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AIRCRAFT ICE PROTECTION SYSTEM AND METHOD

ABSTRACT

A system and method for ice protection of a component, wherein the system is adapted to
be adhesively bonded to a surface of the component. The system includes a heating
element layer, at least one thermally conductive adhesive layer that adhesively bonds a first
side of the heating element layer to the component, an insulation layer, at least one
thermally insulating adhesive layer that adhesively bonds a second side of the heating
element to the insulation layer, an electrical bus bar adapted to provide a connection

between a power supply and the heating element layer, and at least one temperature sensor.
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AIRCRAFT ICE PROTECTION SYSTEM AND METHOD

BACKGROUND OF THE INVENTION

[0001] The present invention generally relates to turbomachinery, and more

particularly to anti-icing and de-icing systems for aircraft engine surfaces.

[0002] FIG. 1 schematically represents a high-bypass turbofan engine 10 of a type
known in the art. The engine 10 is schematically represented as including a fan assembly
12 and a core engine 14. The fan assembly 12 is shown as including a composite fan
casing 16 and a spinner nose 20 projecting forward from an array of fan blades 18. Both
the spinner nose 20 and fan blades 18 are supported by a fan disc (not shown). The core
engine 14 is represented as including a high-pressure compressor 22, a combustor 24, a
high-pressure turbine 26 and a low-pressure turbine 28. A large portion of the air that
enters the fan assembly 12 is bypassed to the rear of the engine 10 to generate additional
engine thrust. The bypassed air passes through an annular-shaped bypass duct 30 and
exits the duct 30 through a fan nozzle 32. The fan blades 18 are surrounded by a fan
nacelle 34 that defines a radially outward boundary of the bypass duct 30, as well as an
inlet duct 36 to the engine 10 and the fan nozzle 32. The core engine 14 is surrounded by
a core cowl 38 that defines the radially inward boundary of the bypass duct 30, as well as an

exhaust nozzle 40 that extends aftward from the core engine 14.

[0603] The fan nacelle 34 is an important structural component whose design
considerations include aerodynamic criteria as well as the ability to withstand foreign
object damage (FOD). For these reasons, it is important to select appropriate
constructions, materials and assembly methods when manufacturing the nacelle 34.
Various materials and configurations have been considered, with metallic materials and
particularly aluminum alloys being widely used. Composite materials have also been

considered, such as epoxy laminates reinforced with carbon (graphite) fibers or fabrics, as
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they offer advantages including the ability to be fabricated as single-piece parts of
sufficient size to meet aerodynamic criteria, contour control, and reduced weight, which

promote engine efficiency and improve specific fuel consumption (SFC).

[0004] Aircraft engine nacelles are subject to icing conditions, particularly the nacelle
leading edge at the inlet lip (42 of FIG. 1) while the engine is on the ground and especially
under flight conditions. One well known approach to removing ice buildup (de-icing) and
preventing ice buildup (anti-icing) on the nacelle inlet lip 42 has been through the use of
hot air bleed systems. As an example, engine-supplied bleed air can be drawn from the
combustion chamber 24 through piping (not shown) to the inlet lip 42, where the hot bleed
air contacts the internal surface of the inlet lip 42 to heat the lip 42 and remove/prevent ice
formation. As an alternative, some smaller turbofans and turboprop aircraft engines have
utilized electrical anti-icing systems that convert electrical energy into heat via Joule
heating. Resistance-type heater wires can be used as the heating element, though a more
recent example uses a flexible graphite material commercially available under the name
GRAFOIL® from GrafTech International Holdings Inc. The heating element is embedded
in a boot, such as a silicon rubber, which in turn is attached to the inside leading edge of
the nacelle inlet lip 42. A drawback of such systems is that they may require excessive
energy for de-icing and continuous anti-icing operation on large aircraft engines, such as

high-bypass turbofan engines of the type represented in FIG. 1.

[0005] Still other options include “weeping” systems that release chemical de-icing
agents, and de-icing boots equipped with inflatable bladders to crack ice buildup. Notable
disadvantages of weeping systems include the high cost of chemical de-icing agents, the
requirement that the aircraft carry the de-icing agent at all times, and the inoperability of
the system if the supply of chemical agent is exhausted during flight. Disadvantages of
de-icing boots include the requirement for a pump to inflate the bladders and a relatively

short life span.
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[0006] In view of the above, there are ongoing efforts to develop new technologies
capable of providing de-icing and anti-icing functions with improved thermal transfer to

the protected surfaces.
BRIEF DESCRIPTION OF THE INVENTION

[0007] The present invention provides a system and method for ice protection of
aircraft engine surfaces capable of providing de-icing and anti-icing functions (ice

protection) with improved heat transfer to the protected surfaces.

[0008] According to a first aspect of the invention, a system for ice protection of a
component is provided, wherein the system is adapted to be adhesively bonded to a surface
of the component and includes a heating element layer, at least one thermally conductive
adhesive layer that adhesively bonds a first side of the heating element layer to the
component, an insulation layer, at least one thermally insulating adhesive layer that
adhesively bonds a second side of the heating element to the insulation layer, an electrical
bus bar adapted to provide an electrical connection between a power supply and the heating

element layer, and at least one temperature sensor incorporated into the system.

[0009] According to a second aspect of the invention, a method of protecting a
component on an aircraft from ice formation includes a heating clement layer attached to
an electrical bus bar and encapsulated with the bus bar and at least one thermal sensor to
form a laminated structure, wherein a first thermally conductive adhesive layer is disposed
at a first side of the laminated structure and a first thermally insulating adhesive layer is
disposed at a second side of the laminated structure. The laminated structure is then
cured, after which an insulation layer is attached to the second side of the laminated
structure with a second thermally insulating adhesive layer. The laminated structure is
then attached to the component with a second thermally conductive adhesive layer.
Finally, the laminated structure and adhesive layers are cured to the component to bond the

laminated structure to the surface.
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[0010] A technical effect of this invention is that the ability to provide de-icing and

anti-icing functions with improved thermal transfer to the protected surface.

[0011] Other aspects and advantages of this invention will be further appreciated from

the following detailed description.
BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 schematically represents a high-bypass turbofan engine of a type known
in the art.

[0013] FIG. 2 schematically represents a cross-section of a heating element
architecture of an ice protection system in accordance with an embodiment of the present

invention.

[0014] FIG. 3 represents the heating element architecture in the form of strips that have
been formed into serpentine shapes to form an anti-ice or de-ice zone of an ice protection

system in accordance with an embodiment of the present invention.

[0015] FIG. 4 represents an ice protection system with two distinct zones in

accordance with an aspect of the present invention.

[0016] FIG. 5 represents an ice protection system with three distinct zones in

accordance with an aspect of the present invention.

[0017] FIG. 6 represents an ice protection system in accordance with an aspect of the

present invention.
DETAILED DESCRIPTION OF THE INVENTION

[0018] FIG. 2 represents the cross-section of a heating element architecture 44 suitable
for use in ice protection systems, for example, ice protection systems 70 shown in FIG. 3
through 6 in accordance with certain embodiments of the present invention. FIG. 2 also

represents a lip skin 46 of a nacelle inlet lip, for example, the inlet lip 42 of FIG. 1. As
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such, the lip skin 46 is not part of the heating element architecture 44 and is shown only for
clarity purposes. Ice is likely to form on the upper surface of the lip skin 46 (as viewed in
FIG. 2), which defines the exterior surface of the lip skin 46 that would be in direct contact
with the outside environment of the lip 42. In order to remove ice buildup (de-icing) and
prevent ice buildup (anti-icing), the lip skin 46 is represented as heated with a heating
element 48 of the architecture 44. The heating element 48 is preferably a
GRAFOIL7-based electrically resistive element that preferably weighs less and can be
heated more rapidly than traditional metal mesh heating elements, though the use of other
materials as the heating element 48 is also within the scope of the invention. Particularly
if GRAFOIL?7 is used, the heating element 48 may be of constant thickness and width or
have a stepped or tapered width and/or thickness to alter its electrical resistance and hence
the watt density throughout the heating element 48. The heating element 48 may be made
from any grade of graphite, however higher purity materials are preferred. The graphite
may be supported or unsupported, and may include additives such as carbon nano-tubes to

enhance through-plane thermal conductivity.

[0019] FIG. 2 represents two thermally conductive adhesive layers 50 and 52 as
adhering the heating element 48 to the lip skin 46. Although the heating element
architecture 44 is represented in FIG. 2 as comprising two thermally conductive adhesive
layers 50 and 52, it is within the scope of this invention that any number of thermally
conductive adhesive layers may be used. The thermally conductive adhesive layers 50
and 52 may be thin film adhesives, which may be supported or un-supported, that can be
used to encapsulate the heating element 48 and adhere it to the lip skin 46. The thermally
conductive adhesive layers 50 and 52 may contain thermal conductivity-enhancing
materials, nonlimiting examples of which include alumina (aluminum oxide), aluminum
nitride, silicon carbine, and/or boron nitride. Preferably, the thermally conductive
adhesive layers 50 and 52 are capable of achieving a through-plane thermal conductivity of
about 3 W/mK or greater, have an operating range of about -70°C to about 200°C or
greater, and also provide a minimum dielectric resistance of about 4 kilovolts per

millimeter or greater.



257309

[0020] A temperature sensor 54 is represented as being located between the thermally
conductive adhesive layers 50 and 52 in FIG. 2. The temperature sensor 54 may be used
to provide feedback to control systems for more accurate operation, fault detection and
overheat protection functions. Although FIG. 2 represents a suitable location for the
temperature sensor 54, it is within the scope of this invention for the temperature sensor 54
or other/additional temperature sensors to be located elsewhere within the architecture 44.
The temperature sensor 54 may be a conventional thermocouple or RTD type instrument.
Suitable locations of the temperature sensor 54 will be chosen based on the location of the
heating element 48 installation as well as temperature data desired for an application and

control system.

[0021] The lip skin 46, thermally conductive adhesive layers 50 and 52, and
temperature sensor 54 define what is referred to herein as a “hot” side of the heating
element 48, that is, the side of the heating element 48 wherein heat is intended to be
conducted towards the exterior surface of the lip skin 46 in order to provide anti-icing and
de-icing for the lip 42. Layers described hereinafter define what is referred to herein as a
Acold@ side of the heating element 48, that is, an insulated side of the heating element 48

wherein heat is inhibited from being conducted away from the lip skin 46.

[0022] As represented in FI1G. 2, the cold side of the heating element 48 is insulated by
an insulation layer 56. Preferably, this is the primary layer for preventing heat conduction
in a direction away from the lip skin 46, although additional layers may provide thermal
insulation as well. Suitable types of materials for the insulation layer 56 are well known
in the art and will not be discussed herein. With the heating element 48 insulated on it cold
side, heat loss is significantly reduced to promote more efficient thermal transfer to the lip

42.

[0023] As previously noted, localized watt densities within the heating element 48 can
be easily and readily achieved through tailoring the width and/or thickness of the heating
element 48, as well as tailoring the layers laminated to the heating element 48. For

example, the insulation layer 56vmay be formed such that its width and/or thickness varies

-6 -
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in any direction, and/or the density may be altered in any direction. Altering these
parameters may alter the material resistance and result in varying watt densities across a
single heating element 48, providing the ability to tailor the heat input to a specific area of
thelip42. Precise tailoring of watt densities and the rate at which each heating element 48
is able to be thermally cycled allows an ice protection system that contains the element 48

to operate more effectively for a given power budget.

[0024] The insulation layer 56 is preferably adhered to the heating element 48 by
thermally insulating adhesive layers 58 and 60. Although the heating element architecture
44 is represented in FIG. 2 as comprising two thermally insulating adhesive layers 58 and
60, it is within the scope of this invention that any number of thermally insulating adhesive
layers may be used. The thermally insulating adhesive layers 58 and 60 may be thin film
adhesives, which may be supported or un-supported, and encapsulate the heating element
48 on the cold side. The insulating adhesive layers 58 and 60 may be configured to
provide a low thermal conductivity, preferably about 0.5 W/mK or less. The thermally
insulating adhesive layers 58 and 60 also preferably have an operating range of
about -70°C to about 200°C or greater with a minimum dielectric strength of about 4

kilovolts per millimeter or greater.

[0025] An electrical bus bar 62 is represented as being located between the heating
element 48 and the thermally insulating adhesive layer 58. The electrical bus bar 62 may
be attached to the heating element 48 by a mechanical crimping method and/or an
electrically conductive bond. The electrical bus bar 62 may be a metal component with
high electrical and thermal conductivity, preferably copper or copper-based alloys. The
electrical bus bar 62 provides continuity from an electric power supply wire to the heating
element 48. The electrical bus bar 62 preferably has integral features for the attachment of
the power supply wire, such as a tab for a crimp type connection, or a tab for a ring and

screw connection, or any other suitable means.

[0026] A preferred method of constructing the heating element architecture 44

includes first crimping or fastening the electrical bus bar 62 to the heating element 48.
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The heating element 48 and electrical bus bar 62 are then encapsulated with the thermally
conducting adhesive layer 52 and thermally insulating adhesive layer 58, and then cured
via an oven or autoclave process to form a laminated structure. During this cure, separator
films (not shown) on the outer faces of the adhesive layers 52 and 58 are preferably present
to facilitate handling of the laminated structure. After removal of the separator films, a
secondary cure process is used to bond the laminated structure to the lip skin 46 with the
thermally conductive adhesive layer 50 and bond the insulation layer 56 to the laminated

structure with the thermally insulating adhesive layer 60.

[0027] The heating element architecture 44 described above is capable of providing a
higher thermal efficiency with respect to the desired surface to be heated than conventional
ice protection systems. This allows the ice protection system to be bonded to the back side
of an existing structure, as opposed to being fabricated as an integral part of the existing
structure. Attaching to ice protection system to the backside of a structure (opposite the
surface that requires heating) allows for easier maintenance access and improves impact

damage tolerance.

[0028] FIG. 3 represents an embodiment of the heating element architecture 44 that has
been processed (for example, cut) as strips 64 and formed into serpentine shapes to produce
an anti-ice or de-ice zone 66 of an ice protection system 70 in accordance with a preferred
embodiment of the present invention. Although the zone 66 is represented in FIG. 3 and
described herein as comprising three interleaved serpentine shaped strips 64, any number
of strips 64 may be used. The strips 64 may be interleaved such that each one of the strips
64 is powered by one phase of a three phase power supply (not shown) and so that each
phase of the three phase power may be distributed across an area to be heated for ice
protection. Each of the strips 64 may have its own attachment 68 to a power supply harness
(not shown). For large aircraft engine inlet installations, the strips 64 are preferably
powered by a 3-phase wye source, and can be configured to achieve close phase balance,

that is, less than 3%. The three phase power supply may be AC or DC power.
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[0029] Multiple zones 66 may be arranged around the lip 42 or another component to
be heated. Multiple zones 66 may be arranged to provide anti-ice protection or de-ice
capability or some combination thereof. FIG. 4 represents an ice protection system 70
with two distinct zones 66. FIG. 5 represents an ice protection system 70 with three
distinct zones 66. [Each zone 66 may operate independently from the others.
Furthermore, each zone 66 may be configured to perform anti-icing or de-icing functions.
FIG. 6 represents an ice protection system capable of fully covering the inlet lip 42 of FIG.
1.

[0030] Providing multiple zones 66 provides an additional level of safety for the ice
protection system 70. If the ice protection system 70 is GRAFOIL7-based, localized
damage of a single strip 64 of the zone 66 may still allow operation of the damaged strip 64
of the zone 66, although with a localized increase in temperature. If, however, the strip 64
is completely severed to prevent a continuous electrical path, a portion of the strip 64
removed from the power supply may not work. In this situation, or in the event of a failure
either through a power supply harness or connector, or in power generation, regulation or
control where a single strip 64 fails, two thirds of the ice protection system 70 will still
operate. The interleaved serpentine strip 64 arrangement allows sufficient heat transfer by
the operable two thirds of the ice protection system 70 to provide de-ice or anti-ice

capability.

[0031] While the invention has been described in terms of specific embodiments, it is
apparent that other forms could be adopted by one skilled in the art. For example, the ice
protection system 70 could differ in appearance and construction from the embodiments
shown in the Figures, the functions of each component of the ice protection system 70
could be performed by components of different construction but capable of a similar
(though not necessarily equivalent) function, and appropriate materials could be
substituted for those noted. Accordingly, it should be understood that the invention is not
limited to the specific embodiments illustrated in the Figures. It should also be

understood that the phraseology and terminology employed above are for the purpose of
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disclosing the illustrated embodiments, and do not necessarily serve as limitations to the
scope of the invention. Finally, while the appended claims recite certain aspects believed
to be associated with the invention, they do not necessarily serve as limitations to the scope

of the invention.
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WHAT IS CLAIMED IS:

l. A system for ice protection of a component, wherein the system is
adapted to be adhesively bonded to a surface of the component, the system comprising:

a heating element layer;

at least one thermally conductive adhesive layer that adhesively bonds a first
side of the heating element layer to the component;

an insulation layer;

at least one thermally insulating adhesive layer that adhesively bonds a second
side of the heating element to the insulation layer;

an electrical bus bar adapted to provide a connection between a power supply
and the heating element layer; and,

at least one temperature sensor incorporated into the system.

2. The system according to claim 1, wherein the insulation layer has a width

and thickness and at least one of the width and thickness is inconstant.

3. The system according to claim 2, wherein the thickness of the insulation

layer is varied.

4. The system according to claim 1, wherein the density of the insulation

layer is varied.

5. The system according to claim 1, wherein the watt density varies in the

heating element layer.

6. The system according to claim 1, wherein the system comprises at least
first and second zones that each comprise the heating element layer, the at least one
thermally conductive adhesive layer, the insulation layer, the at least one thermally
insulating adhesive layer, and the at least one temperature sensor, and the first and second
zones are configured to provide either an anti-icing or a de-icing function independently of

each other.

-11 -
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7. The system according to claim 1, wherein the heating element layer is a

graphite-based electrically resistive element.

8. The system according to claim 7, wherein the heating element layer has

carbon nano-tube additives.

9. The system according to claim 1, wherein the heating element layer, the
at least one thermally conductive adhesive layer, the insulation layer, the at least one
thermally insulating adhesive layer, and the at least one temperature sensor are in the form

of at least two strips.

10.  The system according to claim 9, wherein the strips are formed into an

interleaved serpentine shape.

11.  The system according to claim 9, wherein each of the strips is

independently attached to a power supply.

12.  The system according to claim 1, wherein the component is part of an

aircraft.

13.  The system according to claim 12, wherein the component is a nacelle

inlet lip.

14. A method of protecting a component on an aircraft from ice formation,
the method comprising:

forming a heating element layer;

attaching an electrical bus bar to the heating element layer;

encapsulating the heating element layer, at least one thermal sensor, and the
electrical bus bar to form a laminated structure, wherein a first thermally conductive
adhesive layer is disposed at a first side of the laminated structure and a first thermally
insulating adhesive layer is disposed at a second side of the laminated structure;

curing the laminated structure;

-12-
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attaching an insulation layer to the second side of the laminated structure with a
second thermally insulating adhesive layer;

attaching the laminated structure to the component with a second thermally
conductive adhesive layer; and then

curing the laminated structure and insulation layer to yield a heating element

architecture that is bonded to the component.

15.  The method according to claim 14, further comprising the step of cutting
the laminated structure and insulation layer into more than one strip prior to curing to the

component.

16.  The method according to claim 15, further comprising the step of forming

the strips into a serpentine shape.

17.  The method according to claim 15, further comprising the step of

independently connecting each strip to a power supply.

18.  The method according to claim 14, wherein the steps of claim 14 are

repeated to form multiple independent zones each comprising a laminated structure.

19.  The method according to claim 15, wherein the component is a nacelle
of the aircraft and the method further comprises operating the aircraft and removing ice

buildup from an inlet lip of the nacelle with the heating element architecture.

20.  The method according to claim 15, wherein the component is a nacelle
of the aircraft and the method further comprises operating the aircraft and preventing ice

buildup on an inlet lip of the nacelle with the heating element architecture.
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