ceilings and icing condi-
tions difficult flying conditions exist, (4) Presently, the
only means that helicopter pilots have to cope with such a
combination of problems is to avoid the regions characterized by ~
this adverse combination of weather and terrain.

As the user representative and in an attempt to resolve the
deficiency, the Aviation Center researched in excess of 70

6




documents on this subject. Our findings, quite obviously, were
that there were no existing means of satisfactorily correcting
the situation. Therefore, we drafted a Qualitative Materiel
Development Objective (QMDO), a requirements document, in June
1968 to initiate research and development in this area. The goal
was for a system that would provide protection against moderate
icing conditions. The QMDO was approved by Department of Army in
August 1969 and the development responsibility was subsequently
assigned to the United States Army Air Mobility Research and
Development Laboratory (USAAMRDL).

Their approach to the problem, in essence, was to follow the
recommended course of action outlined by the QMDO Plan. That is
to conduct: (1) A detailed study to determine the environmental
conditions conducive to moderate icing. (2) Further studies to
determine the type of ice detection and protection that would be
most advantageous for VIOL aircraft in military missions. To
include data on maintainability, reliability, cost effectiveness,
aerodynamic penalties, degree of modification to existing aircraft
and weight. (3) Installation of prototypes on a test bed with
tests being conducted both in ice wind tunnels and using a spray-
ing rig, these tests then were to be followed with tests in
natural icing conditions.

Once the program was funded, which wasn't until fiscal year 1972,
the developer proceeded to accomplish these tasks. The recommen-
ded preliminary studies have been completed, with the follow-on
tests and prototyping currently being accomplished through the
efforts of our host, the Aviation Systems Test Activitv, and the
Lockheed Company of California.

Lockheed's system is currently under development and is scheduled
to be tested in January and Feburay 1975. The Aviation Center

is optimistically looking forward to the January and February
1975 tests. We are hopeful that the system will prove feasible
thereby placing the program closer to the objective of getting
this equipment to the field units where it is so badly needed.

The fact remains, however, that the needs of the Aviation Center/
User for anti-ice/de-ice equipment, are basically the same today
as they were when we drafted the QMDO in 1968. That is, we need
a system that is capable of resolving the following problems in
conditions up to and including moderate icing: (1) Severe
vibrations caused by asymmetric shedding of ice from the rotor
systems. (2) A gradual deterioration in performance due to

ice formation on the airfoil. (3) Damage to the airframe,
engine and components due to ice self-shedding. (4) Inability
of operating personnel to recognize the extent of ice accretion




in time to effect a precautionary landing. (5) Weight penalties
and control problems incurred through a build-up of ice on the
fuselage and surfaces of the alrcraft.

Conclusions

It is our position that a system of this type is urgently required
to enhance the safety and survivability of flight crewmembers and
to more closely align the availability of our aircraft with the
round-the-clock support ground commanders require.

In this regard, our past efforts in this program have been direc-
ted toward actions that we believed would expedite the research
and development process., The following are representative of
some 20 actions taken by the Aviation Center over the past 5%
years: (1) In June 1970, the Aviation Center forwarded a letter
to Headquarters United States Army Combat Development Command
(USACDC) recommending that development priority be upgraded from
Priority III to Priority I. Also, a concurrent proposal was

made that a field test be conducted in Europe to define actual
icing phenomena and their effects with a proposed scope of test
provided. Th= priority was upgraded to Priority I. (2) In

July and November 1970, industry (Bell Helicopter) submitted two
unsolicited proposals to conduct field tests with the UH-1
aircraft equipped with ice protection systems to demonstrate that
the helicopter can operate under icing conditions and to estab-
lish valid design criteria. The Aviation Center supported these
proposals and forwarded them to United States Army Materiel
Command (USAMC) as a possible expedient in the R&D effort.
Neither proposal was accepted. (3) In June 1973, a draft pro-
posed required operational capability document was submitted to
Headquarters TRADOC for review and approval. The document was
favorably received, however, the decision was made to change

the document to an Operational Capability Objective. This was
due primarily to the present efforts in the program and the

type funds beign expended. Our future efforts will be character-
ized by this same type endeavor.

Closing

Army aviation cannot afford to become a part-time member of the
Army's fighting team. The development of an effective anti-ice/
de-ice system would be a major step toward preventing such an
occurrence.




DESIGN AND DEVELOPMENT OF SIKORSKY HELICOPTER PROPULSION
ANTI-ICE SYSTEMS

: Dr. Kenneth M. Rosen Sikorsky Aircraft Division of
L Propulsion Manager YUH-60A United Aircraft Corporation
(UTTAS) Stratford, Connecticut
i
;
ABSTRACT

This paper describes the design and development of Sikorsky
helicopter propulsion Anti-Ice Systems. A brief description of
system design requirements, including relevant icing environ-
mental criteria, is included.

The design selection criteria and utilization of the three
fundamental types of propulsion anti-ice systems is presented.
Specifically included are examples of electro-thermal, engine
bleed-air, and inertial type anti-ice systems. Basic design
analysis techniques are summarized and specific Sikorsky applica-
; tions are referenced, including the systems installed in the
. CH-53, SH-3, and CH-54 helicopters.

Actual development test results in both the NASA Lewis Icing
Research Tunnel, Cleveland, Ohio; and the Helicopter Icing Spray
Rig of the National Research Council at Ottawa, Canada are
discussed.

1 INTRODUCTION AND BACKGROUND

Sikorsky Aircraft has been providing propulsion anti-ice
systems on gas turbine powered helicopters since 1960. Successful
designs have been incorporated in the S-58T, S-61, S-65, S-6k,

E and the S6T helicopters. The YUH-60A (UTTAS) design is currently
; under development. Future helicopter ice protection systems must
be consistent with current military philosophy which stresses

g operation in the European Theater as well as Southeast Asia,

upon which concern centered in the nineteen sixties.

Helicopter design requirements are directly related to the
liquid water content of the free air, the mean water droplet size,
the ambient air temperature, and the local air velocity and
surface geometry. The latter two parameters combine to yield the
local value of "collection efficiency" which is the measure of
the percentage of super cooled droplets which actually impinge
on the subject surface.
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The selection of specific environmental design criteria for
propulsion systems is usually established consistent with those
of the engine in the case of Army helicopters. Specifically, the
YUH-60A inlet specification is identical with the GE-TTOO require-
ment. Navy specifications have generally referenced the
applicable sections of FAR - part 25, appendix C. A typical
specification is the CH-53A which requires the inlet to meet the
following two criteria.

a. The system shall provide ice protection for the
engine air inlet during all flight conditions from
hover through 150 knots under the normal design
icing meteorological conditicns of Figure 1 of
FAR Part 25 in the ambient temperature range
between plus 32°F and minus L°F, inclusive.

b. Ice accretion on anti-iced portions of the engine
air inlet shall not exceed 1/32 inches thickness
in flights lasting three minutes, from hover through
120 knots under the extended icing metecrological
conditions of Figure 4 of FAR Part 25 in the ambient
temperature range between plus 32°F and plus 5°F at
volume median droplet diameter of 30 microns.

These two requirements are shown in Figure (1).

FAR Part 25 also sets the design criteria for commercial
applications. When specifications are not clearly established
Sikorsky has elected to design the engine air induction anti-ice
system capable of meeting the FAR intermittent maximum atmospheric
icing conditions from hover to the maximum speed of the helicopter.
This requirement is usually satisfied by designing at en ambient
temperature of -22°F, in the air with a liguid water content of
1 gm/cu meter, and 2 mean moisture droplet diameter of 20 microns.

ANTI-ICING SYSTEM DESIGN SELECTION

The selection of the type of propulsion anti-ice system
often depends on the availability of the thermal power source
or the facility with which an inertial system can be adapted.
An engine-bleed air anti-ice system, while requiring between
2 and 3 times the power requirement of an electrical system, is
usually far more reliable and less prone to mechanical and
electrical failure. Furthermore, a bleed air system can usually
better meet "design to cost" as well as maintainability and
reliability criteria. However, in the case of relatively complex
shapes, significant engineering design and fabrication effort is
usually required to control the localized double wall heat

10
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exchanger gap height and/or fin spacing, film slcts, as well as

the associated flow control features. An additional weight penaltly
(up to 30%) is also usually associated with selection of bleed

air type systems. Inertial anti-ice systems can be utilized

either as partial solutions as in the case of the S-61 snow/slush
shield, where the inlet is electrically heated, or in those cases
where actual super cooled droplet separators have been provided

to keep an inlet plenum accretion free; for example, the UACL/
Sikorsky S-58T design. An inlet pressure drop at least three

times that of a thermal system can be expected here. Three anti- v
ice systems are summarized in this paper to illustrate the various

techniques available to the designer.

ENGINE BLEED AIR ANTI-ICE SYSTEM EXAMPLE

A typical Sikorsky bleed air anti-ice system is that
installed and operating on the CH-54A/B (Reference 1). An
electrical anti-ice system was considered but was discarded
due to lack of available generator power and the major modifica-
tions that would be required in the aircraft electrical system.
In keeping with this philosophy, a bleed air system incorporating
the existing bleed air supply hose and valve was designed.

The CH-54. engine inlet bellmouth, shown in Figure (2),
consists of a distribution manifold and a double skin heat
exchanger split into upper and lower sections. Compressor exit
bleed air flows through a hose, passes through a flow control
valve, enters a manifold and by way of 326 impingement holes
passes through the upper and lower surface heat exchangers. The
hot air scrubs the walls of the tapering gap heat exchanger and
then exits through flow distribution orifices. The latter control
the distribution of the bleed air, while the resistance in the
bleed air supply line and the flow control valve set the quantity.

DESIGN DESCRIPTION

A cross-section and functional schematic of the inlet is
shown in Figure (2). The shape of the outer skin of the inlet
is based on a lemniscate with modification at both ends to
accommodate manufacturing and design requirements. A lemniscate
was chosen as the basic inlet shape because for the relatively .
low speed flight envelope of the CH-S5hKA it yielded the lowest
inlet pressure loss and could easily be modified to suit the EAPS
- Engine Air Particle Separator - installation.

12
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The heating air for the anti-~ice system is taken from just
behind the seventh stage of the engine compressor and flows from
the engine bleed port to the distribution manifold by way of a
flexible hose. In order to provide good circumferential flow
distribution around the surface of the engine inlet, care was
taken in sizing the manifold. If the manifold pressure drop is
held to a level where it will be dominated by the exit flow
distribution orifices, the manifold will effectively be a plenum
and uniform circumferential flow distribution will result.

As the heating air flows along the manifold, see Figure (2),
it is losing thermal energy to the environment through its back
surface and to cooler bleed air through the inner skin of the
heat exchanger. A conductive and convective heat analysis showed
that the temperature drop along the manifold was 109F, which is
sufficiently low to make it unnecessary to provide insulation for
the back surface.

The heating air leaves the manifold by way of 326 impingement
orifices and flows into the upper and lower heat exchanger passages,
which are designed to maintain a uniform temperature during icing
conditions; i.e., minimal thermal losses. The lower heat
exchanger heats the portion of the inlet from the impingement
point to the engine front flange, while the upper heat exchanger
heats the remainder of the inlet surface, see Figure (2). The
hot air scrubs the walls of the tapering gap heat exchanger and
then exits through the flow distribution orifices. These control
the distribution of the bleed air between the upper and lower
sections of the heat exchanger.

Q Conv Oyt
Q Sens Out
Q Evap Out

:

Q Cond In — — QCond Out

I Q Conv In

Insulated 3 S+ds
Inner Wall

Figure 3
Heat Balance on Exchanger
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A heat balance on a section of the heat exchanger is shown
schematically in Figure (3). The following energy balance equa-
tions can be written, assuming the inner wall is adiabatic;
Q cond. in + Q conv. in = Q cond. out + Q conv. out + Q sens. out
+ Q evap. out and (1)
heat lost by heating air = Q conv. into outer surface (2)

If Tw is constant, a condition which will yield a minimum ' |

thermal energy expenditure, the above equations yield the {
following expressions for gap height and air flow temperature,

vis;
i (‘2_!&)0.8 Prl/3 (Ta - Tw) j
& a Pu ho (tw-T«) + 2.9 ho Lv (Psn-Pw)
Pamb
(3)
dTa _ _ -P <i?5 (Tw-Too) + 2.9 ho Lv (Psn - Pw))
das Wa Cpa Pamb (L)

Equations (3) and (4) were solved numerically on a Univac
1108 computer using the boundary condition Ta = Ta initial at
S = 0, and also the condition that the minimum value of the gap
height must be equal to a previously determined value of 0.0T70
inches, which was consistent with manufacturing and assembly
limitations. The ideal gap distribution thus produced was
unsuitable for manufacture, although it was the optimum design
thermally, because it was slightly non-linear. The ideal gap
distribution was therefore linearized and used as input for
another computer program tc determine the predicted wall
temperatures resulting from the actual design gap distributicn.
This computer program calculates wall temperature and air flow
temperature, given a gap distribution and suitable boundary
conditions.

The heating air, as it passes through the upper and lower
: heat exchangers, is subjected to different thermodynamic
conditions which require that it be divided unequally between
the upper and lower heat exchangers. The procedure was

} complicated by the need to consider the effect of manufacturing
i

|

|

|

tolerances on the wall temperatures. A maximum error of .020
inches was anticipated between the proposed "design" air gaps

and the final assembled inlet. Since the height of the designed
heat exchanger passages varied from 0.250 to 0.070 inches, the
effect of tolerances on the wall temperature could be appreciable.

15
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The change in gap height from the nominal design values effects

the velocity of the heating air, hence, the internal heat transfer
coefficient. An increase in the dimensions of the heat exchanger

passages resulted in the wall temperature being less that the
designed temperature while a decrease had the opposite effect of

too high a temperature. The worst tolerance condition; i.e., that

which required the most engine bleed air to meet the minimum
surface temperature requirement of LOCF, was found to be -0.020
inches at the entrance of the heat exchanger varying to +0.020
inches at the exit. This is because too much thermal energy is
expended at the beginning of the heat exchanger where the gap
height is small. Thus, the heating air arrives at the end of
the exchanger at a reduced temperature. This effect is in
addition to the reduced local heat transfer coefficient which
will result from an exit gap height which is larger than the
design value.

Figure b
Prototype Inlet Installed In
The Icing Research Tunnel
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EXPERIMENTAL RESULTS

The CH-54 engine air inlet was installed in the NASA icing
research tunnel, Cleveland, Ohio (see Figure L) and was tested in
ambient temperatures of +hO°F, +14OF, -LOF, and -18°F at 110 knots
with minimum engine power. A temperature of -18°F was the
effective low limit of the tunnel. No traces of ice or frost were
observed on the inlet surface. Thermocouple measuremcnts ‘
substantiated that the breeze surface temperature did not go below 1
the freezing point during the entire test.

The local value of surface temperature is a function of the
aircraft flight speed, gross weight, and environmental conditions.
The liquid water content and mean effective droplet diameter were
chosen to correspond to the maximum intermittent atmospheric icing
conditions given in FAR Part 25, Appendix C, Figure 4. At 110
knots, the tunnel spray system produces a liquid water content
versus droplet diameter characteristic which intersects the
required maximum intermittent icing condition curve at the following
points: :

Liquid Water

Air Speed Temperature Content Grams/ Droplet Diam
Knots O Cubic Meter Microns
110 -18 1.27 19.3
110 -13 1.32 20.5
110 = 1.4k 22.0
110 14 1.54 2k.0
110 32 1.6L 26.0

Table I Tunnel Meteorological Conditions

Figure (5) indicates that the average measured values of
temperature along the inlet surface compare well with the
estimated band predicted'using the analytical procedure previously
described. The wide variation in the predicted band is due to
circumferential thermal losses as well as manufacturing and
assembly gap tolerances. The waves in the predicted results are
due to local effects of the bleed impingement and the linearization
of the ideal gap distribution.

It is clear that the variable gap double wall design approach,
while not as thermally efficient as a finned heat exchanger, can
clearly yield results that "meet the requirement." Additionally,
the reduced complexity associated with this technique improves
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reliability and maintainability and yields a component which can
meet current "design to cos=" criteria.

INERTIAL ANTI-ICE SYSTEM EXAMPLE

An example of the analytical procedures developed at Sikorsky
to design an effective inertial- anti-ice system is the aerody-
namic fairing within the H-3 helicopter snow/slush shield (see
Figure 6). The intent of the fairing'was to produce internal flow
paths adjacent to the inner surfaces of the shield such that any
super cooled droplet trajectories which enter the shield inlet
do not impinge and form ice or consequential frost.

The analysis consisted of two basic stages:

1. The definition of the potential flow pattern for the
air passing through the shield opening and entering
the engine bellmouth. A two dimensional approximation
using an electrical analog field plotter was actually
used in the case of the H-3 to describe the flow pattern.
This procedure would be replaced by a digital computa-
tional technique to define the potential flow pattern
if the fairing were to be developed today.

2. Calculation of the trajectories of the super-cooled
moisture droplets: These trajectories are predicted
by mathematically equating the aerodynamic and inertial
forces acting on the moisture droplets. At any given
instant in time, the droplet has an aerodynamic force
acting on it which depends on its position and velocity
at that instant. This force causes the droplet to
accelerate and change its velocity and position.
Equating the aerodynamic drag force acting on a droplet
to its acceleration yields =
— dav
D=mgr (5)
where the drag force

b % FoVrel® et (€)

Reference (3) gives the coefficient of resistance of

the droplet as
VCr = 0.63 + 4.8/ V/Re (7)

Substituting equations (6) and (7) into (5) and
subsequent algebraic manipulation yields the expressions
for acceleration of the droplet in the x and y directions
as:




aVx _ MY o sonfie + 6.08 VRe + 23.0) (Ux-Vx)  (8)

dt 8m
and
g%‘i = % (0.397/Re + 6.04 VRe + 23.0) (Uy~Vy) (9) ’

Equations (8) and (9) are converted to finite difference
form, given suitable entrance boundary conditions,
integrated to yield Ax and A y positional changes over
the time increment At. The procedure is accomplished
using a program developed for the Univac 1108 computer.

Figure T illustrates the droplet trajectory path of a 30 j
micron moisture droplet as it enters the engine with an aerodynamic
fairing installed. The shape of the fairing is the result of an
iteration procedure. If the resulting trajectories resulting
from a given aerodynamic fairing indicate that the moisture drop-
lets tend to intersect the surface, the contour is modified.

This procedure continues until an acceptable design is obtained.
Of particular importance is the shadow ramp indicated in Figure
(7). The ramp is found to be effective in directing droplets
outwardly so that they can be ingested by the engine before
striking the surface of the aerodynamic fairing.

Due to the repetitive nature of the desired analytical
solution, the Univac 1108 computer was used to advantage. The ,
droplet momentum equations derived above were programed. A ;
suitable time increment At = 0.167 x 10~3 seconds was chosen
by a trial and error procedure. In operation, the computer
predicts the velocity and position of the droplet at the end of
each time increment. The computational procedure requires the
droplets to be given an initial position at various points
surrounding the intake and an initial velocity equal to the
surrounding air (zero relative velocity). The program subsequently
predicts the movement of the droplet as it progresses towards
the engine. As the droplet moves, it encounters the appropriate
change in velocity determined by the potential flow analysis.

The relative velocity of the surrounding air acts on the droplet
and determines its resulting trajectory.

The procedure described above can also be used to predict
the accretion rate and extent of spanwise and chordwise coverage
resulting from exposure of a main or tail rotor to a super
cooled spray or cloud. '
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Figure 6
SH-3 With Ice Deflector Installed
(Side View)

AEROFAIRING —_

T S

VIEW OF HORIZONTAL PLANE
TAXEN TMROUGH CENTERLINE
OF LEFT HAND ENGINE

Figure T
Predicted Droplet Trajectory Paths
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EXPERIMENTAL RESULTS

Experimental testing of the H-3 helicopter snow/slush shield
with and without the aerodynamic fairing was performed at the
Helicopter Icing Rig of the National Research Council of Canada
located irn Ottawa, Canada. This facility simulates natural icing
conditions by use of an artifical steam and water spray cloud.
The spray system consists of a welded steel framewith a spray
nozzle array measuring 15 ft. high by 75 ft. wide. Steam and
water are fed into the atomizing nozzles to produce the icing
cloud at temperatures below freezing. Figure (8) shows an H-3
helicopter operating in the icing rig.

A comparison of the results with and without the aerodynamic
fairing installed under identical icing conditions (UOF, 0.4 gm/
m3 liquid water content, 12 miles per hour wind speed, and 10
minutes in the spray rig) is shown in Figures (9) and (10).

These figures clearly indicate that installation of the aerody-
namic fairing produced a marked reduction in the amount of
frost formed on the inner surface of the H-3 snow/slush shield.

Future applications of the inertial anti-icing analytical
design technique, described above, should greatly enhance the
ability of the designer to predict droplet trajectories over
aerodynamic surfaces accurately. Ice accretion on many critical
areas can thus be prevented or minimized through appropriate
use of aerodyramic and inertial forces. This should result in
a marked reduction in the use of relatively expensive thermal
energy for anti-icing purposes.
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Figure 8
SH-3 Helicopter in Spray Rig

Figure 9
Frost Build-up on H-3 Shield
Without Aerofairing Installed
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Figure 10
Frost Build-up on H-3 Shield
With Aerofairing Installed

ELECTRICAL ANTI-ICE SYSTEM EXAMPLE

An example of a Sikorsky designed thermo-electrical anti-ice
system is the CH-53 engine air inlet (Reference U4, see Figure 11).
In this case, the large complex shape of the inlet and the large
variations of anti-icing power density required discouraged the
use of the bleed air systems. Additionally, techniques to control
the system in order not to overheat sections and thus waste bleed air
were not completely developed. A design trade off indicated that
the weight and power penalties associated with a bleed air system
did not outweigh reliability/maintainability and design to cost
considerations.

The inlet was designed to maintain all anti-iced surfaces
above freezing during operation in required icing conditions. All
moisture impinging on these surfaces is either evaporated or
maintained in a liquid state until it runs back into the GE-T6L
engine compressor where it is evaporated. It was recognized that
the fiberglass matrix into which the heater wires are embedded
is a poor heat conductor and that surface temperature gradients
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would exist between points directly over wires and points

between wires. In order to prevent local surface temperature
excursions from dropping below freezing and thereby providing ice
nucleation points, the inlet was designed to maintain an average
surface temperature of plus 4OCF.

As in the case of the bleed air system, the total heat
required to maintain the air inlet surface temperature at plus
LOOF is equal to the sum of the local convective, evaporative,
and sensible heat losses. Approximately 22KW were found to be
required per inlet.

ANTI-ICING DUCT CONSTRUCTION AND CONTROL

The inlet duct and associated nose gearbox fairing are
fiberglass reinforced molded plastic units with embedded heating
wires, as shown in Figure (12). Copper screen is laminated into
areas of the duct which are subject to high rates of moisture
impingement to help reduce surface temperature gradients. Also,
certain local areas contain embedded temperature sensor wires.
These sensor wires are used to protect the inlet from over
heating. They also warn the crew if anti-icing protection is
lost or inadequate for the prevailing conditions.

Power density is varied by varying either the wire spacing
or wire resistivity. Prior to lamination into the duct, the
heater wires are laid out over a layer of nylon scrim. This scrim
holds the wires in place during the molding process.

A study was undertaken to determine the effects of wire
spacing variations and to determine what design/formation tech-
nique could be practically used to reduce surface temperature
gradients where relatively large wire spacings and power
gradients existed. The results of this program can potentially
be applied to all thermo-electric anti-ice designs.

Figure (13) is a photograph of a test panel used to evaluate
the relative merits (elimination of hot and cold spots) of coating
the embedded wire heater surface with Dupont 4929 silver
conductive coating or embedding a copper screen.

Temperature measurements were made with an infrared camera.
This camera scans the target with an infrared detector. The
i detector output is amplified and used to modulate a glow tube
which scans a sheet of film in synchronization with the detector .
scan of the target. The resulting picture is a thermal map, or
thermograph, of the target surface. For each shade of gray in
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BACK SURFACE OF TEST PANFET. #1
FIGURE 13
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the thermograph, a temperature is calculated to allow an analysis
of the target surface.

The resulting panel thermograph shown in Figure (1k4)
indicates that for the subject test panel (heated at 4.7 watts/
in2 and divided into adjacent high and low power circuits, 72.T%
and 27.3%, respectively), the embedded copper produced a more
uniform temperature distribution than the silver coating. Detailed
measurements yield the following maximum temperature gradients:
(1) uncoated -32°C; (2) Dupont #4929 silver coating -28°C; (3)
100 count x .002 in etched copper screen - T°C. This evening
temperature trend was later confirmed in subsequent icing tunnel
tests in the NASA-Cleveland icing research tunnel. The embedded
copper wire approach should be used in thermoelectric designs
which require wire spacing of less than 16 wires per inch.

The CH-53 inlet itself was tested in the icing research
tunnel. The inlet duct and the associated nose gearbox fairing
heating elements were subdivided into 14 and 8 zones, respectively.
Each zone contained two parallel circuits, a high and low power
circuit similar to the thermograph test panels. Power to each
circuit was independent and variable. The minimum power required
to prevent ice accretion in each zone could be ascertained.

Temperature Scale
8.6 100.8—104,2 108.3 112.2 119.0 127.C

Dupont #4929 100 Count x 0.002 In. Taick
Screen Copper Screen

Figure 1L
Thermograph of Test Panel #1;
4.7 Watts/In2 Power Split T72.7%-27.3%
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The results of this test indicated that, although the
finalized power requirements were within 5% of the original
design analysis, additional design modifications were required
to produce a satisfactory design. These modifications are all
tied to one central theme. Specifically, the hot and cold spots
observed during the test had to be eliminated (see Figure 15).
The important design modifications/conclusions are given below
and should be useful for future thermo-electrical designs:

(1) A Y- A switching circuit should be used to reduce
power by 25% in event of a generator failure.

(2) Heater wire elements should be located normal to the
airflow direction (prevents rivulets of warm water
from flowing between the wires), turn less than 120
except for required 180° turns, and be spaced at a
minimum of 16 and preferably 18 wires per inch.

(3) Copper screen should be embedded where wire spacing
is less than 16 wires per inch. This was done in the
case of the CH-53A inlet leading edge because of the
high watt density demand in this area resulting from
a localized lower electrical resistance (large wire
spacing).

The CH-53 inlet test was a successful development test in
that it established important guide lines fcr subsequent thermo-
electric designs.

Following incorporation of the required design modifications,
additional testing was conducted in the NRC icing spray rig,
Ottawa, Canada. These tests indicated that the CH-53 engine air
inlet anti-icing system maintains the inlet free of ice at all
ambient temperatures above minus 5°F with liquid water content
ranging from .5 grams per cubic meter at 24°F to .3 grams per
cubic meter from plus 1°F to minus 5°F, and a droplet size of
30 microns.







SUMMARY AND CONCLUSIONS

The selection of which of the three above described anti-ice
systems should be chosen depends on the specific application.
Indeed, some designs (see for example the CH-54 EAPS anti-ice
system, Reference 5) have utilized all three methods simultaneously.
The designer must keep in mind that current helicopter design
philosophy is based on "meeting the requirements." This means
that he must weigh the relative merits of weight, performance,
reliability, maintainability, ILS, and unit cost in reaching a
decision. No panacea can be offered and the choices and relative
influence coefficients associated with the above parameters are
not found in any text book or specification. However, it is clear
that the selection process is never limited to the anti-ice system
designer alone. Consequently, it is incumbent on him to establish
the specific trade off information during the preliminary design
period, and not as an after thought.
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NOMENCLATURE

SYMBOLS UNITS DESCRIPTION

A Ft2 Projected frontal area of
droplet

Cpa BTU/1b °F Specific heat of heating air

Cr Coefficient of resistance

D Lb Drag force

d Ft Droplet diameter

dn Ft Heat exchanger gap height

ho BTU/hr Ft2 °F External heat transfer
coefficient

ho BUT/hr th % External heat transfer
coefficient + sensible heat
flux/sq ft

K, BTU/hr Ft °F Thermal conductivity of wall

Ka BTU/hr Ft p Thermal conductivity of heating
air

Lv BTU/1b Latent heat of vaporization

m Lb Droplet mass

P Ft Perimeter

Pamb PSIA Ambient pressure

Fr Prandtl number

Psn PSIA Saturation pressure of air

at wall temperature

Pw PSIA Partial pressure of water in
air
Q BUT/hr Heat lost or gained over a

surface




SYMBOLS
Q cond

Q conv

Q evap

Q sens

Re

Ta

Trel

UNITS
BTU/hr

BTU/hr

BUT/hr

BTU/hr

Ft/Sec
Ft/Sec
Ft/Sec
Ft/Sec
Ft/Sec
Ft/Sec
Lbs/hr
Sec

rt

Ft

35

DESCRIPTION

Heat lost or gained over a
surface due to conduction

Heat lost or gained over a
surface due to convection

Heat lost over a surface due
to evaporation

Sensible heat lost over a
surface

Reynolds Number

Surface Distance

Temperature of heating air

Wall temperature

Ambient temperature

x component of air velocity

y component of air velocity
Droplet velocity

Relative velocity

x component of droplet velocity
y component of droplet velocity
Heating air flow

Time

Change of droplet position in
the x direction during each
time increment

Change of droplet position in

the y direction during each
time increment.
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SYMBOLS UNITS DESCRIPTION

u Lb/Ft Sec Absolute air viscosity

o Lb/F‘t‘,3 Air density
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THE DESIGN AND DEVELOPMENT OF NiW ICK-SHEDDING COATINGS

J Il SEWELL Materials Department
Royal Aircraft Establishment
Farnborough, Hampshire
kngland

INTRODUCTION

Service requirements for the operation of helicopters in icing
conditions have recently placed greater emphasis on the problem
of deicing helicopter rotor blades, engine intakes and exterior
equipment to enable them to operate in lower temperature
environments than at present. A means of imvroving blade de-
icing in particular was investigated with the aim of depressing
the critical shedding temperature so that some helicopters can
operate continuously under icing conaitions at much lower
temperatures.

Pastes and fluids have been used for many years to remove ice,
but have only a temporary effect and are therefore not suitable
for continuous deicing on helicopter rotor blades. Heating the
leading edges of blades on which ice forms can produce problems
due to run-back of water over unheated parts and subsequent re-
freezing. Electrical heating would impose a significant weight
penalty anc the redesign of existing and projected blades to
incorporate this facility could be costly both in terms of money
and loss of payload. The opinion has previously been given! that
the use of momentum separation to prevent ice build-up can be
safer and as effective as heating without using any appreciable
extra power. An inexpensive, lightweight and durable ice-shedd-
ing coating for rotor blades would meet many of the requirements
for an optimum solution and it was decided to try to develop
such coatings, initially for use down to -20°C.

A coating having a flexible substrate which enables ice to peel
from the surface has shown promise on Wessex 5 rotor blades and
has been recommended for further ice-shedding trials. Versions
of this coating are being considered for application to other
structures also, particularly installations on ships.

FACTORS GOVERNING ICE SHEDDING

Consider a drop of water at rest on a solid non-deformable sur-
face and making a contact angle with the surface between 0° and
180°. Attractive van der Waals' dispersion forces will operate
between the water molecules and the surface and, if the latter

is polar, additional orientation and, possibly, induction forces
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and hydrogen bonding may occur. These forces will persist after
the water drop freezes, although the stresses induced during
solidification and expansion of the ice may weaken the bond, so
that ice will adhere to some extent even if the surface is non-
polar and presents a high contact angle to water. The greater
the contact angle, the lower the proportion of water molecules
in the drop in contact with the surface and also, after freezing,
the lower the area of adhesion per unit volume of ice. A low
energy surface presents a greater contact angle to water than
does a high energy surface and should therefore adhere less well
to a given volume of ice2s3. A low energy surface also tends to
assist the formation of air bubbles at the ice-surface interface,
which weakens the adhesion“. In practice, there are limits
below which surface energies of solids cannot be lowered further;
the lowest critical surface tension of a polymer in common use
is about 18.5 mN/m for polytetrafluoroethylene5 although lower
values have been reported for some experimental polymers. As
expected, ice adheres to some extent to polytetrafluoroethylene
when the polymer is in the form of a block thick enough for the
surface to be inflexible, so a low surface energy alone is not
necessarily the only parameter to be considered when devising a
surface having low adhesion to ice.

To remove ice from the surface of a non-deformable material, a
crack must be initiated and propagated between the ice and the
surface. The ice/material may be considered from the mechanical
viewpoint as a stiff single continuum; an analogous situation
exists in an aluminium lap joint in shear using a brittle
adhesive, where the stress distribution is similar to that in
solid aluminium having an identical geometry to the lap speci-
menb. If a tensile load normal to the plane of the interface is
applied to the ice/material composite, failure will occur by
crack opening and, if the adhesive forces are greater than the
cohesive strength of either ice or the material, cohesive
failure in the weaker phase rather than separation at the inter-
face will result. If, however, ice is bonded to a deformable
surface, then the application of tensile stress normal to the
plane of the interface would give rise to some shear stress at
the interface, having a maximum value at the edges of the sample,
and would tend to give rise to failure by peeling. Since the
applied stress is concentrated on only a very limited area of
the interface at any one time during peeling, the load required
to part an adhesive from an adherend by this mechanism is usually
much less than that required to part the same materials when
under tension. The tensile and resultant shear stresses necess-
ary to remove ice from a suitably flexible surface should there-
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fore be less than those required to remove ice from a non-
deformable material having otherwise identical surface properties.

The Griffith crack theory, 6 = }E_EZJX

where 6 = failing stress
E = elastic modulus
Y = surface energy
£ = crack length

predicts lower values of & than are found experimentally. The
theory has been modified” to include a term, ¥ , representing
irreversible work done on opening a crack, which is dissipated

as heat, or in creation of dislocations or on plastic deformation.
Thus the modified Griffith equation becomes

6 = /2E(Y+‘P) :
£

The factor ¥ , which is numerically much greater than Y , is
linked with fracture toughness and it is believed that this
property is increased by plastic deformation at the crack tip8.
The removal of ice from a surface should therefore also be
facilitated by the absence of plastic deformation under stress
in the surface to which the ice is adhered. A surface which is
sufficiently flexible to allow peeling to commence yet is stiff
enough to propagate a crack once it has formed appears to be the
compromise required to promote ice-shedding under load.

A practical means of making the required deformable surface is to
bond to the existing structure a composite comprising a sponge
rubber substrate carrying an impermeable and flexible film. The
flexibility of this composite will depend on its composition
which can be varied according to the requirements of the parti-
cular application. Only a relatively thin composite, certainly
not more than about 2 mm thick, would be permitted for applica-
tion to existing helicopter rotor blades since, at present,

the effect of leading edge coatings on the aerodynamic proper-
ties of blades is difficult to predict. With the foregoing
observations in mind, metal and non-metal surface films were
chosen for examination for ice adhesion in conjunction with both
flexible and inflexible substrates.

PREPARATXON OF SAMPLES
Samples for laboratory measurements

Non-metallic surface materials examined were low density
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polyethylene (Pr) film, polytetrafluoroethylene (PTFE) film,
polyurethane (PUR) sheet, polyvinyl chloride (PVC) tape and nylon
66 film. Thicknesses of these films and of the various substrates
used with them are given in Tables 1-5. Metal foils used for
surfaces included spring steel, phosphor-bronze, copper-beryllium
and stainless steel alloys; details are given in Table 6.

The PE films were pre-treated on one side only. The surface was
first roughened with emery paper, then treated with chloro-
sulphonic acid for 30 minutes at room temperature?. After wash-
ing well with water and drying, the new surface adhered to the
substrate satisfactorily using a rubber-based adhesive which

did not cure by solvent release, thereby minimising bubble
formation in the adhesive layer.

Bach PTFE film was pre-treated on one side with a solution of
sodium (23g) and naphthalene (128g) in tetrahydrofuran (1 litre)
for about 1 minute, washed with water and dried prior to appli-
cation of the adhesive.

Two types of PUR sheet were investigated; a clear unfilled grade
and a filled rain erosion resistant PUR to Specification

WGPS 240. These sheets were roughened with emery paper on one
side, cleaned with ethyl acetate using a lint-free cloth and
dried before application of the adhesive. The PVC tape was
self-adhesive.

Metal foils were degreased and bonded to the substrates using a
rubber-based adhesive.

The flexible substrates comprised a commercially-obtained closed-
cell foamed natural rubber of medium hardness and an open-cell
natural rubber sponge, which was softer than the closed-cell
foams.

The surfaces and substrates measured about 100 mm x 80 mm and
the composites were bonded to somewhat larger (about 150 mm x
100 mm) rigid aluminium alloy backing plates 1.5 mm thick using
a rubber cement. The films were also bonded directly to
identical backing plates for comparative purposes.

Test panels were also prepared, measuring about 150 mm x 150 mm,
in which the outer skins of PE or PTFE films were attached to
open-cell foamed natural rubber substrate, bonding only the
edges of the specimen. Specimens were also made comprising
spring steel, copper-beryllium and phosphor-bronze strips,
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0.25 mm thick, 15 mm wide and about 500 mm long suspended by
their ends only in an open frame so that they could flex with
respect to the frame.

Samples examined in icing chamber

Flat sheets about 600 mm® comprising the composite coatings on
rigid metal backing plates were prepared and sucjected to rime
and glaze icing conditions in an 'arctic chamber'. The samples
included PE film on closed-cell foamed natural rubber (samples
L and 5) and on open-cell natural rubber sponge (sample &), PUR
sheet (unfilled) on closed (sample 26) and open-cell natural
rubber sponge (sample 28) and PVC tape on open-cell natural
rubber sponge (sample 36).

METHOD OF TESTING
Laboratory ice-adhesion measurements

The shear adhesion of ice to the various surfaces under investi-
gation was measured since this form of loading most closely
resembled the loading of ice on rotor blades.

A cube of ice, of side 25.4 mm, into which was frozen a wire rod
(1 mm diameter) having a hook on the free end, was bonded to the
experimental surface by placing a face of the cube onto the
latter and filling the gap with water which was then frozen at
-20°C for 20 minutes. It was arranged that the wire insert was
parallel with and, as near as possible, 2 mm above the surface
under test. The adhesion was measured by attaching a spring
balance to the hook and loading to failure whilst the surface was
at the temperature of test. A loading rate of about 5 N/s along
the axis of the insert was used. Ten measurements were made on
different parts of the surface of each sample and the average
shear adhesion value noted.

Measurements in the icing chamber

Rime ice was built up on the surface of a supported sample in the
arctic chamber at -20°C using a water/compressed air mist spray
about 1 m from the sample. The water/air mixture from the spray
was adjusted so that the ice formed was not powdery (too little
water), yet not so wet that the water ran off the sample before
freezing. Rime ice 150 mm thick could be formed in 1 to 13 hours.

Glaze ice was formed on samples at ~20°C using a 60° included
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angle solid-cone, fine-water spray. The water was pre~cooled
before spraying because it tended otherwise to run off the speci-
men before freezing; lowering the water flow rate instead of
pre-cooling caused icing-up of the spray nozzle.

It was impossible to make satisfactory quantitative measurements
of ice adhesion to the samples in the arctic chamber. Therefore,
all specimens were subjected to qualitative examination such as
judging the ease of prising off glaze ice with a lever or, in
the case of rime ice, shaking the stand holding the specimens to
see whether the ice would fall off under its own weight.

RESULTS

The shear adhesion of ice to composite coatings having different
non-metallic and metallic outer surfaces is given in Tables 1-6,
respectively. Table 7 gives results of ice adhesion to PE, or
PTFE, films attached to the substrate at the edges only and
Table 3 gives the adhesion values on metal strips supported in
an open frame. In these tables, the ice adhesion quoted,
although expressed in kN/m2 was measured on an area of 625 mma.
The shear strength was not necessarily proportional to the area
covered by the ice; in general the force per unit area reguired
to remove the ice decreased with increase in area and in some
cases this trend was very marked.

DISCUSSION

The results show that the adhesion of ice to all the surfaces
examined was greatly reduced when a flexible substrate was pre-
sent between the surface and the rigid metal backing plate.
Comparing different surfaces of like thickness on substrates of
the same type and thickness, there was little to choose between
the adhesion of ice at =20°C to PE and to PTFE, whilst the
adhesion to PVC tape was nearly as low. Ice adhered more
strongly to PUR ard to other rubbers, including silicones, the
results of which are not reported here, suggesting that the
adhesion increased as the crack propagation properties of these
low moduli surfaces decreased (see earlier) . However, ice
adhesion to metal surfaces was very low when the metal could
flex readily, which indicated that the surface flexibility

was a more important parameter than relative wettability.

Ice adhesion on PE treated with chlorosulphonic acid was

significantly greater than on untreated surfaces: the treatment
considerably enhanced the wettability of the PE which doubtless
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aided the adhesion by the same mechanism as for PUR above. The
surface to be exposed to icing was therefore not allowed to come
into contact with acid.

In general an increase in substrate thickness lowered the ice
adhesion, although occasionally there was some evidence to the
contrary (specimens 24-26). The adhesion was also usually
lowered by increasing the softness of the sponge rubber substrate;
with one exception (specimen 13), the lowest adhesion of ice on a
given surface was obtained when the substrate was an open-cell
soft sponge rubber 12.7 mm thick. Increasing the thickness of
this rubber lowered the adhesion further (specimens 36 and 37).
Thus the adhesion of ice to a surface also depends on thickness
and type of substrate and can be lower on a comparatively high
energy surface such as stainless steel foil on a thick sponge
substrate (specimen 54) than on PTFE, which has a low surface
energy, on a thinner, harder substrate (specimen 17).

The adhesion of ice to PE or PTFE specimens, in which the outer
surface was attached to the substrate at the edges only, was
very low, particularly on PTFE. Ice cubes of side 50 mm dropped
off under their own weight from those specimens in the vertical
position; the deformation of the outer skin which occurs under
a given load on the ice is much greater for these specimens and
peeling is more readily induced. An ice-shedding coating of
this type has been proposed for application to the front of a
helicopter-borne rocket launcher. Ice adhesion was also very
low on thin metal strips supported in an open frame which gave
further evidence that the ability of a surface to deform readily
under a low load and yet have a sufficiently high modulus to
propagate a crack was a more important parameter governing ice
adhesion than the chemical nature of the surface.

Glaze ice, up to 150 mm thick, completely covering the surfaces
of the 600 mm square large flat panels could be removed in one
piece, with varying degrees of ease, from all the specimens
provided that a crack was first initiated between the ice and
the coating. Rime ice could also be removed in large pieces on
shaking the stand supporting the panel.

On the basis of the above results an optimum coating for a heli-
copter rotor blade is partly governed by composite thickness,
although precise limits have not been laid down and could vary
from helicopter to helicopter. For maximum conformity with the
original blade shape, the thinnest commercially available sponge
rubber (1.6 mm) was suggested for use as the flexible substrate
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material, whilst the rain and sand erosion resistant filled PUR
coating, Specification WGPS 240, already used on helicopter
blades, was retained for the outer surface. Ice adhesion was
less on the composite coating having a PE outer surface (compare
specimens 14 and 22), but since this type of coating had relat-
ively poor rain and sand erosion resistance, it was not possible
to use it on rotor blades. Nevertheless, ice could be more
easily removed from the PUR which had a flexible substrate ’
(specimen 22) than when no substrate was present (specimen 29).
This provided further evidence in favour of the suggested com-
posite coating; the latter was proposed for practical trials
and is the subject of evaluation on Wessex S5 blades. Trials so
far have proved promising.

CONCLUSIONS

The adhesion of ice to a surface is greatly reduced when the
surface can flex under low loads yet propagate a crack at the
ice/surface interface and this principle, which enables peeling
forces to operate, can be used to make ice-shedding coatings
which could have several practical applications. Of the speci~
mens examined in the laboratory, the lowest ice adhesion was
noted on polytetrafluoroethylene film which was attached to a
flexible substrate only at the edges of the specimen. However,
there was no significant difference between the ice-shedding
properties of polytetrafluorocethylene and polyethylene when these
films were bonded to flexible substrates, both shedding ice
fairly easily. Springily deformable metals can also shed ice
readily. Choice of materials, thickness and degree of attachment
of the outer surface to the flexible substrate are governed by
the particular application and considerations other than ice-
shedding properties.

A coating which may improve the ice-shedding characteristics of
helicopter rotor blades has been proposed as a result of pro-
mising laboratory tests. The coating utilises inexpensive and
readily available materials and provides a basis for full-scale
trials and further development. Another type of coating is
suitable for protecting a helicopter-borne rocket launcher.
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Table 1 |
SHUAR ADHISION OF ICH ON CLZAR POLYZTHYLSNS FILMS
ON VARIOUS FLiXIBLS SUBSTRATSS
Speci- etE;iZ;e i ' aig:::On
men film Thick- ;

number | thickness Type ness of 1os
(mm) (mm) (kN/m?)

1 0.13 Closed=cell foamed natural rubber 1.6 14.1

2 0.13 Closed—cell foamed natural rubber 3.2 12.5

3 0.13 Open=cell foamed natural rubber 12.7 622

4 0.25 Closed=—cell foamed natural rubber 1.6 44.4

5 0.25 Closed=cell foamed natural rubber 3.2 28.9

6 0.25 Closed=cell foamed natural rubber 6.3 26.5

1 0.25 Closed=cell foamed natural rubber 12.7 18.6

8 0.25 Open-cell foamed natural rubber 127 7.3

9 0.38 Closed=cell foamed natural rubber 1.6 40.6
10 0.38 Closed=cell foamed natural rubber 3.2 19.9
1 0.38 Closed-cell foamed natural rubber 6.3 20.7
12 0.38 Closed-cell foamed natural rubber 12.7 9.6
13 0.38 Open—cell foamed natural rubber 12.7 131
14 0.51 Closed-cell foamed natural rubber 1.6 22.1
15 0.51 Open~cell foamed natural rubber 12.7 8o
16 0.25 No substrate: bonded directly to - >150

backing plate




Table 2

SHSAR ADHESION OF ICE ON POLYISTRAFLUOROSTHYLSIE FILMS O

VARIOUS FLIXIBLE SUBSTRATES

T TT——

Polytetra~— Substrate
Specie fluorc— Shear
AR5 ethy}ene Thi cke adhcglon
nunber filn Type ness ag 1%e
thickness (xi/m2)
, (mm)
()
17 0.13 Closed=cell foamed natural rubber 1.6 18.6
10 0.13 Open—=cell foamed natural rubber 12.7 4.1
1) 0.25 Closed=cell foamed natural rubber 1.6 3.1
20 0.25 Open=cell foamed natural rubber 12,7 T.9
21 0.13 ilo substrate: bonded directly - >150
to backing plate
Table 3
SHBAR ADHISION OF IC3Z ON POLYURSTHANS SHSZT (FILLSD AlID UNFILLED)
Ol VARTOUS FLIXIBLS SUBSTRATES
Poly- Substrate
Speci- urethane
men sheet
nunber thickness Type
(mm)
22 0.64 Closed=cell foamed natural rubber
(filled)
23 0.64 Open—cell foamed natural rubber
(filled)
24 0.81 Closed=cell foamed natural rubber
25 0.81 Closed=cell foamed natural rubber
26 0.31 Closed=cell foamed natural rubber
27 0.61 Closed=cell foamed natural rubber
28 0.81 Open—cell foamed natural rubber
29 0.64 llo substrate: bonded directly to
(filled) backinz plate
30 0.81 llo substrate: bonded directly to
backing plate
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Table 4

SHEAR ADHSSION OF ICZ ON NYLON 66 FILMS on 1.6 ma THICK CLOSZD-CELL

FOAMED NATURAL RUEBCR SUBSTRATE

Specimen : ' e Shear adhesion of ice
i Nylon film thickness (mm) (ti/a2)
31 0.20 20.0
32 0.30 16.0
33 051 3943
34 0.76 22,0
Any film thickness bonded 150
directly to backing plate >

Table 2

SHEAR ADHESION OF ICE ON POLYVINYL CHLORIDZ TAPE ON

VARIOUS FLEXIBLE SUBSTRATES

Polyvinyl

Substrate

SpecCie= chloride iﬁ::{on
nen tape Thick= a.o ¥ Som
nunber thickness Type ness ( kN/m2 )
(rmm) (mm)
35 0.20 Closed=cell foamed natural rubber 1.6 4545
36 0.20 Open=cell foaed natural rubber 12.7 8.2
37 0.20 Open=cell foamed natural rubber 25+4 4.4
36 0,20 Ilo substrate: bonded directly to - >150
backing plate




SHEAR ADHISION OF ICE OII MOTAL FOILS HAVING FLEXIBLE SUBSTRATES

Metal foil

Substrate

Shear

SR g

g g Type moese | Bam | misoss: d‘oe
rubber wa) (2/a?)
3 Shin steel 0.025 Open—cell 1247 Dol
0 Shim steel 0,038 Open—cell 127 6.9
41 Shin steel 0.051 Open—cell 12,7 19.3
A2 Shim steel 0.076 Open—~cell 12T 2746
13 Shim steel 0.127 Open=cell 2T 13.8
A Shim stecl 0.025 Closed—cell 1.6 1645
15 Shin stcel 0.076 Closed=ccll 16 62,0
16 Copper=bronze 0,152 Open—-cell 127 13.5
17 Phosphor=bronze 0.152 Open—cell 1247 476
18 Phosphor=bronze 0.254 Open=cell 12T 393
49 Berylliwn=copper 0.076 Open=cell 2e e T
50 Berylliwn=copper 0.102 Open=cell 1267 2344
51 Spring steel 0.114 Open—cell 12,7 33.8
52 Spring steel 0.140 Open=~cell 1247 27«6
53 Spring steel 0.178 Open=cell O 220
54 Stainless steel 0.025 Open=cell TeeT 16
55 3tainless steel 0.025 Closed=cell %6 1.4
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Table T

SHIAR ADHSSION OF ICE ON POLYSTHYLSNS OR POLYIGTRAFLUOROZTHYLENZ

ATTACHED TO SUBSTRATE AT EDGES ONLY OF TEST PANGL

Gwaai Outer skin Shear adhesion of ice
ﬁon i when substrate is 12.7 mn
nuébcr Type Thickness thick open—cell sponge natural
' (mm) rubber (KIi/m2)
56 Polyethylene 0.25 58
57 Polytetrafluoroethylene 0.13 < 1.5
58 Polytetrafluorcethylene 0.25 < 1.5
Table 8
SHEAR ADHISION OF ICH ON I5TAL FOILS SUPPORTSD IN AN OP3ll FRAMS
S o Metal foil
ﬁgnl— Shear adhegion of ice
nwmber Type Th?ziﬁess (ii/ac)
5) Shin steel 0.076 248
60 Spring steel 0.140 T+6
61 Phosphor=bronze 0152 83




IMPACT ON ICING CONDITIONS ON
EMPLOYMENT OF FREE ROCKETS

Robert L. Graham Office of the Project Manager
LTC, FA for 2.75 Inch Rocket System
Chief, Tech Mgt Division Redstone Arsenal, AL 35809

SLIDE 1. INTRODUCTION 2.75 TRI~SERVICE
PROJECT MANAGER

It is my pleasure to address you today on the impact of
icing conditions on the employment of free rockets. 1In
reviewing the agenda for the icing symposium, I found
that my presentation was the only one scheduled to
specifically approach the icing prcblem from the position
of an agency directly involved in weaponization of the
helicopter. Consequently, I have expanded the scope of
my presentation to include more general information on
the impact of a requirement for a system to operate in
icing conditions.

SLIDE 2. 1IMPACT OF ICING CONDITIONS ON EMPLOYMENT
OF FREE ROCKETS

This is an outline of my presentation: reviewing
operations in icing from the standpoint of how I can
deliver ordnance on target under icing conditions; what
the current Army capability and procedures are when
icing is encountered; the available equipment which can
be adopted to allow operations in icing; additional
equipment concepts and interface problems which must

be considered; and finally, a summary of the primary
points of the presentation.

As a tie-in with those who spoke before me, I would
like to review an important point from Dr. Yaggy
and LTC Griffith's presentation.

The emphasis given by Dr. Yaggy was flight in icing
conditions, and LTC Griffith indicated that one of the
"Icing Test Objectives" was to be able to operate
safely.

I will be stressing to you, who represent the services,
Government, and industry, that these are short of the
objective of conducting combat operations under icing
conditions. This objective is an even more demanding
challenge and is the main thrust of my talk.
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SLIDE 3. ARMY HELICOPTER TASKS

When I, as an aviator and gunship pilot, review operations
in icing, I must break the jobs that Army helicopters
have to perform down into two major task categories:
troop movement and resupply; and observation and attack.
The general classes of helicopters involved in these two
categories are also listed. Within each category we
must also address what kind of area in which we are
operating. The kind of weather conditions which can be
tolerated in a logistic area well may be significantly
different when we consider the environment of the battle
area. I will address the environment of the battle area
in more detail in subsequent slides.

In combating icing conditions, just the low visibility
characteristics will be encountered more often than
actual icing. BG McMullen, who is the Director of

the Air Force A-10 Program, described the parameters
under which his aircraft must operate in a recent

issue of International Defense Review. His analysis
indicates conditions on the continent of Europe to

be better than a 1000 foot ceiling and one mile visibility,
85 percent of the time. However, isolating the critical
area of Germany, the frequency of icing warnings

during the winter months are quite high; a previous
paper indicates this to be approximately 55 days.
Movements of helicopters from point A. to point B.

in the logistics area then would be expected to be
prevented for a certain percentage of available time.
What is the criticality of this logistics area support
during the limited time of ice conditions? The question
this raises is, if the helicopters are fully equipped,
how much increase in availability can be expected?

Do we really want to embark on an extensive program

just to increase the availability slightly? 1Is it
really cost effective? It may very well be.

However , being able to operate in the battle area and
to add that extra amount of availability may be an
entirely different situation. We can't forget that
many of the biggest tactical successes were achieved
at night or in bad weather. Most recently, in the
Arab-Israeli conflict, the initial engagements were
essentially completed during the first night; or more
appropriate to our subject, in the Battle of the Bulge
in World wWar II, the weather played a large part.
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Consideration of these factors requires complete analysis
of the whole problem to determine the proper solution.

We cannot expect to resolve all these questions in a
short period; however, they must be considered. Again,
to approach the problem from the position of someone
involved in providing a functional weapons system to the
gunship pilot, I will assume that someone else has solved
the technical problem of keeping the helicopter in the
air, and will primarily address how to assure delivery of
ordnance on the target.

SLIDE 4. RIPPLE FIRING AT 2500 METER RANGE,
ALTITUDE 50 FEET

This photo was taken from the front seat of a Cobra on

a firing run from a range of 2500 meters, at an altitude
of 50 feet. This test was performed here in California
at the Naval Weapons Center, China Lake. As you can see
the conditions are excellent visibility; an area target,
with a tank painted international orange as the center
aim point.

SLIDE 4A. RIPPLE FIRING AT 4000 METER RANGE,
ALTITUDE 200 FEET

This is the same target at 4000 meters, at an altitude
of 200 feet. I show these pictures as an illustration
of the requirement of Army aviation to stay very low
and at extended ranges in order to survive against the
sophisticated air defense units expected in a mid-
intensity war. The question this introduces is how is
the attack helicopter going to survive if he is
attacking in low visibility? We have some very real
limitations right now while flying nap-of-the-earth

in clear conditions!

SLIDE 5. REPRESENTATIVE TARGETS, ARMOR AND
SURFACE-TO-AIR MISSILES

Considering the mid-intensity war, we may be attacking
personnel targets, but these are the vehicles with
which we have to contend. If the air defense units
have only visual or optical methods of acquiring
targets, then their capability is on a par with the
helicopter. However, if radar directed quad 23 units
are encountered, their range of acquisition and
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effectiveness would result in high attrition rates
without coming in visual contact.

SLIDE 6.

This slide shows an artist's conception of an armor

array. The massed armor threat is the most sophisticated

challenge in the mid-intensity scenario. Defeat of this

mix of light and medium armor accompanied by air defense ’
units and personnel is of prime importance when consider-

ing the effectiveness of our weapons systems. The

capability of rotary wing aircraft weapons system to be

effective under adverse weather conditions may be the

only way to blunt this kind of spearhead.

FILM CLIP. LOW LEVEL, LOW VISIBILITY IN SNOW

This first film clip illustrates the problem with
visibility. Notice the visibility to the tower and
tree line and you'll see it get worse.

This test with OH-6 and OH-58 observation helicopters

was conducted in Michigan during an investigation into
engine flame-outs due to inlet icing conditions. The
snowstorm would seem to simulate how the visibility would
decrease under icing conditions. The pilot may be able
to operate under these conditions in a logistic area to
do resupply or reposition missions. However, the

battle area could put the aircraft in danger from small
arms, Sam missiles and radar directed guns without ever
coming into visual contact.

If a gunship pilot has to effectively engage a target
under conditions such as these, the aircraft attrition
rate could be prohibitively high. The analysis of
weather conditions, visibility parameters, and attack
scenarios must be balanced against the cost of
developing weapon systems which are fully qualified for
operations in icing. If a pilot finds himself in this
type of situation, the weapons system must be oriented
towards fast reaction time so he can shoot and leave.

SLIDE 7. BATTLE AREA OPERATIONS IN ICING
CONDITIONS

In order for a gunship to be effective under icing
conditions in a battle area in the mid-intensity
conflict, these five items must be achieved.
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The standard Army flight tactic developed for mid-
intensity is nap-of-the-earth flight. Consequently, we
are concerned with icing conditions generally at ground
level and up to about 50 feet. It may be necessary to
pop-up to higher altitude to acquire the target, but the
pop-up maneuver will be of very short duration. 1In the
March issue of Aviation Digest, pilots were asked what
was the minimum safe altitude for nap-of-the-earth at
night. Their answers for mountainous terrain varied
from 20 feet for single aircraft with high ambient light
to 200 feet for multiple aircraft in low ambient light.
Most of the answers were above 50 feet which the user
has identified as out of nap-of-the-earth altitude.
These, and worse conditions, could be expected under
icing conditions.

Within the low-level flight regime, the helicopter must
be controllable in these low speed conditions. We are
aware of the work that ASTA has done here at Edwards in
the investigation of low speed wind sensors to help give
the pilot a better idea of what his helicopter is doing.
If a pilot, either of necessity or inadvertently, flies
into a fog bank or area of very low visibility, he is
going to need a good low airspeed readout to tell him
what to do next. It may be of great value to know how
fast you are going in all three vectors. During a test
last summer using a Cobra, rockets were to be fired at
30 knots. Most of the time the pilots said the
airspeed indicator read zero when the radar controller
was telling them to slow down to 30 knots. A good

wind sensor to resolve the aircraft vector is also
needed for rocket fire control, and we support the
effort in which ASTA has been involved.

Target acquisition also infers visibility. As already
described, if a gunship is at low level, with low
visibility, he is very vulnerable to small arms ground
fire. If you fly high enough to avoid small arms fire,
the radar directed antiaircraft is effective. Target
acquisition at as long of range as possible is
desirable; however, in low visibility, target acquisition
may be at very short ranges. Quick reaction time is
important in this situation, both to line up and fire
as well as firing time until you can break off. With

a stores management subsystem, a load of rockets can be
fired in about one second. We queried the Air Force
about the tactical ceiling and visibility minimums that
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they would operate under; however, they would not
identify what those might be. Generally, they indicated
that depending upon the situation, if the pilot felt he
would have enough room to operate that the Air Force
would provide close air support. From my experience,
close air support was rarely provided in Vietnam when
ceilings were below 2500 feet above ground level, except
for radar bombing. Referring again to the article on

the A-10, they are oriented toward operating at 150 knots
air speed with ceiling of 1000 feet and visibility of one
mile. The Army experience in Germany indicates that even
with this improved support severe problems will exist a
good portion of the time without an attack helicopter
capability.

Functional weapons systems are naturally essential to
defeat and/or suppress a target. I will address how we
can keep rocket launchers functional in more detail
later in the briefing.

Lastly, as mentioned earlier, the tactics and procedures
must be developed to avoid the radar directed air
defense, particularly under low visibility. This
requirement could establish the need for a radar warning
device for operations under icing conditions. An
important aspect of this is that the pilot must know
more than the fact that he is being acquired and
tracked. Acquisition can be at two to three times a
systems effective engagement range. Area denial would
be imposed over an area many times greater than that
commanded by the systems effective range.

SLIDE 8. CURRENT WEAPON EMPLOYMENT TACTICS IN
ICING CONDITIONS

Now let's look at what the Army would do today if it
encountered icing conditions and wanted to fly a
rocket firing mission.

The first tactic is the most obvious and probably the
one most often performed. Stay home is also what the
Air Force does if they know they are going to be
risking aircraft in trying to get under a low ceiling
in hills or mountains.

The next tactic is basically to abort the mission if
icing is encountered. However, neither of these two
tactics accomplish the attack helicopter mission.
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Next, if icing is encountered in the battle area and a
target of opportunity is encountered, the gunship can
expend his stores and get out before he is incapacitated.

Depending on weather conditions, sometimes you can
assume that the icing conditions are localized to a
particular location and either get through it quickly
or avoid the area.

Even IFR rules assume a breakout of an established
ceiling with low visibility; you may never see the
ground until short final.

SLIDE 9. 7 TUBE LAUNCHER IN ICING CONDITIONS

This is a photo of a 2.75 inch rocket launcher after the
icing test done by ASTA in January. As you can see,
considerable ice is built-up on the front end of the
rockets and pods. We have not done any live firing of
iced up rocket pods, but on the basis of similar
obstruction experience in Vietnam, we can expect the ]
rocket to stay in the tube and burn. In Vietnam the
problem was sand and dirt, converted to a low grade
concrete by rain. The accumulation around the rocket
prevented the round from launching. A hang fire can
either just give the helicopter additional speed,

cause severe yaw, and with one launcher configuration a
hang fire caused separations of a section of launcher
tube. The launcher tube in one case impacted the tail
rotor resulting in the rotor and gear box leaving the
helicopter. The helicopter was able to land in more

or less one piece.

SLIDE 10. ICING OF STORES PYLON

This is the wing stores pylon with a considerable build-
up of ice. Emergency jettison characteristics could be ‘
significantly altered by the ice accumulation and this i
aspect also needs to be tested. The ice on the out-
board pod is what could be expected with a flat
protective cover.

t SLIDE 11. STANDARD ARMY LAUNCHERS

In this section of the presentation, I want to go into
some hardware which could be made available for further
rocket system tests under icing conditions. 1In order to
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do this, this photo shows the two types of 2.75 inch
rocket launchers which are currently in the standard
inventory. The M200Al 19 round launcher is on the
in-board station and the M158A1 7 round launcher is on
the out-board station. The M158Al1l is the launcher
involved in the aircraft incident I mentioned earlier,
and you can see why, the tubes are exposed and held
together by two fixtures. These launchers are loaded
with the standard rocket with a 10 pound warhead. The
nose of the rocket fuze sits well back into the launcher
tube. Now you can see more clearly why sand and dirt
would accumulate around a rocket as the armed gunship
sits next to a dusty landing pad. We also have a

17 pound warhead, and in this case, the rocket fuze and
a portion of the warhead are exposed in front of the
launcher bulkhead. These rockets would also be
expected to accumulate ice between the rocket and
launcher, resulting in potential hang fires.

SLIDE 12. TUBE CLOSURE FIXTURES

In order to prevent the hang fire problem in the

7 tube launcher, our office investigated a number of
methods to prevent the accumulation of dirt in the front
of loaded launchers. The most promising method of
combating the problem turned out to be this commercial
cap-plug. It fits snugly in the launcher tube and

since it is injection molded plastic, the cost is only

a few cents per rocket.

SLIDE 13. 158 LAUNCHER WITH CAPS

This is a photo of the 7 tube launcher with cap-plugs
installed. The caps satisfied the need to keep sand
out of the launcher tubes. However, with the
reduction in American involvement in Southeast Asia,
the cap-plugs were never fielded as a stock item.

SLIDE 13A. M200 WITH CAP-PLUGS
The cap-plug could be used in the icing environment.
However, no tests have been conducted on the effect of

firing a rocket which has to push out not only the
cap-plug, but also break the ice buildup.
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FILM CLIP. FIRINGS FROM LAUNCHERS UTILIZING
CAP-PLUGS

This film clip shows the rockets being fired through
the cap-plugs from a Cobra at Fort Rucker. You will
notice that with this cap-plug design a single rocket
launching may eject more than one plug. We don't know
what the characteristics would be under icing
conditions.

Foreign object damage problem is the next item to
consider. You can see how the cap-plugs, even tnough
they are ejected below the Cobra wing, end up going
past the tail rotor. The chunks of ice built-up on the
launchers could do the same thing during rocket firing
or launcher jettison. We do not have any data on what
ice chunks do to tail rotors, but it could be
disastrous.

SLIDE 14. FRANGIBLE FAIRINGS

These Air Force launcher fairings also fit on the
standard Army 19 tube launcher. The forward, stream-
lined fairing is made of frangible fiber material with
an aluminum ring for attachment to the launcher. The
aft fairing shown here is also frangible material.

The frangible closed fairing can also be used on the
aft end of the launcher.

SLIDE 15. FAIRINGS INSTALLED ON LAUNCHER

Enclosing the launcher with fairings should work in the
icing environment; however, the first rocket firing
will destroy the protective cover. As with the cap-
plugs, no tests have been performed to determine how
the frangible fairings would stand up with a thick

coat of ice or how firing the rocket through an
ice-encrusted fairing will affect the rocket fuze. We
might have to develop a ballistic fairing which would
have a small explosive change to jettison the fairing
prior to firing.

FILM CLIP. EJECTION OF FAIRING UPON FIRING

The next film clip shows how the frangible fairing is
ejected during rocket firing from a fixed wing aircraft.
You will notice the fairing being ejected more or less
in one piece.
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At high airspeeds the fairing then breaks up into small
pieces; however, we don't know what would happen with a
low speed helicopter and an iced-up fairing.

SLIDE 16. ROCKET ICING QUALIFICATION TESTS ¢

If the 2.75 Inch Rocket System is to be qualified for
operations under icing conditions, these tests would have
to be performed. The static tests could be performed
on the ground first, to verify that hang fires would
occur and then firing, or simulated firing through the
covers. To determine the effect of the ice on the
cover, the various rocket configurations wouid have to
be tested first with just the cover and then with
various thicknesses of ice to determine the limits of
performance. The rocket design, specifically the fuzes,
may have to be changed to withstand the icing launch
environment.

Once the safety tests have been performed on the

ground, airborne icing tests would have to be conducted.
These airborne jettison and live firings could be quite
extensive to prove that there is not a safety hazard.

The ejection of launch covers, including large pieces
of ice, may also affect the qualification of a system
because of foreign object damage. We have experienced
major damage to a tail rotor with a portion of the
launcher tube, so the same problem could occur with
ice.

SLIDE 17. XM227 LAUNCHER

Moving into the area of equipment concepts, there are
new developments in the 2.75 Inch Rocket System which
may complicate, and some of which may help to solve
the problem operations in icing.

This slide shows the XM227 launcher which has been i
undergoing development as part of a remote set fuzing
subsystem. You can see the umbilical cable which
connects each fuzed warhead with the launcher and
subsequently to the electronic fuzing subsystem aboard :
the helicopter. Shown is both the 10 and 17 pound i
HE warhead with the XM433 fuze which can be electroni-
cally set by the pilot for super-quick, forest
penetration as bunker delay while in flight. Also
shown are the XM255 flechette warheads which can also

60 3




e e e

be electronically set by the pilot for airburst from
500 to 4000 meters from the helicopter.

When we think about icing, this functional concept gives
us a number of problems. In the current configuration
the umbilical is going to be in the way. The long
warheads are going to stick out of the front of the
launcher. The plastic nose of the flechette warhead

and the probe on the forest penetration fuze may have
trouble when trying to break through a fairing covered
with ice.

SLIDE 18. PACK LAUNCHER AND HARDBACK ASSEMBLY

This picture shows the use of a concept for rapid rearm
called the pack launcher. A boresighted hardback is
attached to the stores pylon, and by means of a

special launcher and winch, one man can put a fully-
loaded launcher into position. This concept was
developed for the Army's forward area refuel and rearm
point, FARRP for short. Since the concept is for the
launcher to also act as a shipping container for the
rockets, this could lend itself to some of the
solutions to the icing problem.

SLIDE 19. FOAM DIAPHRAGM

This is a picture of a foam diaphragm for a 19 tube
launcher to protect the rockets until the moment of
firing. This kind of diaphragm could be built into
the pack launcher so that as the launcher is loaded at
the rocket assembly plant, the diaphragms are put into
place to protect the rocket regardless of whether the
concern is ice or dirt.

SLIDE 2C. FOAM DIAPHRAGM, INSTALLED

This is another configuration of the foam diaphragm.
The cover would have to be strong enough to withstand
casual damage and rocket back blast, yet be frangible
so as to not damage the rocket when it is fired.

SLIDE 21. ROCKET EQUIPMENT CONCEPTS
To summarize the rocket equipment concepts which could
be used in the icing environment, the basic task is to

cover the launcher tubes. The best way to do that has
not been determined. We have frangible and reusable
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fairings for the 19 tube launcher. The Army 7 tube
launcher currently has no provision for fairings,
although the Air Force does have them that size.
Currently, the 7 tube launcher would have to depend
upon individual tube covers and that may be the best
way to protect the 19 tube launcher as well.

Probably the best alternate technique would be to enclose
the launcher tubes with frangible disks.

As with the current inventory, the new rocket designs
would have to be evaluated on the basis of how they
would perform when tested under icing conditions.

SLIDE 22. COBRA PIP PROGRAMS

In further investigation of the interface impact of
equipping the helicopter for operating in icing, we
also must consider how much weight will be added. The
first section of this slide shows a weight chart for a
standard Cobra and TOW Cobra. Then the ammunition and
launchers are added. 1In both cases, the user doesn't
want to put any more weight on either aircraft. How-
ever, the Cobra office has approved PIP programs which
would add another 100 pounds to each model. This does
not include any weight for stores management, fire
control, or remote set fuzing which should be added to
the AH-1G. Beyond either of these is the Product
Manager for aircraft survivability equipment who could
add another 175 pounds. It remains to be seen what
anti-icing equipment will add. The degraded
performance of the aircraft in moderate icing conditions
must also be defined. A major goal of everyone
associated with the attack helicopters is to keep the
additional weight as low as possible.

SLIDE 23. ICING QUALIFICATION

As the final section of the development of equipment
concepts, I want to discuss the ramifications of icing

as a requirement. To be serious about attaining the !
ability to go into a battle area under icing conditions,
we must equip the aircraft not only to fly from one
point to another under low visibility conditions, but
also to allow it to survive and attack. Image
enhancement, such as low light level TV, infrared,

low air speed sensor, fire control, a radar warning
system, all fall into this category.
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Next, if icing qualification is to be a serious
requirement, it must be specifically addressed in the
weapon required operational capability document.

Icing must then be specifically addressed when a weapon
system is in advanced and engineering development. It's
too late for a system that is in the inventory; the best
we can do is go back and patch up as necessary. If
icing qualification is going to impact on the acceptance
of a system by the user, then any new weapon idea now

in development must be re-oriented to determine how it
is going to work in ice.

Lastly, the TECOM tests that develop the data on which
a system is accepted must also address how it will
perform in ice. Right now we have the electronic
remote set fuzing system in DT II. We are testing at
cold temperatures, but not under icing conditions.
TECOM would be more likely to perform this kind of
qualification test than one of the TRADOC agencies in
operational tests.

SLIDE 24. IMPACT OF ICING ON WEAPONS EMPLOYMENT
To summarize the presentation:

To operate in a battle area under icing conditions with
a functional weapons system, and with effectiveness,
will require specialized equipment. The analysis of

a system must address whether every system has to be
qualified for icing operations regardless of what part
of the world it is going to be used, and whether that
system even if it is qualified for icing, could be

used effectively.

The current tactics and equipment have not been
designed for optimum performance under icing conditions.
We are basically at the mercy of the weather, and we
operate around it, not in it. This is our real
challenge for increased operational effectiveness.

In the category of available equipment, we do have some
preventative measures which could be used; however,
quite a number of tests would be necessary to determine
what part of the Army's 2.75 inch rocket inventory
could be considered as icing qualified.
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Finally, we are in the midst of defining how the next
generation of free flight rocket systems are going to
perform. If icing is to be enforced as a crucial
requirement, then the development plans and test plans
will have to reflect that requirement and the additional
test and development costs will have to be integrated
into the system budget.
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Slides 1 and 2.
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ARMY HELICOPTER TASKS

® TROOP MOVEMENT/RESUPPLY —
HUEYS, HOOKS, CRANES, UTTAS

— LOGISTIC AREA
— BATTLE AREA

® OBSERVATION/ATTACK —
LOH, HUEYS, COBRAS, AAH

— LOGISTIC AREA
~ BATTLE AREA

Slides 3 and 4

66



Slide 4A.

Slide 5 is being deleted from this summary due to its classified
nature.
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ENEMY DOCTRINE FOR A MIDINTENSITY CONFLICT CALLS
FOR A MASSIVE ARMORED VEHICLE ATTACK SUPPORTED

BY A LARGE NUMBER OF INFANTRY AND SENSOR-DIRECTED
ANTIAIRCRAFT WEAPONS

BATTLE AREA OPERATIONS
IN ICING CONDITIONS

LOW LEVEL FLIGHT

CONTROL HELICOPTER AT LOW AIR SPEEDS
ACQUIRE TARGET IN ADVERSE WEATHER
FUNCTIONAL WEAPONS SYSTEMS

AVOID RADAR DIRECTED AIR DEFENSE

Slides 6 and 7.
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CURRENT WEAPON EMPLOYMENT TACTICS
IN ICING CONDITIONS

STAY HOME
QUIT WHILE YOU'RE AHEAD‘

DELIVER ORDNANCE BEFORE
ICE BUILD-UP

ASSUME ICING IS LOCALIZED

\
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Slides 8 and 9.
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Slides 10 and 11.
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Slides 13A and 14.
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ROCKET ICING QUALIFICATION TESTS

® STATIC TESTS :
— VERIFY CURRENT PROBLEMS

— FIRE THROUGH COVERS
WITHOUT ICE
WITH ICE BUILD-UP

— IMPACT ON ROCKET DESIGN

® AIRBORNE TESTS WITH ICING
— JETTISON
— LIVE FIRING
— FOREIGN OBJECT DAMAGE (FOD)

Slides 15 and 16.
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Slides 17 and 18.
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Slides 19 and 20.
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ROCKET EQUIPMENT CONCEPTS

® COVER LAUNCHER TUBES
FRANGIBLE FORE AND AFT FAIRINGS
FRANGIBLE FORE, REUSABLE AFT FAIRINGS
INDIVIDUAL TUBE COVERS
FRANGIBLE DISCS BUILT INTO PACK LAUNCHER

® INTERFACE TESTS
— FIRE THROUGH COVERS
" — IMPACT ON ROCKET DESIGN

AH—-1 COBRA AND APPROVED PIP PROGRAMS

AH-1G AH-1Q
(POUNDS) (POUNDS)

AIRCRAFT . 5760 6230
CREW AND FLUIDS 465 465
FUEL (1 HR +) 800 800
STORES PYLONS 100 80

FLYAWAY TOTAL

ARMAMENT

PiP
FEATHERING AXIS BEARING
INSTRUMENT FLIGHT SYSTEM
BALLISTIC CANOPY
ARC 114 RADIO
MISCELLANEOUS
TOTAL PIP

Siides 21 and 22.
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ICING QUALIFICATION AS A REQUIREMENT

® EQUIP AIRCRAFT FOR LOW VISIBILITY OPERATIONS
® SPECIFICALLY DEFINED IN APPLICABLE WEAPON ROC'S

® TESTS CONDUCTED IN ADVANCED/ENGINEERING
WEAPON DEVELOPMENT

® INTEGRATED INTO TECOM DT 1I/DT 11l TESTS

IMPACT OF ICING CONDITIONS
ON EMPLOYMENT OF FREE ROCKETS

® OPERATIONS IN ICING
® CURRENT TACTICS

® AVAILABLE EQUIPMENT
® EQUIPMENT CONCEPTS

SUMMARY

Slides 23 and 24.
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HELICOPTER TCE DETECTION SYSTEMS

by: David Grant

NORMALAIR-GARRETT LIMITED
YEOVIL, SOMERSET, ENGLAND

David E. Grant, Project Engineer, Aircraft Electronics,

Normalair-Garrett Limited.

Educated at Southall College of Technology, London, Department of Electronic
Engineering. Ie has had 16 years experience in electronic research and
development and for the past 8 years has been concerned exclusively with

Atmospheric Data Sensing Devices.

Abstract

The experience gained during development and flight testing of ice
detectors and outside Air Temperature indicator systems on helicopters
during the past 5 winters is discussed in detail. The paper also
describes a new accretion type of detector which is extremely versatile

in its application.

Formalair-Garrett Limited
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Introduction

The requirement for a reliable ice detector sgystem for helicopter
application is widcly reccognised, particularly by the armed services who
may have to operate in icing conditions. A considerable amount of testing
of the various types of detector available has taken place in recent years
and is likely to continue as a number of problems remain to be overcome.
The inferential ice detector has been fitted to a number of helicopters

in winter icing trials by scverzl armed services and helicopter airframe

manufacturers since 1968.

System Description

The theory and principle of operation of this system has been described
in detail elsewhere (ref. 1) and so only a simple description will be

given. The system has three component parts (see Figure 1) -

(1) A Moisture/Temperature Sensing Head.
(2) A Control Module.
(3) An icing severity or rate indicator.

(4) An ice accretion indicator system (optional fit).

The Moisturo/Tempcraiure Sensing Hcad consists of two cylindrical heater/
sensor probes mounted on a short aerofoil section mast. The front heater
is exposed directly to the airflow and inpinging water droplets and the
rear heater is contained within an inertial scparator which removes any
water droplets from the airflow over it's surface (see Figure 2).

Both heaters are maintained at a constant temperature (approximaicly 15000)

by the electronic control module. The physical proportions of the probes

and the recovery factor of the inertial separator give equal cooling to
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the two probes under dry air conditons and thcrefore the same electrical

power is required by each heater.

When supercooled water droplets are present in the airstream the front
probe is cooled and its heater draws increascd power to maintain
temperature equality with the rear probe. The difference in power levels
between the front and rear probe is therefore a fraction of the amount of
water evaporated from the front probe in unit time. This power difference
is processed by the electronic control module and presented on the

indicator in terms of liquid water catch rate.

The icing surface temperature is obtained indirectly by a temperature

sensor which is part of a control loop maintaining the sensing head support
mast at a temperature set a little above freezing point. This temperature
signal is also used to inhibit the indicator above the temperature at which

no ice can form.

An additional output facility is provided from the control module for an

ice warning lamp and control purposes if required.

Jce Accretion Measurement

It is desirable to relate the maximum potential icing severity or rate
indication of the inferential ice detector to an indication of total ice

build during an icing encounter.

Such a system was fitted to several trials aircraft and operates by time

integration of the analogue icing severity indication given by the

0-2 grm/m3 scaled indicator of the detector system.




In general terms, a frece water concentration of 2 grm/m3 at 90 knots is
approximately equivalent to an icing rate of 6 mm/min. By means of
voltage to frequency conversion, a digital indicator is arranged to give
a count of 600 per minute for full scale deflection of the icing severity

indicator and pro-rata for lower amounts.

Calibration
A1l ice detector systems are calibrated in the icing wind tunnel, (see

Figure 3).

Calibration of the Wind Tunnel is carried out using an assembly which
is substituted for the test arca, (see Figure 4). The apparatus consists
of 2 motor driven rotating rod which is mounted horizontally in the

working section of the tunnel in place of the normal test item.

The probe is illuminated from above and a magnified image is projected
onto a ground glass screen. The probe is cooled by a supply of carbon

dioxide gas.

By measurement of the time taken for the probe to increase its diameter
by a known amount due to ice accretion, the tunnel airstream water
content may be estimated. The initial probe diamter is 0¢031 inches

and the build diameter used is 0059 inches.

Helicopter Installation

The sclection of a suitable mounting position for the ice detector sensing

head must take into account the following considerations:-

(1) Correlation of the icing severity or rate indication with ice build

on critical aircraft surfaces, e.g. Rotor Blades.
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(2) The free water impinging on the sensing element should not be reduced
by disturbed airflow or from ice accretion on aircraft surfaces forward

of the sensor.

(3) Positioning of the sensor such that the airflow over it is as laminar

and unidirectional as possible.

The third criterion is the most difficult to achieve due to the inherent

manoeuvrability capability of the helicopter and its downwashe.

Correct operation of the inertial separator, which is part of the moisture
sensing head previously described, requires an airflow condition over it
which is laminar and has pitch and yaw components not exceeding i 50.
Operation outside these limits, which has arisen on helicopter installations
upsets the cooling balance between the two sensing probes of the moisture

sensing head and results in false ice warning signals being given.

Taking the Wessex 5 helicopter as an installation example the sensing
head was initially mounted on the upper side of the nose of the helicopter.
This proved completely unsatisfactory as spurious icing signals were given

over nost of the flight envelope.

The sensor was subsequently relocated on a platform under the fuselage
immediately beneath the cabin door. This gave some improvement as the
rotor downwash component was reduced but any deviation from level flight
still produced spurious signals. A few flight tests with streamers fitted

near the sensor were made which confirmed the varying flow patterns.

The sensor, still located as previously, was now fitted with a short box

section to act as a shield and make the airflow direction more uniform.
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With the further reduction of the falsc ice warning signals it now became
evident that the detector syslem was not always giving an indication when
light icing conditions were encountcred due io possible interference from
the nose intake and its bleed air system. Further troubie was experienced
from the liquid anti-icing system being tested on the intake, the sensor

being coated with a fine spray of the fluid.

The sensor and shield were relocated on the undercarriage wheel arch during
last winter's trial. Results have been encouraging but the spurious ice
warning signal problem remains. Some devclopment work to overcome this
problem has been carried out since the trial and a modification to the
sensor involving the mounting of director plates alongside the inertial
separator (see Figure 5) has been tested in the wind tunnel. The results
are very promising, the spurious signal error due to pitch and yaw variation

being reduced to about 5% of its original value.

Arrangements are in hand to flight test the effect of the modification

during the summer months.

Other Installations

The ice detector system has also been fitted to the Sea King and BO 105
helicopters during the last winters trials. Installations on both of these
aircraft was beneath the fuselage. The detector has, on earlier trials,

been fitted to a Sikorsky S61, operated by British Airways Helicopters.

Ice Detector Operation in the hover mode

For normal forward flight icing, in a simplified form, is the product of
airspeed x liquid water content = catch. A helicopter can however be

subject to icing conditions in the hover, the rotor blades and engine

intakes being the most critical areas.
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Since it is not normally possible to gite an ice detector in these positions
provigion for creating an adcquate airflow over the sensor of moicture laden

air is desirable.

In order to achieve this the ice deteclor scnsor has been fitted in a jet
pump arrangement powered by engine bleed air, (sece Figure 6). Such a
unit has been mounted on a Sea King helicopter during last winters icing

trial.

Tests have shown that the sensor is affected by bleed air pressure
variations during flight, and the cause is considered to be due to the
bleed air annulus being too close to the inertial separator of the sensor.
Some modification work to improve the performance is proposed. The
installation of the ice detector on the S61, is exceptional in that the
sensor is mounted on the pitot bracket sited above the rotor blades.

Not only is it possible to measure icing in the hover condition, but also
to correlate the rotor icing condition with the indicated icing severity

more accurately.

Test Results
A typical set of result obtained on a Wessex 5 furing tests at Ottawa,

Canada, last winter is shown in Figure 7.

The liquid water concentration indicator was calibrated to give a full
scale deflection of 2 grm/m3 at an airspced of 90 knots. An ice collecting
rod (Hot Rod) was mounted in view of the second pilot and used to assess the

ice build up.

The immediate response of the ice detector system to the entry into icing
conditions can be seen, the ringed line giving the maximum potential icing

rate calculated from the result.
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The 'hot Rod' accretion rate is lower than the potential rate as would
be expected. The ice aceretion counter was in course of adjustment in
order to match its rcading to the 'hot rod', but its operation is

reasonably successful.

Some false signals occur at 140-160 seconds and 240-260 seconds due to
aircraft manocuvring below the icing cloud base. The signals around

20 seconds occurred during lift off.

All readings with the exception of the hot rod were derived from film

records of the instrument panel taken every 10 seconds. A considerable

amount of information from other flights still remains to be evaluated.




ACCRETION TYPE ICE DETECTOR SYSTEMS

Muselare Mounted I'ype

Accrelion type delectors arce available in a variety of forms, the types

being most currently used for helicopter evaluation being the vibrating

rod, radiation and visual ice accrction rod (llot Rod). The latter has

been used extensively during winter icing trials as a primary refercnce -
for comparison with ice build upon the helicopter critical surfaces.

As a visual device it ic mounted in view of the pilot and can be fitted

with a collar or ring in order to estimate the ice build. It is of

aecrofoil section and contains a heater to enable periodic dispersion of

the ice build and by this means an assessment of the icing rate can be

made.

With the increasing instrumentation fitted to modern aircraft the tasks
of the pilot become more demanding and the need to make frequent
observations of the 'Hot Rod' in case an icing encounter occurs therefore

imposes an additional burden.

It was therefore seen that if the 'Hot Rod! could be modified to give
a’'warning signal close to the onset of icing conditions then this would

be a valuable improvement.

Mcthods of detection using infra red radiation have been known for many
years, but its potential has never been exploited fully due to problems
with the optical arrangements required. With the advent of sub-miniature
infra red emitters and detectors, primarily developed for computer tape

and punched card rcaders but extremely rugged in construction, the detection }

of icing conditions by this method has become practical.
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I'or the past two winters, a modificd 'Hot KRed! with the photo electric
devices mounted on the leading edge of Lhe acroioil, has been evalualed
on two helicopters, a Sca King and Puma. Tests on the aircraft and in
the icing tunnel have established that an ice warning signal is given
when the ice build between the sensors reaches approximately 0+5 mm.

The unit is about tc be developed to a pre-production standard and is

at present gscheduled for fitment to a Lynx helicopter which will be

undergoing icing trials in Denmark this coming winter.

As mentioned previously the unit is an adaption of the standard Hot Rod
now fitted to many service Helicopters. Direct substitution is therefore

possible, the only additional wiring being an ice warning indicator lamp.

Development of a more sophisticated accretion type detector is proposed
such that an airflow inducer system may be incorporated for measurement
in the hover or at low forward airspced. An additional feature not found
in present detectors of the same type will be control of the icing surface

temperature.

This will be limited at the upper temperature in order to prevent excessive
temperature build up which will affect successive ice accretion and to

prevent damage to the photo electric devices. Ice warning signals will be

inhibited until the icing surface temperature is below the no icing
temperaturec. This will reduce or eliminate the possibility of false
warning signals due to dirt, insects, etc., which could cause mat

failure at high ambient temperature in an integrated system.

Rotor Blade Type

Measurement of ice accretion on rotor blades has not previously been

practical due primarily to the physical dimensions of the ice detector
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SEensore. The sub-miniature photo elcctric devices mentioncd previously
have been incorporated in a new type of sensor which is of extremely
small size, which when mounted on the icing surface virtually becomes

part of it. The sensor is shown in Figure 8.

The photo electric devices are bonded to a flexible substrate containing
a heater element which can be energised either manually or automatically
to remove ice build between the sensors. The sensor is designed for
attachment by bonding in a similar manner to strain gauge instrumentation.
The detector is connected to its control box by four wires of relatively
low current capacity. The control box which is about the size of a
cigarette package could feasibly be mounted on the rotor head to reduce
the slip ring connection to one or two leads if 28 V is already

available through the rings.

By series connection of the light sources and parallel connection of the
photo electric detectors a number of ice detector units may be connected
to a single control box. Ice build upon any detector unit will then

produce a warning signal.

The sensor may also be uéed to detect freezing rain deposits which normally

occur on the upper side of horizontal aircraft surfaces.




QUTSIDE ALR TEMPERATURE MEASUREMEHT

Measurement of true outside air temperature under icing conditions is

an essential requircment when considering the ice shedding characteristics
of a helicopter. The combination effects of icing, airspeed and altitude
require that a correction to be applied in order to achieve a rcasonable
accuracye. The correction applied evaluates the ram temperature rise (A %)
and depends upon the recovery factor (°<) of the measuring instrument and

the true velocity of the aircraft.

At relatively low airspeeds, such as are applicable to helicopters the

ram temperature rise is low. Thus providing the recovery factor of the
thermometer is also low, then readings with sufficient accuracy can be
obtained directly by using a shielded type of thermometer. The inertial
separator design which is used in the inferential ice detector system
described earlier has a ratio of internal airstream velocity to free stream
velocity of approximately O-3. This has been verified by wind tunnel

testing using a hot wire anemometer.

The recovery factor for thermometers mounted in this type of housing is
approximately O¢75 over the airspeed range up to 200 knots. Therefore

the temperature indicated by the probe Ti following the relationship -

Toat + 075 Gey ¥ 2
100

i

il

2
Toat + O 0675 L
100

TOAT is the true static temperature and the term in the bracket is the
ram temperature rise. At low airspeeds this term (A t) is low. Therefore

Ti is almost equal to Toat, the error being less than O-SOC over the

airspced range for a helicopter. The cquilibrium surface temperature of the
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probe for various conditions is shown in Pigure 9. Reference 2 gives

useful additional information.

The use of an inertial separator with the thermometer probe imparts two

advantages over supposedly straightforward temperature measuring devices.

(1) Ice build upon the temperature measuring surface is eliminated

and therefore crrors due to stagnation are avoided.

(2) The effective air velociiy over the thermometer surface is low
in relation to the free stream velocity, resulting in negligible

error due to kinetic heating up to about 200 knots.

The OAT indicator system is shown in Figure 10.

The temperature sensing head consists of a platinum resistance thermometer
housed within an inertial separator body. The action of this in
precluding any free water droplets has been described previously. The
temperature sensor is connected to an electronic amplifier contained
within the sensing head boundary layer mast. A particular feature of

the clectronic amplifier circuit is that a very low voltage is applied to

the temperature sensor element resulting in negligible self heating.

Testing of the systems is to continue, some problems with electrical
insulation breakdown in previous trials having marred the performance of
the instrument. A modified unit with improved construction and
calibration is now available. It i? scheduled for installation on the

Lynx helicopter for the next winter icing trial.
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CONCLUSIONS

In summarising the present state of the art regarding ice detectorg and

OAT indicators the writers opinion based upon development and trials

experience is as follows -

Inferential Ice Detector

This detector is capable of measuring the onset of liquid water droplet
impingement on the airframe and as such should give the earliest ice

warning indication.

The instrument, however, in its present stage of development is sensitive
to airflow conditions in the region of the sensor and requires careful

attention to the system power supply wiring.

The performance improvements obtained with the sensor mounted in a duct
and containing airflow director plates are such that this arrangement is

recommended for helicopter installation.

Ice Accretion Type Detectors

In the writer's opinion the only satisfactory accretion type detector is
one which can be mounted upon and become an integral part of the critical

icing surface.

Present airframe mounted ice accretion detectors appear to work when in
medium to low freczing temperatures at moderate icing rates, approximately
1 -4 mm/min. At high accretion rates the cycle time of the de-~icing
heater is long and the icing surface characteristic becomes affected due
to the thermal timc constant of the surfacc. At temperatures just below
freezing low icing rates go undetected due to latent heating effeccts

upon the icing surface.
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The 'Hot Rod' accretion type detector used purely as an ice warning
indicator and using manual de-icing hcater appears to be the best

compromise so far obtainable.

QAT Indicator Systems

y The bi-metal or 'meat' temperature thermometer has been used for helicopter
OAT measurement for many years and from its simplicity gives the appearance
of being reliable. It does however suffer from two principle defects when

used in icing conditions.

(1) The temperature sensing element will read the stagnation temperature

when ice build upon it occurs.

(2) The accuracy of the instrument is considerably affected by the
temperature difference between the indicator dial and the temperature

sensing surface.

The development of electrical OAT indicator systems has met with a number
of problems, the higher accuracy and more flexible installation causing

other problems.

A principle problem is susceptibility to engine exhaust gas or bleed air
outlets, the changing flow pattern from thesc over the flight envelope
producing variations in indicators from sensors mounted in different

airframe positions.

In general some further trials work with these instruments is required,
also the wider temperature range now required whilst maintaining the
high accuracy required (t O,SOC) makes a digital temperature indication

essential.

92




AD=AOB1 422 ARMY AVIATION ENGINEERING FLIGHT ACTIVITY EDWARDS AF==ETC F/6 1/3 N
ROTARY WING ICING SYMPOSIUM. SUMMARY REPORT. VOLUME II,.(U)

! JUN 74 D E WRIGHT

‘ UNCLASSIFIED USAAEFA=T4=TT7=VOL=2




REFERFNCES

Te J.S. Orzechowskie Ice Rate Detection and Its use on Helicopters
Proceedings Of Internation Conference On Helicopter Icing,

Ottawa, 1972.

2. B.L. Messenger. Equilibrium Temperature Of An Unheated Icing
Surface As A Function Of Airspeed.

Journal of Aeronautical Sciences, January, 1953.




SLIN3NOGWOO W3LSAS ¥O103.130 32! IVIIN3IY¥3IINI | "9

Alddns "0'dA 8z

SLINJYID NOLLVILINI
ONIDI-30 JllviNOLNY QL

ONINYVYM 301 OL

Qv3H ONISN3S 3¥NISION

\YOLV2IaN| /
4 > B N LG

LINN T0YINOD YOLVOIONI 3Lvy
YOLVIIAONI NOILIYIIV 3D <o
e ———————————

ALI¥3A3S ONIDI

94




¥0123130 301 TVILNI¥IINI 40 M3IIA TVNOILI3S ¢ Old

S131dOYAa H31VM 40 NOILVYVA3S TvILYINI %

3

s 51 31d40M0  HILV MOV

3

S e sy o g - B #
e e e e e Vet R .!lo!ul.llll...ll‘A..nm
s v T A GwSS s w— i ew——rw s B e T
. e —— p—— - —— — — e T s vewn e

€T TR PR CLIEERE ey
— ———— — e \wn.u.//.... .,.,:\\ SO\ e e

o S z : &5
PR e TR \\\%%\ (o e e

/ ¥3ILVIH T

——
AR\ PE—
e < T jv/al -
el e ,/.,m.eﬁL AQOE \&etlo = §
N e // I/Im /}/..: A\ \\\n..‘-.uv.| '&‘nm.' —
== == T A Sl ANt T
R T e ou e Ry | T g e e 15 Ao e s i sy 7o)
.t S—nn — I!‘\L PN \M|-|.7!v 1!...0 awe o~ -~ v..)n .fmtl — i
e S — .r..ll-..N.I..llll..\..l.L...lr.U {
e e CEe Getme e [ e Cum— o o e Ce—— — o..l"' — e i I/

/
dNOYHS \ >n\0m \

AdQ = YOSN3S/Y31VIH ¥v3y 3gnl 3AIL0310dd
13IM-YOSN3S/431viH LNOY3




XALITIOVA ISEL TANNNL ANIM ONIOI - €°OId

it

fe

96




lamp r__
condcnser_\ alr
o kil
prism. - 3
4
probe retractable shield
~
/
l
\
-

tunnel working area

projection
fens 2

prism —

- -

20000V

FIG. 4
CROSS _SECTION

¥

air

Of T.AC. ICING TUNNEL WATER

CONCENTRATION

CALIBRATION RIG

97




‘Ajquasse Jaualyblens Mmojjsie Ul pajunow -‘pesy Buisuas aJnjsiopy

S "ol

98
PR




Y¥3ONANI MOTJYIV  ¥OLI3130 321 40 M3IA TVYNOILD3S 9 "Old

YOLI3NNOD ONIY ONITV3S

NOINN
v seug

31Vd3Sve Q3CN31X3
? 31v1d 1¥0ddNs
YIMO1 1¥CHS HLIM
QVv3IH QYVANVLS

e o T
V e d/
4 _ 13%SV9
4103~ \ lnllvm
oNIg \A | e
Dzyv‘ = _.— — .".”.
fas ..\ilﬂ.,l/ ! : s :
onty o= s gny !
POHT ™ " _ ¥3AI3O
ki) .In\k TRV o | . L = s BRI
L~ ~ 7 e
IN3S3Y- | | fat ] MOT3 BV
: 13%SVS | R
i ONIVIS) = & e




—yT

<(uul) NOI 13423V 3Dt

S X3SSIM  “1INSIY - IVIYL ONIDI WIIdAL L "913
0
23S ) 3IWIL
oy f
oomw o 0% omw @ o8l 8& | 0zl on.v owo.o
wiw
’. mmmznow
m; zo_mm8<\o
= } o 20
‘I..w A 0 |0A\EE \\\ -
_ O0Y 10H _+* 5
\\t m
8 - m 3 = e / vv.o»\
- ==fibAfte— ; H 2
aimcll - A
M; \.\ 2
- ' . L 9-0Q
g! ! _;\ h Om
| M«* 5 : =
: 4 \*FJ‘ | =
g1y § 5.5
b f_ M g
: 3
g <&
.)\1\\/ 4 ’\.0.!
ON = -

/Kmm«m TR

T
o~
(o}

3ansinv

anoTd NI Jg% = LVO

‘10001 x
3anLinv

100

s 3x




.

101

FIG. 8 ICE/ FREEZING RAIN

DETECTOR UNIT.




EQUILIBRIUM SURFACE TEMPERATURE °C

%

8
/
; /
Dry surface with
recovery factor of 1//

6 1

4 <

0 <4

Icing surface temperature will be in

E the shaded area.and depends upon
liquid water content %

v‘s
——
AT, 4 0-0676\ 100/ ——

o RNGL_UNIT
P e —
Ambient temperature = -5°C
=al
-8 ) T 1] ) 3 T 1} ) ) ] {
0 100 200 300

TRUE AIRSPEED -~ M.P. H,
SENSOR EQUILIBRIUM SURFACE TEMPERATURE

102




TIMPIRATURE

O

|

\\‘ AN A L w,\‘“\\

WS

\“\\\\\\\\\\\\\I\\k

2
< ~J
/'// o gasket

\\

T e R L

FIG. 10 QAT

COMPONENTS.

recorder

INDICATOR




SESSION IT DISCUSSION

¥ CPT Checketts, London: What's the U.S. Army's view on the need
! for flight in snow, recirculating snow, clear of clouds? Do you
see this as any additional limitations on your capabilities?

CPT Pike: Sir, this would probably fall more into line with the

é in which they addressed, I believe, freezing rain and snow. I
g have that study with me but right off the top of my head I
wouldn't like to try to answer it. If you'd like to see the
study I'd be glad to show it to you. Are there any further
questions? Thank you.

savings do you have when you go to the tapered passages?

Dr. Rosen: The air flow savings can be as much as 50 percent. Depends

upon the design and specific length of passage. There are other
ways to do it other than a tapered passage as all of you know,
you can incorporate fins, you can improve heat exchange by a
number of means. All of these systems cost money and the taper-

ed passage concept gets you close to a design cost situation. It

buys you the biggest gain over a more complex heat exchanger
structure. But you could see a gain in bleed air by as much as
50 percent,

Yes - the gentleman in the back.

G. Paclik, Garrett: You were giving us presentation about the
air intake, physical shape and so for helicopters. Do we have
a very different situation if we compare the helicopter jet
engine intake and normal fixed wing airplanes? Cause I think
we have airplanes which are capable of flying under all weather
conditions. Is there a significant difference?

Dr. Rosen: I think the major advantage that fixed wing aircraft
have is certainly high speed fixed wing aircraft, are that they
do encounter a significant amount of agrodynamic heating and
this could be very significant. The V
significant. The inlet however on a helicopter is such that it
has to be designed and take into account all the peripheral
areas surrounding it. There's usually a lot more junk on a
helicopter, pylons and things of this sort which are setting out
either adjacent to or nearby the helicopter. A low speed air-
craft, of course, fixed wing aircraft, would definitely have to
have its engine air inlet heated and in fact most jet fighters,
of course, do have their engine air inlets heated. The major
difference I think between a helicopter system and a fixed wing
system has to be considered to be the rotor blade and the
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efforts Lockheed has going on. They conducted an extensive study

Mr. B, Hall, Hughes Helicopter: I was wondering how much air flow
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characteristics of that rotor blade, and how that rotor blade
operates in icing conditions.

Yes?

Mr. Friedlander, French Test Center: I think that the big dif-
ference between helicopters and aircraft is in the position of ?
the engine. If you can position the engine of your helicopters
as the same position of the fixed wing aircraft is clear from
ice coming from the front part you have no problems.

Dr. Rosen: That is quite correct sir, however, many of us who
have had to package designs within the C-130 (air transportabil-
ity) and face up to those problems have not been able to have
that latitude. I can tell you this that it's a tough decision
to make. 1Its a tough decision whether or not you put a shield
up in front of that thing or whether or not you add an addition-
al drive shaft, whether or not you add an accessory gear box.
It's a decision that has to be made not in light of icing alone
but consistent with the whole design to cost and meeting the
requirements philosophy that we are all faced with today. But
your statement by itself is a correct statement.

SQDN LDR Lake: There are 3 points I would like to make. First,
my reservations about pneumatic systems is that while you test
them beautifully at 110 knots at heavy weight you never seem to
look after me when I want to get down in a hurry and on a very
low engine power and this is just the time I don't want to be
concerned that my engine might go out. The question I would
like to ask you is one near and dear to our hearts and that is
the mixed condition of snow and ice and I was hoping Patuxent
River was going to talk about this, but they obviously are not
going to get to their feet. Our experience is that once you get
ice if you then encounter snow you can't recognize it if you
are flying instruments. How are you going to cope with that
with your filteration systems particularly. The 3rd point

that I would disagree with you absolutely fundamentally and I
think this is something that the Colonel should take up in his
forceful manner. I disagree absclutely that we can compromise .
the design for other design criteria. The fact that we've been
at this game for 15 years and have made very little progress, I
would attribute mainly to the fact that the designer hasn't
started with icing in mind in the very beginning of the program
and has compromised the icing design and ability the moment he
puts his felt tip pen onto his paper or these days if he puts
his flashy pen onto his cathode ray tube.
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Dr. Rosen. I'm going to be very direct in my answer because I
disagree with you. For one thing, it's one thing to do something
and not know what your doing. And I say this with no a?rogance,
but when you make a decision as to where an inlet is going to

be positioned today, it's not 1950, you know what your doing, you
know darn well what your doing, you know darn well what the .
potential is of having a slug of ice come back at you and you ve
thought out in advance just what options are open to you. I
don't want you to be misled by my statement. But I want to tell
you this, that when your setting with a design to cost goal and
you've got so many dollars to play with and you've got to meet
that goal, well your jolly well going to meet that goal and
you're going to do it and your going to meet the icing require-
ment as well, Your not going to forget about it. No way are
you going to forget about it, but you've got to meet all of them
and that's what makes the great challenge. And just by position-
ing the engine inlet you just don't position an engine inlet,
you may end up positioning an entire propulsion package which
could result in an increase, a very significant increase in cost
and a very significant increase in weight. And there may be
other ways to solve the problem, in fact there are, and in fact
we have addressed ourselves to exactly that point. The other
question on bleed air. Bleed air designers don't just arbitrar-
ily pick design points. What they do is, they scan and I should
have gotten into this, They do, they scan all of the character-
istic speeds in which the aircraft is going to operate. This
goes all the way from hover up to the max speed of the aircraft
and at the same time scan the minimum possible engine power con-
dition that you could be operating at, and still enter an icing
condition. In this way, you design not for max power, no way,
you design for minimum power; and this way try to come up with

a low power, worst possible combination that is, the combination
that produces the worst conditions on external aerodynamics and
external thermal dynamics to produce an icing condition; and

the similar condition of low engine power which would produce
the lowest bleed pressure and lowest air temperature to combat
that icing condition. So, you don't arbitrarily select one
bleed point. This is not unique of Sikorsky, but all of us in
this business certainly can address ourselves to the design re-
quirements across the board.

Now the other question. Ron Price cracked up when you asked
that question. Now it's a difficult problem, it's almost an
impossible problem. It's not an impossible problem, it's one
we just don't know how to solve right now. No one does. The
watt densities involved are enormous, the amount of heat flux
that you have to apply is absolutely horrendous. Those of us
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who've calculated generator power to combat a freezing rain con-
dition have just stood back in awe. Now that doesn't mean it
can't be solved, I'm simply indicating that it has not been
solved to date. It's something we must solve, it's something
we haven't solved. I know you as aviators don't give a damn but
I've simply got to tell it the way it is.

Mr. R. Gaertner, NASC: I'd like to say we don't really put icing
last, in fact in the new specifications you'll find it's called
out in some detail. We also have to worry about the engine in-
stallation; where it's going to go for effects of sand, dust,
and maintenance and all these other things. It is a compromise,
and you can't just look at icing all by itself. We are attempt-
ing to cover all these areas and give everyone a fair chance.
And as far as the fixed wing goes, we have no Navy fighters that
are anti-iced fixed wing; and we've never really had any diffi-
culty with them either.

Our problem is mostly rain; and that's when its just so much
rain it actually puts out the fire. But our icing, we normally
fly above it or if we have to go thru it, we penetrate it fairly
rapidly. So, we have not had the problem. I think you made

the statement that there might be some anti-icing capabilities
in fixed wing aircraft. In the Navy there isn't, there may be
in the Air Force, there may be in the Army.

Dr. Rosen: There certainly are in commercial. We have anti-
icing on the engine and we have ice detectors; but we do not
anti-ice the inlets. There's no way we could do it. The inlets
are too big, too long. You've got a 20-foot inlet, you just
couldn't do it.

Well the JT9D for instance is pretty big and its got some heat.
The JT3D is pretty big, not quite as big.

Mr. Gaertner: Your using mostly bell mouths too, you see,
we're designing for speeds somewhat higher and we don't use
bell mouths and its a little different.

Are there any other comments?

Lieutenant Commander Dayton, Coast Guard: I've got to ask the
question, I can't wait any longer. About twice here you've
mentioned rotor blades but you did it very briefly. I realize
this is probably not your primary field but do you have any
stand on your company's position or feel for what they're doing
in that field?
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Dr. Rosen: Sikorsky has, and I mean this is a difficult question.
So 1'll answer it. Sikorsky has an ongoing R&D program specif-
ically tailored to that problem. We are spending our own funds.
We are working on the problem. We have come up with preliminary
designs and are at the point of going further. There is no
question about it, we face up to it and we are ready to move
ahead on it. Our position is that we've got to continue funding
this program and we've got to continue the R&D effort that we
have begun.

J. Cox, Cox and Company: Do you have anti-ice rotor blades on
a Canadian customer?

Yes we do on the HSS2.

It's a 4 zone system roughly running at about 25 watts per
square inch. It has a controller; basically it is a deice
system. We allow ice to accrete on the surface of the rotor |
blade in . zonal pattern. The ice accretes, we apply power }
periodically. The inertial forces act on the ice and carry the 1
pieces away in a controlled manner. The system has worked, it
has worked with a certain amount of success and I feel that
technology of course is available to us and is available to 1
many of you who are aware of it. I don't know what else I can
say, John, except that we do have a system and it has worked.

Mr. Wilson: (Responding to a cuestion asked of Mr. Sewell)
Well, I didn't come prepared with any figures to talk on this
particular subject but suffice to say; having got interested

in John's work, we managed to organize a couple of blades on
the first season of testing which we tested in the rig on a
Wessex and subsequently tested in natural icing. A lot of what
he has said appeared to be borne out in that we were getting
better fragmentation. There was evidence of marked reduction in
adhesion and not the same tendency to leave remmants of ice on
the rotor blade, which is something I shall be touching on ,
on Thursday morning. On the second season, we managed to get |
another couple of blades and make up the set, and in fact went
for a more sophisticated scheme, such as is shown on the slide
where we got a composite covering to overcome what was thought

to be some of the problems areas. Mainly in a neoprene leading
edge strip in the maximum impact area to reduce the effect of
rain erosion. That is spot on the leading edge and tapering

of the sub strate to fair in better to the rotor blade contour.
This we flew again, did further rig work, and followed by flights
in natural icing; but I'm afraid because of priorities, which
incidentally were outside of my control, we had to stop this |
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work at that point in the season. But I think it is certainly
showing sufficient promise to carry on with full scale testing.
This is one of the items on our program for next winter. I don't
think there's a lot more to say really, other than we are taking
a renewed interest in this field and after all, John talked

about the reduction in the cohesive forces. I'd like to draw
your attention to the fact that relatively recent studies on the
porpoise have shown that in fact this is the reason why it has
such a good hydrodynamic performance. Thank you.

Dr. Rosen: I think we ought to make one point, as our great

leader says, perfectly clear. The modern rotor blade deicing
system, and I use the word deicing system, does in fact utilize the
energy of rotation and, in fact the basic principle does revolve
around this point. When we do electrically heat rotor blades do not
attempt to anti-ice the rotor blade. We attempt to deice the

rotor blade and effectively break the bond and use the inertial
forces which are there, which as you said are there, to carry

away the piece of ice. Now the question is this, "How big is

the piece of ice?" What I'm going to ask you now, you may or

may not have an answer for, and that is in your studies have

you been able to predict consistent with say typical helicopter
rotor systems how large a piece of ice, in fact, will be shed?

In other words, what inertial forces will be necessary to over-
come the bond between the surface and the ice?

Mr. Sewell: Well, I don't think enough trials work has actually
been done. As Alan mentioned we shall be doing more, but from
laboratory experiments the lower the adhesion of ice, the smaller
the particles. If your adhesion is comparatively good you have
to generally build up a thicker layer of ice before it will crack
off. Because you want the centrifigual forces on it and so it
does depend on how good a crack propagator you have and it will
depend on the thickness of the sponge rubber as well as how

much flexibility you can tolerate.

Dr. Rosen: I think all of us understand the concept. What I'm
getting at is the specifics. If you were to tell us that the
piece of ice, the strip of ice, would have to be in the order

3/4 of an inch thick in order to break the bond, many of us

would become concerned. If your saying that the piece, the strip
of ice, need be only 1/8 of an inch thick, well then perhaps
we're not quite as concerned. So what I was concerned about
here, is have you made an estimate, or are you prepared to offer
a guess?
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Mr. Sewell: Well, as I said I don't think we can estimate yet
until we've done more trials because the scheme that we are try-
ing is not necessarily the optimum. We are trying one material
as an outer skin with one sponge rubber sub-strate. We could
vary that, and as I say, we don't know in practice what the
thickness would have to be. We've no idea of measuring this in
laboratory measurements. I don't think we can do scale tests.

I think we've got to do the full scale measurements to see. But
as I said before the polyurethane is not the best material from
the point of view of ice shedding. Ice has a higher adhesion to
it than as polythane, PTFE or even some metals. Ideally one
wouldn't choose it; but we've chosen it in the first instance to
see whether we get a bonus and whether it is good enough and
whether it's worth going further ahead. Can I just briefly say
that we tried on the rocket launcher, which I described to use
caps in the same sort of way that you've done. We tried various
designs but the problem there was that when we got a complete
covering of ice over the rocket face; the resistance to the
rocket movement was such that if a rocket did come out, or

could penetrate, it brought all the caps out at once, and in fact,
we got sort of a lump of ice plus caps coming away. Also,: it
presented severe resistance to the rockets. We are bothered about
the damage to the frangible nose caps, anyway. So we discarded
that idea pretty quickly.

LTC Graham: We have not conducted that test to prove it to
ourselves, There's one significant thing about a seminar like
this is that unfortunately we do not have the people represented
here that represent what we call the user., In other words, for
the Army, the "TRADOC'" type people., Because we can churn all

we want about what the Army needs, but until those people that
represent the user make their requirements known on what the
capabilities of the system must have, there's no money.
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THE AIMS OF THE UNITED KINGDOM'S
HELICOPTER ICING PROGRAMME

CAPTAIN J T CHECKETTS RN MINISTRY OF DEFENCE UK
ASSISTANT DIRECTOR HELICOPIERS (PROCUREMENT EXECUTIVE)

SUMMARY

A brief indication of the aims and achievements of the UK's
helicopter icing programme is given. Definition of the icing
environment and meteorological probabilities are outlined.
Protection priorities are declared and the broad development
state of each reviewed. Icing hazards and associated flight
safety matters are stressed. The scope of icing simulation
facilities is mentioned.

INTRODUCTION

I hope that what I am going to say during the next 15 minutes
or so, as seen from my chair in the Helicopter Projects
Directorate in the UK Ministry of Defence, will serve to set
the scene for the more specialised presentations which follow
from other members of our delegation. May I say first of all
how pleased I am that the UK has been given the opportunity
to contribute to this symposium.

The original specifications for the UK's current in-Service
helicopters all recognised in varying degrees the requirement
to operate in icing conditions. However, at the time these
specifications were drawn up, the UK's defence policy placed
rather more emphasis on operations in areas which have hot
climates. Helicopters were accepted for use by the Services
with releases which precluded flight in ambient icing
conditions and with the minimum of testing, usually limited
to a demonstration in a test tunnel that an uninstalled
engine would continue to function in simulated icing
conditions. Towards the end of the 1960's there was a shift
in emphasis in UK's defence thinking away from tropical
climates. Coincidentally there occurred an increasing
requirement for tactical exploitation of the helicopter's
relatively recently acquired all-weather-flight capability.
These factors pointed up the need to give greater attention
to performance in icing regimes.

There can be no doubt about UK's ultimate aim now -
unrestricted flight in icing conditions. However, it must be
said that in the past UK's efforts have centred on develop-
ment rather than research, essentially using and adapting
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techniques established for fixed wing aircraft, which of
course have the great advantage that they can in many cases
climb out of icing conditions. To date, we would not claim
to have provided any particular helicopter type with adequate
protection. The problems are numerous and lack precise
definition. There are few worthwhile records (but many random
and unquantified incidents). Testing is extremely difficult
and expensive, and the icing season is short.

THE ICING ENVIRONMENT

Probably the most fundamental problem is that of defining the
environment against which to protect the helicopter. We
have much information about the upper atmosphere but
relatively little about the height band in which helicopters
operate.

The identification of clouds in which classical icing can
occur is easy - we can measure liquid water content and
temperature - but, as I have said, there is a dearth of data
about the lower atmosphere with which we are concerned and,
as is well known, no cloud is homogeneous, let alone repeat-
able. Recent years' trials show that pockets of high IWC
concentration can be encountered in stratus clouds: this
suggests that for protective equipment design purposes, it
may be necessary to apply a short term exposure factor of
100% to the nominal value of continuous maximum LWC
appropriate to a given temperature. Snow is not at this stage
adequately defined and nor are mixed conditions or freezing
rain. We make no attempt to provide airframe protection
against the last mentioned.

The probability of encountering icing conditions is an
important’ factor relevant to the cost effectiveness of
protective hardware. UK has studied the probability of
encountering freezing cloud up to 5,000 ft over Northern
Europe and the Eastern Atlantic. Figures 1 and 2 show
typical isopleths of percentage probability: they sensibly
agree with USAF Air Weather Service Report 220 dated June
1972. Within such clouds the probability of actual encounter-
ing icing is 50% as a good round figure (Russian information
says 20-80%). Whilst the possible existence of an icing
condition can easily be forecast, its probable severity
cannot: we do not at present visualize a research programme
which might improve this situation. The occurrence of snow
may add to any operational incapacity due to icing: its
additional effects are most significant below the cloud base.
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Almost three centuries worth of data on snow in the vicinity
of UK is currently being analysed.

PROTECTION PRIORITIES

In the course of our studies in the UK, we have decided upon
the following priorities:

1 Full engine and air intake protection in all
weather conditions. .

2 Clear view through forward windscreens.
3 Ice accretion and icing severity indication.
b Rotor blade protection.

The problem of engine and air intake protection is largely
overcome at the initial design stage by the very siting of the
engine. We have in hand a programme of research to invest-
igate potentialities of a number of different intake
configurations. Here it is pertinent to note that in any
scale model testing of intakes the water droplets must also ]
be scaled to ensure representative distribution from momentum 3
considerations. We have found that single engines mounted
behind transmission gear boxes appear to derive a protection
bonus, eg Wasp and Gazelle. Grids are attractive for protec-
tion against shed ice but they could produce more problems
than they cure: we are exploring the possibilities of anti
iced grids. ;

Visibility through forward windscreens can be ensured for
modest electrical power outlay using metallic oxide films. !

In the area of ice accretion and severity indication, we have
a long way to go. Although in practice indication of ice
accretion can be achieved by a small aerofoil section some
6" long sited within the pilot's field of view, as a breed
icing severity indicators do not work. A difficult com-
promise is invited between the requirements of forward

flight and the hover. Attempts to overcome this by induced
flow over sensors have not been very successful.

Hitherto we have depended upon natural shedding of ice from
rotors and the need for rotor blade protection has been
associated primarily with lower temperatures below
approximately - 10°c. However, it is becoming increasingly
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evident that such protection is required for protracted
exposure to any icing condition in order to contain torque
increases and to conserve an autorotative capability adequate
to make a survivable engine-off landing.

Additionally, accurate indication of outside air temperature
becomes of vital importance when critical restrictions are
imposed, particularly at or just above freezing point.

As far as rotor blade protection is concerned, the UK as so
far only embarked upon the development of a heated rotor blade
system employing orthodox leading edge electro-thermal de-
icing mats, triggered in a cyclic fashion by a UCC ice
detector. However, limited trials have demonstrated that its
ability to cope reliably with the higher liquid water concen-
trations now known to exist is suspect. Furthermore, there
are also the obvious disadvantages of complication, weight
and power requirements inherent in such a system. A better
solution may be to anti-ice the rotor, perhaps using a podded
APU, on a role/climatic basis.

In passing I might mention that the UK has not encountered
any problems due to ice accretion on tail rotors.

We have some evidence that leading edge coatings such as
polyurethane and nylon improve the self shedding of ice from
rotors, particularly when used over a flexible substrate.

We are attracted by the relative simplicity of such protective
methods and plan further trials to evaluate them.

FLIGHT TESTING AND RELEASES

The difficulties of icing flight testing are well known - the
short season, high cost, difficulties of adequate observation
and measurement. Acknowledging the risks, UK sets very
strict flight safety criteria for the conduct of trials.
Comparable criteria cannot sensibly be applied in releases
for Service users if they are to be operationally worthwhile:
in giving any release for flight in icing conditions the user
is inevitably placed in an abnormally high potential risk
situation. This factor places a heavy responsibility on
those responsible for authorising flights in possible and
actual icing conditions, and requires a deep and detailed
knowledge of the hazards and the limitations of the aircraft.

It is worth noting the potential operational benefits of
separate releases for flight in snow (clear of cloud) and in
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cloud icing. Whilst it may be difficult to clear some air-
craft for both conditions, (but practically impossible and
certainly unwise to clear any mixture of the two), either may
be achievable in isolation with comparative ease.

SIMULATION FACILITIES

The UK makes the maxium possible use of simulation facilities:
our two largest are the Aeroplane and Armament Experimental
Establishment's open jet tunnel having a maximum 8 ft diameter
jet and employing liquid nitrogen as the cooling medium, and
the large altitude engine test cell at the National Cas
Turbine Establishment, Pyestock. In the open jet tunnel
intake testing at representative forward speeds can be under-
taken with locked power turbines or with rotors running clear
of the airstream, according to helicopter size/configuration.
In an endeavour to extend its use to the investigation of
rotor blade icing we shall shortly examine, using a semi-
rigid rotor, the effects of rotating blades intersecting the
tunnel airstream.

Full scale fuselage testing, with engines running or with
simulated air flows and heat emissions, can be undertaken at
the National Gas Turbine Establishment. One problem we have
yet to solve is that of producing artificial snow; then we
need to tackle simulation of mixed conditions.

We believe that simulation facilities such as these provide
quick and economic pointers to problem areas and are most
useful development tools. As a logical extension we consider
that the US Army's CH 47 icing tanker has enormous potential:
also we look forward to the possibility, albeit only faint

at present, of one day sharing a European icing rig similar
to the Canadian National Research Council's installation at
Ottawa. In all such facilities meticulous equipment
calibration and icing cloud measurement is, of course, of
paramount importance.

HAZARDS

Operators, be they Service or Civil, have a healthy respect
for the hazards of icing conditions, but at present, due to
the lack of protective hardware, the vast majority are
inexperienced and are in general advised to keep clear. Thus
there is a need for pilot education which should not overlook
some of the less obvious points which might catch people out.
To mention a few:
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1 Level and rate of torque rise
Four considerations:

3 Imperative that this remains below the fatigue
damaging threshold.

ii Ability to maintain height, even at reduced
speed.
iii The need to maintain autorotative capability.
iv Last, but not least, the need to maintain an

escape route - be it up, down or back. Flight
planning and authorisation are thus very important.

2 The dangers of ingestion of sged ice during flight,
landing and ground taxying above O C, following exposure
to icing conditions.

5. FOD due to ingestion of fragmented ice or compacted
snow, from the ground or deck of a ship, especially when
operating in close company with other helicopters.

L The need to remove fallen snow from warm rotor
blades prior to start to avoid melt which can sub-
sequently freeze.

(The unpopular alternative is to cool the aircraft to
ambient temperature before exposing it to the elements).
Nor must engine intakes be overlooked: it has happened!

5 Landing in deep powdered snow can produce a flame-
out hazard, either due to direct ingestion or during
heavy recirculation, but may not cause engine damage.

SUMMARY

Very sketchily I have outlined the UK's aims and achievements
and a few of the lessons learned. In sum, icing is a
hazardous environment. We do not know enough of its com-
position to define proper design criteria, nor can we yet
provide the pilot with adequate warning indicators and full
protection equipment. We are convinced that full engine
protection is vital and now more and more recognise the need
for rotor protection. We believe in maximum use of simulated
test facilities. We are very much aware of the need for
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caution in flight trials and in any possible release to
operating authorities. There remains a great deal to learn
and much to be done, which will inevitably be expensive in
both time and money.
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RESULTS OF AH-1J ICING TESTS
CONDUCTED JANUARY-FEBRUARY 1974

LT T. P. EARGLE, USN U. S. Naval Air Test
Project Officer Center
Patuxent River, Md. 20670

INTRODUCTION

The Naval Air Test Center (NATC) has conducted
icing trials on various series of the H-1, H-2, H-3,
H-46, and H-53 helicopters in the U. S. Navy/Marine
Corps inventory during the past fourteen years. In
October 1973 the Naval Air Systems Command, Washington,
D.C., tasked NATC to evaluate the capability of the
AH-1J to operate in icing conditions. Specifically,
NATC was tasked to evaluate AH-1J icing characteris-
tics with emphasis on the following components:

1. The engine inlet and particle separator
2. The unheated 540 series main rotor system

3. The rain removal, pitot heat, and environ-
mental control unit

Another objective of the evaluation was to obtain
necessary information on icing operation for inclusion
in the Aircraft Flight Manual.

The AH-1J Tactical Helicopter (Enclosure (1)) is
a tandem, two-place, twin power section conventional
helicopter utilizing a two-bladed rotor system design-
ed specifically for the combat role. 1Its primary mis-
sion is search and target acquisition, multiple weapon
fire support, and troop helicopter support. The heli-
copter employs a pitot heat system to keep the pitot
tube free of ice, a rain removal system to keep the
windscreen free of moisture and ice, and an environ-
mental control unit for cockpit temperature control.

To understand the test results for the engine, it
is necessary to be aware of the airflow through the
inlet/engine. Enclosure (2) presents a propulsion sys-
tem airflow diagram which shows the relative location
of the inlet, engine, ejector, and the airflow path
through the engine. Air enters the inlet and, just
prior to the particle separator valve, can either
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continue aft to exit the ejector or turn downstream to
enter the engine inlet. Air entering the engine inlet
screen passes through the engine and out the exhaust
duct into the center of the ejector. The inlet/ejector
act essentially as a nozzle while the high velocity ex-
haust duct gasses act as an ejector inducing a flow
through the nozzle.

The ejector arrangement is the fundamental com-
ponent of the particle separator system which is de-
signed to separate 807 of all particles 20« or larger
and 93% of all particles 80« or larger. Note that
the particle separator screen and the engine inlet
screen (Enclosure (3)), both of which are unheated,
have a high potential as ice collectors.

TEST FACILITIES/CRITERIA

The U. S. Navy employed the unique National
Research Council (NRC) of Canada Spray Rig as shown in
Enclosure (4), for build-up tests prior to tests in
natural icing conditions. The Spray Rig utilizes high
pressure steam and water. The steam pressure forces
the water through nozzles located on the metal grid
work of the Rig. The Rig is used only when the air
temperature is below freezing to ensure the atomized
water droplets are supercooled after exiting the
nozzles. The supercooled water droplets are then
carried by ambient wind to the aircraft. Ice accre-
tion rates encountered in forward flight are simulated
in the Rig by varying the liquid water content (LWC)
and micron size (& ) of the water droplets. For U.S.
Navy testing purposes, the ILWC was varied to simulate
ice accretion rates at 150 kt and water droplet micron
size was held constant at 304 ., Testing in the rig
is limited by wind speed and ambient precipitation. A
minimum wind speed of 5 kt is needed for tests. Pre-
cipitation degrades the IWC and increases the diffi-
culty of quantifying the test data.

The tests were conducted under the following con-
ditions:

1. Temperature range: -4.0°C to -20.4°C

2, Icing cloud &iquid water content:
0,32 gm/m3 to 0.74 gm/m
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3. Water droplet diameter: 30 Microns

4, Time in Spray Rig per flight: 5 to 60
minutes

5. Aircraft gross weight: 6,700 to 10,000 1b.

Of note are the temperature range and duration of tests
in icing conditions. FAA and NASA weather data show
ev1dence of icing conditions in temperatures as low as
-35°C. Hqwever, the probability of encountering icing
below -20C and below 10,000 ft altitude (the upper
limit of most helicopter operatlons) is extremely low.
Therefore, for all U.S. Navy testing to date, -20°C

has been used as a lower limit on icing tests.

For testing anti-ice or de-ice systems the criteria
of ice-free operation over the entire temperature range
for 30 minutes was employed. The AH-1J has an unheated
engine inlet and rotor system, therefore a different
time criteria was required. Sixty minutes was chosen
as an optimum time period to allow an unheated system
to accumulate sufficient ice to reach an end point.

The following parameters were recorded during the
tests: Engine gas generator speed (N;), engine inter-
turbine temperature (ITT), transmission torque (Q),
rotor speed (Ny), fuel quantity, and outside air
temperature (OAT). These parameters were recorded
every ten minutes while in icing conditions. The two
heated systems (rain removal and pitot heat) were acti-
vated prior to entering icing conditions and deacti-
vated as the aircraft departed the icing environment.
Immediately after a test each system was inspected for
ice accretion and photographed. The aircraft was com-
pletely cleared of ice prior to conducting the next
test.

Safety criteria for test end points were as fol-
lows:

1. Ice accumulation on engine screens or inlet

causing an ITT rise to maximum continuous power
(767°C),

2. Sufficient ice accumulation on rotor
system to produce either (a) an unacceptable airframe
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vibration as determined qualitatively by pilot or (b)
a 30% torque increase over that required to maintain
the same hover altitude before ice accumulation.

3. The criteria for satisfactory rain removal
and pitot heat operation was that the windshield and
pitot tube remain fsee of ice over the temperature
range of -20"C to 0°°C

The following FAA definitions were used in the
icing tests:

1. Trace icing - 1/2 inch per 80 miles

2. Light icing - 1/2 inch per 40 miles

3. Moderate icing - 1/2 inch per 20 miles

4. Heavy icing - 1/2 inch per 10 miles or less
Note that time is not a factor in the definition.
RESULTS
Engines

Enclosures (5) through (8) illustrate engine in-
let screen icing results at four representative temper-
atures. There were no differences between ice ac-
cumulations on the No. 1 and No. 2 engine compressor
inlet screens. Ice covered the upper portion of the
screens first, and progressed down the sides in the
tests involving heavier icing conditions. The photo-
graph in Enclosure (8) was taken following tests in
the Spray Rig in moderate to heavy icing conditions
( -20.4°C, 58 minutes). Two factors are of note: (1)
ice never accumulated on the bottom one-third of the
screen on any test conducted, and (2) after 60 minute
runs in moderate to heavy icing conditions, no signifi-
cant ITT rise due to airflow restriction to the engine
was observed.

A typical view of the partlcle separator screen
after a 60-minute test at -15.1°C is presented in En-
closure (9) and (10). 1Ice typically covered the screen
and accreted into the airstream. At no time did the
particle separator ice accumulations restrict the
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airflow sufficiently to cause a significant reduction
in engine performance or capability.

Two flights were flown in freezing rain at -5
and -2°C. 1Ice did not accumulate on the screens dur-
ing either test. This was attributed to the increased
particle separator efficiency in forward flight and to
the large droplet size indicative of freezing rain.

Of the six flights in natural icing conditions,
varying in intensity from trace to light icing at
temperatures down to -10"C, the screens accumulated
considerably less ice than under comparable conditions
in the Spray Rig. The engine screens, inlets, and
particle separators are considered satisfactory for
flight in icing conditions.

Windshield, Pilot Heat, and Environmental Control
Unit (ECU)

The pitot heat was satisfactory under all con-
ditions tested. Correlation of pitot heat operation
in the Spray Rig and natural icing conditions was
excellent.

The rain removal system operates by blowing hot
bleed air through small diameter tubes located at the
base of the front windscreen to remove any moisture
or ice. During all icing tests in the Spray Rig be-
tween 1/3 and 1/2 of the front windscreen was ice
covered, limiting forward field of view. However, on
all tests in natural icing the windscreen remained
clear. This was due primarily to the reduced downwash
effect and increased airstream mixing with the bleed
air to provide a more efficient anti-ice capability
and emphasized the need of employing natural icing
tests to verify Spray Rig results.

The environmental control unit (ECU) provides
temperature control for the cockpit and is regulated
by a rheostat located in the pilot's cockpit. Outside
air required for system operation is inducted through
a screened intake located above the cockpit. The
screened intake was obstructed by ice after 10 to 15
minutes in both simulated and natural icing conditions,
as shown in Enclosure (11). A change in ECU turbine
frequency was noted at approximately 30 to 35 minutes
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indicating restriction of airflow. However, the ECU
continued to operate satisfactorily for all tests.
Continued operation in icing conditions could have a
detrimental effect on system reliability. The icing
problem might be eliminated by rerouting the ECU duct
and screen to face into the transmission area.

540 Main Rotor System

3 Enclosures (12) through (15) demonstrate rotor
system icing at four representative temperatures. The
run at -16.5°C for 60 minutes depicts the major de-
, ficiency with the AH-1J. The rotor system accreted
! ice, with an accompanying ITT and torque rise, for 20
to 25 minutes after entering icing conditions and then
began to shed ice naturally. After 5 to 10 minutes .
k the ice shedding cycle was complete and the ice began
to rebuild. However, the shedding was asymmetrical on J
all icing flights resulting in unacceptable one-per-
rev vibrations varying in intensity from light to
severe,

Three techniques were investigated in an attempt
to clear the rotor system after ice shedding commenced:

1. Collective pump - rapidly moving the col-
: lective pitch lever up and down for two to three
cycles.

2. Rapid cycllc rotation - rapidly moving the
cyclic stick in a 4 in. diameter circle through 720°

3. Rapid rotor RPM change - beeping the rotor
RPM to minimum, then holding the beeper switch to in-
crease to maximum to allow an RPM surge. RPM was
then reset.

The collective pump had no effect when employed. The
cyclic rotation technique was inconsistent in that

the vibrations generally became more severe or didn't
change, and only occasionally diminished. Thne rapid
rotor RPM change was the most effective in lowering
vibration levels after asymmetric shedding was en-
countered. The technique worked on every occasion

and was successful in lowering vibration levels to
normal after one cycle. However, only a limited
evaluation was possible due to poor weather conditions.
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Additional tests are needed to evaluate the full capa-
bilities of this technique.

On one occasion, the tail rotor gearbox fairing
was damaged by ice shed off the main rotor system on
shutdown as shown in Enclosures (16) and (17). This
was caused by a normal application of the rotor brake.
A light application of the rotor brake on subsequent
tests eliminated this problem and no further occur-
ences were noted.

CONCLUSIONS

1. The AH-1J showed an excellent capability for
flight through icing conditions and has the potential
of becoming a true all-weather aircraft. However,
the AH-1J can not be cleared for flight through
natural icing conditions until correction of main
rotor blade asymmetric ice shedding is accomplished.

2. The engine inlet/intake and particle separator
systems of the AH-1J helicopter are satisfactory for
operation in icing conditionms.

3. The rain removal and pitot heat systems are
satisfactory for operation in light icing conditions.

NATC is presently pursuing tasks to conduct additional
testing to expand the icing envelope of the aircraft
and extensively explore the related problems.
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AH-1J HELICOPTER

TYPICAL

THE AH-1J TACTICAL HELICOPTER
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Rain Removal

Enclosure (1)
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ICE ACCUMULATION ON THE COMPRESSOR INLET SCREEN
AFTER 60 MINUTES IN THE SPRAY RIG AT -4°C

131 Enclosure (5)
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Ice Accumulation
L4
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ICE ACCUMULATION ON THE COMPRESSOR INLET SCREEN
AFTER 60 MINUTES IN THE SPRAY RIG AT -16.50C

132 Enclosure (6)




ICE ACCUMULATION ON THE COMPRESSOR INLET SCREEN
AFTER 30 MINUTES IN THE SPRAY RIG AT -20.4°C

133 Enclosure (7)
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ICE ACCUMULATION ON THE COMPRESSOR INLET SCREEN
AFTER 58 MINUTES IN THE SPRAY RIG AT -20.4°C
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ICE ACCUMULATION ON THE PARTICLE SEPARATOR SCREEN
AFTER 60 MINUTES IN THE SPRAY RIG AT -15.1°C

135 Enclosure (9)




Particle Separator Screen Impression

ICE ACCUMULATION ON THE PARTICLE SEPARATOR SCREEN
AFTER 60 MINUTES IN THE SPRAY RIG AT -15.1°C

136 Enclosure (10)
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ICE ACCUMULATION ON THE ENVIRONMENTAL CONTROL UNIT SCREEN
AFTER 60 MINUTES IN THE SPRAY RIG AT -4.0°C

ENCLOSURE (11)
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Unshed Tce At Blade Root
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ICE SHEDDING CHARACTERISTICS OF MAIN ROTOR
BLADE ROOT AFTER 60 MINUTES IN THE SPRAY RIG AT -4.0°C
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s Ice Cut-Away

ICE ACCUMULATION ON THE MAIN ROTOR BLADE
AFTER 20 MINUTES IN THE SPRAY RIG AT -19.0°C
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ICE ACCUMULATION ON THE MAIN ROTOR BLADE
AFTER 20 MINUTES IN THE SPRAY RIG AT -14.5°C
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Unshed Ice

ICE ACCUMULATION ON THE MAIN ROTOR BLADE
AFTER 60 MINUTES IN THE SPRAY RIG AT -16.5°C
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DAMAGE TO TAIL ROTOR GEARBOX FAIRING FROM
MRB ICE SHEDDING DURING SHUTDOWN AFTER 60
MINUTES IN THE SPRAY RIG AT -16.5°C
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Tail Rotor Gearbox Fairing

DAMAGE TO TAIL ROTOR GEARBOX FAIRING FROM
MRB ICE SHEDDING DURING SHUTDOWN AFTER 60
MINUTES IN THE SPRAY RIG AT -16.5C
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AIRCRAFT ICING PROBLEMS

G C Abel Engineering Division
Aeroplane and Armament
Experimental Establishment
Bos combe Down

INTRODUCTION

It has always been a difficult if not an impossible problem to
test an aircraft sufficiently to ensure that all the icing
conditions in which it can or cannot safely fly have been identi-
fied. Equally, it has often been difficult to determine what
modifications are required to improve the ability of an aircraft
to stand up to icing conditions. This is because although icing
conditions occur sufficiently often in certain areas at recog-
nised times of the year to present a serious problem to the free
operation of an aircraft, they are also so infrequent and so
variable that it is very hard to find the appropriate natural
icing condition when an aircraft is ready to be tested.

When faced with this sort of situation a test engineer will
consider methods of simulating the difficult test condition and
as you know several ways have been tried to do this. None of
these methods is yet approaching perfection when applied to a
whole aircraft although most of them have enabled some progress
to be made in this field.

To see why it has taken so long to achieve this limited amount of
success it is worth having another look at the fundamental
problems of aircraft icing.

EFFECTS OF ICING CONDITIONS

Aircraft icing can have a serious adverse affect on the perfor-
mance of an aircraft in at least four main ways. First ice can
cause a mechanical obstruction either to flow through a pipe or
a duct or to vision through a transparency. Second, ice can so
modify the profile of part of the aircraft that it can ruin its
aerodynamic efficiency. Third, ice can so alter the natural
frequency of some parts of the aircraft that serious vibration
can be induced. Lastly, ice that has formed can break off and
cause serious mechanical damage or engine flame out or produce
an asymmetric condition on a rotating mechanism such as a heli-
copter rotor which will give rise to serious vibration.

The first three conditions happen progressively although the
deterioration can be very rapid. For instance a windscreen will

United Kingdom

Crown Copyright pae




ice over in a reasonably small number of seconds while the final
change to resonant frequency can also happen very quickly. Simi-
larly high torque increases have been experienced within a minute
of entering some icing clouds. The fourth condition may happen
very suddenly and usually there is no warning as to when it is
going to occur. Because of these potential hazards, several of
which could easily cause the loss of an aircraft, flight testing
in icing conditions either natural or simulated, has got to be
approached with considerable caution. A further factor that
makes this more difficult is that it does not always require a
large quantity of ice to cause engine flame out or damage and
these have been experienced in quite Tight conditions in a
comparatively short time. Similarly rapid torque rises have on
occasion been experienced in some comparatively mild icing
environments.

METEOROLOGICAL CONDITIONS

You all know that the most common way in which ice forms on an
aircraft is when it flies through certain meteorological condi-
tions. Two factors are necessary to produce ice on an aircraft.
The part of the aircraft on which the ice will form has to be at
a temperature below freezing and the water which is going to form
the ice must be in liquid form. The most common way of meeting
both these conditions is for the aircraft to fly at a height
where the ambient temperature is below freezing, through a cloud
that is composed of liquid water droplets that are supercooled.
Small cloud size droplets are quite commonly found in the super-
cooled state in relatively new clouds and they are capable of
remaining liquid down to quite low temperatures. In the labora-
tory it has been possible to supercool water in droplet form
down to -400 but in natural ciouds it is unusual to find super-
cooled water at temperatures much below -300C (-220F). A
supercooled water drop is in an unstable state which it only
reached by having been cooled in a relatively gentle manner, so,
if it should strike an aircraft it will start to freeze
immediately.

A number of meteorological conditions are conducive to the
formation of clouds of supercooled droplets but most have some
form of up current in them. Figure 1 gives a general illustra-
tion of one way in which such clouds are formed. It represents
5 stages in the life of a cumulus cloud starting from the Teft.
The atmosphere must be unstable, so that once the air starts to
rise, in this case by being heated by the ground, it will con-
tinue to do so. As the air rises it gradually expands and cools
so when it reaches the dew point it is no longer able to retain
all the water vapour in solution and some of it condenses out on

145

it i i e




to the many nuclei that are present in the Jower atmosphere to
form small droplets of liquid water. This is the start of the
cloud. As the air rises further it continues to cool and more
water is condensed out, some of it on to the original droplets
causing them to grow in size.

As they continue to rise and grow, the drops will pass through
the freezing level and become supercooled. As the air continues
to rise the drop size and the Tiquid water concentration increase
until, for very tall cumulus clouds, concentrations of 5 gm of %
water per cubic metre of air, or more, can be present.

I have talked about cumulus clouds as their whole 1ife cycle is

fairly short and the main principles are fairly easy to under- |
stand. Supercooled clouds are however built up in other ways.
Where moist air is lifted and cooled to below freezing, as often
happens in a normal frontal system, the same process will take
place. Icing clouds several hundred miles long can be generated
in this way. Similarly a cloud mass at temperatures above
freezing may be carried horizontally into a colder area and
become supercooled. Basically however supercooled droplets are
only formed from liquid water at a temperature above freezing and
once they have formed they have a limited life unless the
generation process is sustained.

Although the conditions I have just been talking about represent
the most common way in which ice will form on an aircraft they
are not the only ones. Freezing rain can be a very dangerous
condition in which the large rain drops will form ice over a
considerable area of the aircraft.

Snow is another condition that may represent a hazard to a heli- i
copter. There are virtually two forms of snow which affect an
aircraft in different ways, these are wet snow and dry snow. Wet
snow occurs when the temperature is close to freezing and at some
stage may be a little above freezing. Usually the flakes are 1
Targer than in the case of dry snow and a handful can readily be
converted into a snowball. This snow can adhere to aircraft
surfaces and may cause trouble. Dry snow occurs when the maximum
ambient temperature is several degrees below freezing level. It
can reach the aircraft as.precipitation or lying snow may be
recirculated by the downwash of a helicopter rotor when landing,
taking off or hovering close to the ground. This dry snow does
not constitute an icing hazard in its own right but behaves in
the same way as a cloud composed entirely of ice crystals.

Clouds composed entirely of ice crystals at temperatures below
freezing were known to produce compressor stall on one type-of
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engine back in the 1950s but normally they will only produce ice
on an aircraft if there is enough heat on some part of the air-
frame on which the crystals impinge to start to melt them. If
there is enough heat to melt the crystal completely, the water
will flow over the surface. Three things can then happen to it.
Either it will blow off into the atmosphere where it will re-
freeze as an ice crystal, or it will collect in some part of the
aircraft and may later freeze if the local temperature becomes

low enough or it may flow on to a colder part of the aircraft
where it will freeze and build up into a Tump of ice that may
become quite big. Later if the aircraft descends to a warmer
atmosphere this ice formation will break off and may cause damage
particularly if it goes into an engine. An alternative mechanism
is when there is not enough heat to melt the whole ice crystal but
there is enough to melt the part that is in contact with the
aircraft. This will allow the ice crystal to flow on its own film
of water and if it is then caught in some pocket of the aircraft
structure, possibly in an engine intake, where the temperature is
a little lower an accumulation of ice crystals can gather. Later,
after some change in the flight conditions the ice crystals may
come out as a concentrated mass and cause an engine flame out.
This did happen many years ago in the Britannia aircraft and it
took some time to solve the problem.

One last condition that can be the worst of all to some thermal
protection systems is a cloud composed of mixed ice crystals and
supercooled water. The supercooled water tries to change into
ice in the normal way and it may help to retain the ice crystals
on the heated surface long enough to allow them to start to melt.
This requires latent heat to be supplied by the protection system
in addition to the heat required to try to keep the surface
temperature above freezing and some systems have failed to cope
with the combined requirement.

BASIC THEORY

If we now have a look at the way in which the water gets to the
various parts of an aircraft it will be seen that this is depen-
dent on a number of factors including the shape of each component.
Figure 2 represents diagrammatically the relative flow round a
cylinder, of air and water drops. Apart from the stagnation Tline,
the air streamlines all go round the cylinder but due to their
inertia some of the drops in the path of the cylinder will not be
able to avoid it. The drops inside the Timits of catch will all
strike the cylinder while those outside the Timits will escape.
This represents a single speed and a single size of drop. If the
drops are Tlarger the limit lines would be set further apart as

the inertia of the larger drops will be greater so that a higher
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t proportion is caught. Similarly the size of the cylinder will

= affect the limit lines and the efficiency of catch, which is the

: ratio of the number of drops that strike the cylinder to the

| number of drops in the area through which the cylinder passes,

; increases as the cylinder becomes smaller. An increase of the
speed with which the cylinder is passing through the cloud will
increase the efficiency of catch and temperature has an effect

? as the density and viscosity of the air which determine the force

E that moves the droplets out of the path of the cylinder are

dependent on this. The area of the cylinder which the drops will

hit varies in a similar way. This can be quite important because
on the leading edge of a rotor blade, the area of catch is com-
paratively small and it is only this area that needs protection.

Cne of the effects of the high efficiency of catch of thin wires ,

is that a fine mesh debris guard makes an excellent ice collector. !

Figure 3 shows what can be built up on the air intake of a piston

engine which was fitted with such a guard. This of course was no

problem to the aircraft as the engine could draw its air from a

warm sheltered source when flying in icing conditions. Life is

however not nearly so easy for a jet engine as it uses more air
than a piston engine and so cannot benefit so much from an
alternative intake. As so often happens this lesson was learned
the hard way, when in 1951 a number of American F84s equipped
with what were described as engine screens, encountered severe

1 icing conditions over Eastern Indiana. 8 planes crashed within

a 13 mile radius and four of the pilots were killed.

Having once reached a cold aircraft surface a supercooled water
droplet will start to freeze. This is quite a complicated
process as can be seen from Figure 4 which gives the heat flow
equation for the icing surface of an unheated body and shows how
each part of the equation operates

Qp + Qu + Q5 +0Q, - Q, - Q - Q = Q

where Qf = latent heat of fusion of impinging water

= kinetic heating by water droplets

O
P
i

Qi = heat given up by ice cooling (from freezing to OS)

Qv = kinetic heating from air

Qw = heat rquired to raise water temperature from 90
to freezing

U * convective heat Tloss
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QS = conductive heat loss from surface
o = ambient air temperature
95 = icing surface temperature

evaporative heat loss

Probably the most important factor is the first one the latent
heat of fusion but each of the positive parameters contribute
heat which must all be dissipated before the water will freeze
completely. As Qf for 1 cc of water is 80 calories and the Q

to warm up 1 cc from -109C to 0°C is only 10 calories there is
obviously a fair amount of heat to be dissipated by convection,
conduction and evaporation. For a large drop this will take an
appreciable time especially if the temperature is not very much
below freezing. During the time it takes to dissipate all this
heat the unfrozen part of the drop will flow over the surface of
the aircraft until the whole drop has finally frozen. Usually
because it was a large drop it would come from a cloud containing
a large number of drops and the next drop to strike the same area
will arrive before the first one has completely frozen. In this
way the layer of ice that builds up will be a clear well-knit
sheet. This type of ice is called glaze or clear ice. At the
other end of the scale the droplets at low temperatures are
usually smaller and the concentration lower. The drop will
therefore freeze much more quickly and will flow very little
during the process. The next drop from the cloud is unlikely to
land in the same area until after the first drop has completely
frozen. In this way air will be trapped between the frozen drops
and the ice will have a white appearance. Its shape will be very
different from that of glaze ice. This type of ice is called
rime ice. Between these two extremes there is a wide variety of
combinations of ice both in texture and shape. Figure 5 illus-
trates the range of shapes that can build up on a thin strut
depending on the temperature and the concentration of water. On
the top row the water all flowed from the point of impact at the
leading edge before starting to freeze. With slightly lower
temperatures the ice formed at the leading edge and flowed side-
ways as well as backwards to form the horrible aerodynamic shapes
you can see. At the bottom where the temperature is low the ice
formation may even improve the aerodynamic characteristics.

What happened to the w