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the hub. Each fan blade of the plurality of fan blades terminates at a respective blade tip. A clearance gap is defined between the fan
casing and the blade tips. The fan casing heating system is contigured to apply heat to the fan casing when the fan is operating in a first
operational mode, and remove the applied heat when the fan transitions into a second operational mode.
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FAN ASSEMBLY, CORRESPONDING TURBOFAN ENGINE AND METHOD OF CONTROLLING A CLEARANCE GAP

BACKGROUND

[0001] The field of the disclosure relates generally to gas turbine engines and, more particularly, to
a method and system for controlling a clearance gap between fan blade tips and a metal fan casing

using fan casing heating.

[0002] In at least some known aircraft engines, a fan casing fabricated from a composite material
surrounds a fan including a plurality of fan blades. A clearance gap necessarily exists between tips of
the fan blades and the fan casing, to avoid rub of the blade tips against the fan casing. Because
composite materials are much less susceptible to thermal growth, the diameter of these composite fan
casings is defined to accommodate the maximum diameter (from base to tip) of the fan blades while
still maintaining a clearance gap between the blade tips and the fan casing. Accordingly, the blade tips
expand to their maximum diameter during takeoff, which restricts the minimum diameter of the fan
casing. However, the fan casing remains at substantially this same minimum diameter during all other
flight phases, including cruise, at which the diameter of the fan blades is reduced relative to the
maximum fan blade diameter experienced during takeoff. As a result, the clearance gap, or the
difference between the diameter of the fan blades and the diameter of the fan casing, during cruise is
much larger than is necessary, which reduces the efficiency of the fan and, therefore, reduces the

performance of the engine.

BRIEF DESCRIPTION

[0003] In one aspect, a fan assembly is provided. The fan assembly includes a fan, a fan casing
circumscribing the fan, and a fan casing heating system in thermal communication with the fan casing.
The fan includes a hub, and a plurality of fan blades extending from the hub. Each fan blade of the
plurality of fan blades terminates at a respective blade tip. A clearance gap is defined between the fan
casing and the blade tips. The fan casing heating system is configured to apply heat to the fan casing
when the fan is operating in a first operational mode. The fan casing heating system is also configured

to remove the applied heat when the fan transitions into a second operational mode.

[0004] In another aspect, a turbofan engine is provided. The turbofan engine includes a core engine
including a multistage compressor, a fan powered by a low-pressure turbine driven by gas generated

in the core engine, a fan casing circumscribing the fan, a fan casing heating system in thermal
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communication with the fan casing, and a processor. The fan includes a hub, and a plurality of fan
blades extending from the hub. Each fan blade of the plurality of fan blades terminates at a respective
blade tip. A clearance gap is defined between the fan casing and the blade tips. The processor is
programmed to apply, using the fan casing heating system, heat to the fan casing radially outboard and
axially aligned with the fan such that the fan casing expands by a predetermined amount, increasing
the clearance gap to a first distance. The processor is also programmed to remove, using the fan casing
heating system, the applied heat to contract the fan casing, decreasing the clearance gap to a second

distance, wherein the second distance is less than the first distance.

[0005] In one aspect, a method of controlling a clearance gap between a tip of a plurality of blades
of a fan and a fan casing is provided. The method includes applying heat to the fan casing radially
outboard and axially aligned with the fan such that the fan casing expands by a predetermined amount,
increasing the clearance gap to a first distance. The method also includes operating the fan in a first
operational mode, and transitioning the fan to a second operational mode. The method further includes
removing the applied heat to contract the fan casing, decreasing the clearance gap to a second distance.
The second distance is less than the first distance. The method still further includes operating the fan

with the clearance gap at the second distance.

[0006] In yet another aspect, a method of controlling a clearance gap between respective tips of a
plurality of radially extending blades of a rotatable body and a cylindrical casing circumscribing the
rotatable body is provided. The method includes applying heat to the casing radially outboard and
axially aligned with the rotatable body such that the casing expands by a predetermined amount,
increasing the clearance gap to a first distance. The method also includes operating the rotatable body
in a first operational mode, and transitioning the rotatable body to a second operational mode. The
method further includes removing the applied heat to contract the casing, decreasing the clearance gap
to a second distance, wherein the second distance is less than the first distance. The method still further

includes operating the rotatable body with the clearance gap at the second distance.
DRAWINGS

[0007] These and other features, aspects, and advantages of the present disclosure will become better
understood when the following detailed description is read with reference to the accompanying

drawings in which like characters represent like parts throughout the drawings, wherein:

[0008] FIG. 1 is a schematic illustration of an exemplary gas turbine engine in accordance with an

example embodiment of the present disclosure.
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[0009] FIG. 2 is a cross-sectional view of a fan assembly of the turbofan engine shown in FIG. 1;
[0010] FIG. 3 is a schematic illustration of two fan assemblies under different heating schemes;

[0011] FIG. 4 is an expanded view of a fan casing of the fan assembly shown in FIG. 2 including

one example embodiment of a fan casing heating system;

[0012] FIG. 5is an expanded view of the fan casing of the fan assembly shown in FIG. 2 including

a second example embodiment of a fan casing heating system;

[0013] FIG. 6 is an expanded view of the fan casing of the fan assembly shown in FIG. 2 including

a third example embodiment of a fan casing heating system; and

[0014] FIG. 7 is a schematic diagram of an example embodiment of a FADEC in communication

with a fan casing heating system.

[0015] Unless otherwise indicated, the drawings provided herein are meant to illustrate features of
embodiments of this disclosure. These features are believed to be applicable in a wide variety of
systems comprising one or more embodiments of this disclosure. As such, the drawings are not meant
to include all conventional features known by those of ordinary skill in the art to be required for the

practice of the embodiments disclosed herein.
DETAILED DESCRIPTION

[0016] In the following specification and the claims, reference will be made to a number of terms,

which shall be defined to have the following meanings.

[0017] The singular forms “a,” “an,” and “the” include plural references unless the context clearly

dictates otherwise.

[0018] “Optional” or “optionally” means that the subsequently described event or circumstance may
or may not occur, and that the description includes instances where the event occurs and instances

where it does not.

[0019] Approximating language, as used herein throughout the specification and claims, may be
applied to modify any quantitative representation that could permissibly vary without resulting in a
change in the basic function to which it is related. Accordingly, a value modified by a term or terms,

EE R4S

such as “about,” “approximately,” and “substantially,” are not to be limited to the precise value
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specified. In at least some instances, the approximating language may correspond to the precision of
an instrument for measuring the value. Here and throughout the specification and claims, range
limitations may be combined and/or interchanged; such ranges are identified and include all the sub-

ranges contained therein unless context or language indicates otherwise.

[0020] Embodiments of the fan casing heating systems described herein provide a cost-effective
method for controlling a clearance gap between fan blade tips and a fan casing (for example, a metal
fan casing). Specifically, the fan casing heating system applies heat to radially outer surfaces of the
metal fan casing during one operational mode, such as idle, takeoff, and/or climb. The applied heat
causes radially outward deflection of the metal fan casing. When the applied heat is removed, for
example during cruise, the metal fan casing contracts, reducing the clearance gap between the fan
blade tips and the metal fan casing. In some embodiments, the clearance gap is reduced up to about
.100 inch, for a fan diameter of approximately 100 inches, or 0.1% of the diameter of the fan casing.
Reducing the clearance gap during cruise improves efficiency of the fan and reduces specific fuel

consumption (SFC) thereby.

[0021] FIG. 1 is a schematic cross-sectional view of a gas turbine engine 100 in accordance with an
exemplary embodiment of the present disclosure. In the example embodiment, gas turbine engine 100
is embodied in a high-bypass turbofan jet engine. As shown in FIG. 1, turbofan engine 100 defines an
axial direction A (extending parallel to a longitudinal centerline 112 provided for reference) and a
radial direction R. In general, turbofan engine 100 includes a fan assembly 114 and a core engine 116

disposed downstream from fan assembly 114.

[0022] In the example embodiment, core engine 116 includes an approximately tubular outer casing
118 that defines an annular inlet 120. Outer casing 118 encases, in serial flow relationship, a
compressor section including a booster or low pressure (LP) compressor 122 and a high pressure (HP)
compressor 124; a combustion section 126; a turbine section including a high pressure (HP) turbine
128 and a low pressure (LP) turbine 130; and a jet exhaust nozzle section 132. A high pressure (HP)
shaft or spool 134 drivingly connects HP turbine 128 to HP compressor 124. A low pressure (LP)
shaft or spool 136 drivingly connects LP turbine 130 to LP compressor 122. The compressor section,
combustion section 126, the turbine section, and nozzle section 132 together define a core air flowpath
137.

[0023] During operation of turbofan engine 100, a volume of air 158 enters turbofan engine 100

through an associated inlet 160 of fan assembly 114, which includes fan 138. As volume of air 158
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passes across a plurality of fan blades 140 of fan 138, a first portion 162 of volume of air 158 is directed
or routed into a bypass airflow passage 156 (between core engine 116 and an annular nacelle 150) and
a second portion 164 of volume of air 158 is directed or routed into core air flowpath 137, or more
specifically into LP compressor 122. A ratio between first portion 162 and second portion 164 is
commonly referred to as a bypass ratio. The pressure of second portion 164 is then increased as it is
routed through high pressure (HP) compressor 124, and into combustion section 126, where it is mixed

with fuel and burned to provide combustion gases 166.

[0024] HP turbine stator vanes 168 are coupled to outer casing 118, and HP turbine rotor blades 170
are coupled to HP shaft or spool 134. Combustion gases 166 are routed through HP turbine 128 where
aportion of thermal and/or kinetic energy from combustion gases 166 is extracted via sequential stages
of HP turbine stator vanes 168 and HP turbine rotor blades 170, thus causing HP shaft or spool 134 to
rotate, which then drives a rotation of HP compressor 124. LP stator vanes 172 are coupled to outer
casing 118, and LP turbine rotor blades 174 are coupled to LP shaft or spool 136. Combustion gases
166 are then routed through LP turbine 130 where a second portion of thermal and kinetic energy is
extracted from combustion gases 166 via sequential stages of LP turbine stator vanes 172 and LP
turbine rotor blades 174, which drives a rotation of LP shaft or spool 136 and LP compressor 122

and/or rotation of fan 138.

[0025] Combustion gases 166 are subsequently routed through jet exhaust nozzle section 132 of core
engine 116 to provide propulsive thrust. Simultaneously, the pressure of first portion 162 is
substantially increased as first portion 162 is routed through bypass airflow passage 156 before it is
exhausted from a fan nozzle exhaust section 176 of turbofan engine 100, also providing propulsive
thrust. HP turbine 128, LP turbine 130, and jet exhaust nozzle section 132 at least partially define a
hot gas path 178 for routing combustion gases 166 through core engine 116.

[0026] In the illustrated embodiment, turbofan engine 100 further includes a fan casing heating
system 180. As described further herein, fan casing heating system 180 is configured to transfer heat
to aradially outward surface of a fan casing 182 surrounding fan 138. Turbofan engine 100 is depicted
in FIG. 1 by way of example only, and in other exemplary embodiments, turbofan engine 100 may
have any other suitable configuration including for example, an integral drive turbofan or a military
purpose engine. Moreover, turbofan engine 100 may have a configuration suitable for use in aircraft

applications with a pitch change mechanism.
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[0027] FIG. 2 is a cross-sectional view of fan assembly 114 of turbofan engine 100 (both shown in
FIG. 1). As shown, fan casing 182 surrounds fan 138. Fan casing 182 includes a radially outward
surface 184 and an opposing radially inward surface 186. In the example embodiment, fan casing 182
is fabricated from a metal material, such as, but not limited to, aluminum, aluminum-lithium alloy,
and/or any other metal or alloy. It should be understood that certain metals and/or alloys may be more
suitable than others for use in fabricating an aircraft engine fan casing 182, due to weight concerns. In
other embodiments, fan casing 182 is fabricated from another material, such as a composite material,
that has a (linear) thermal expansion coefficient similar to aluminum or an aluminum alloy (e.g., within
+£5x10°K). Fan casing 182 circumscribes fan blades 140, which extend radially outwardly from a fan
hub 202 towards fan casing 182. Each fan blade 140 includes a blade tip 188 at a radial extent thereof.
Each blade tip 188 terminates at a radially outward tip surface 189. To prevent blade rub between blade
tips 188 and fan casing 182, a clearance gap 190 exists between tip surface 189 and radially inward
surface 186. Although clearance gap 190 is necessary, the larger the clearance gap 190, the more
inefficient the fan assembly 114, as more air is able to leak around blade tips 188. Accordingly,
minimizing clearance gap 190 facilitates improving efficiency of fan assembly 114 and performance,
such as specific fuel consumption (SFC), of engine 100. More particularly, minimizing clearance gap
190 at certain flight conditions or operational modes provides greater impact on efficiency and SFC.
For example, minimizing clearance gap 190 during cruise may provide the greatest impact on SFC

e.g.. reducing SFC by about 0.7%).
(eg., g 4 )

[0028] To facilitate minimizing or reducing clearance gap 190 during cruise, fan assembly 114
includes fan casing heating system 180 (shown in FIG. 1). Fan casing heating system 180 is configured
to provide heating to specific portions of fan casing 182. Fan casing 182 includes a forward portion
192 axially forward of blade tips 188 and an aft portion 194 axially aft of blade tip 188. In the example
embodiment, fan casing heating system 180 applies heat to fan casing 182 at forward portion 192 and
aft portion 194 to cause outward deflection of fan casing 182. Because fan casing 182 is fabricated
from a metal material and is therefore relatively susceptible to thermal change, heat transferred to fan
casing 182 causes radially outward deflection of fan casing 182, increasing the radius (diameter) of
fan casing 182. When activated during an idle flight phase or operational condition, fan casing heating
system 180 thereby expands fan casing 182, which in tumn increases clearance gap 190 between blade

tips 188 and fan casing 182 to a first distance.

[0029] Engine power and temperature is at a maximum during a takeoff flight phase. While fan 138
is operated at a takeoff operational mode associated with the takeoff flight phase, fan blade tips 188
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grow even more. Accordingly, fan casing heating system 180 may be activated or turned on before or
during a takeoff or climb flight phase (e.g., before or during fan 138 is operated in a takeoff or flight
operational mode). When engine 100 transitions into a cruise flight phase, fan 138 transitions into a
cruise operational mode, and the temperature of fan assembly 114 decreases to a relative minimum. In
response, fan casing 182 contracts to a relative minimum diameter, which decreases clearance gap 190
between blade tips 188 and the radially inner surface 186 of fan casing 182 to a second distance that
is less than the first distance. Moreover, the second distance of clearance gap 190 is smaller than a
clearance gap distance at cruise in composite fan casings. This reduction of the clearance gap 190 to
the second distance improves efficiency of fan assembly 114, which facilitates reducing the overall
specific fuel consumption (SFC) of engine 100. In some embodiments, depending at least upon a
particular heating source used and/or particular parameters thereof (e.g., mass flow rate, heat capacity,
temperature, etc.), clearance gap 190 may be reduced from about .090 inches to about 0.200 inches,
for a fan 138 diameter of about 100 inches (e.g., from about 0.09% to about 0.2%). Moreover,
depending at least upon the heating source used and/or the amount of reduction of the clearance gap,
implementing fan casing heating system 180 may result in a reduction of SFC from about 0.10% to
about 0.50%. It should be understood that the reduction in SFC may be greater than or less than about

0.10% to about 0.50%, depending on particular implementations of fan casing heating system 180.

[0030] FIG. 3 is a schematic illustration of two fan assemblies under different heating schemes. More
particularly, FIG. 3 illustrates one fan assembly 300 under a first heating scheme and a second fan
assembly 350 under a second heating scheme. Fan assembly 300 includes a composite fan casing 302,
and may accordingly be generally referred to as “composite fan assembly 300.” The composite
material from which composite fan casing 302 is fabricated is substantially non-susceptible to thermal
changes (e.g., has a low coefficient of thermal expansion). In other words, composite fan casing 302
resists expansion and contraction even under relatively large changes in temperature. Composite fan
assembly 300 also includes a fan 304, wherein fan 304 includes a plurality of fan blades 306, only one
of which is shown for simplicity. Fan blades 306 may be fabricated from a metal material and/or a
composite material. Fan 304 and fan blades 306 primarily expand in response to increased rotational
speeds and subsequently contract in response to decreased rotational speeds. A clearance gap 310
(which may be similar to clearance gap 190) is defined between a blade tip 308 of fan blade 306 and
fan casing 302.

[0031] Composite fan assembly 300 is shown operating in a first operational mode A, a second

operational mode B, and a third operational mode C. In the illustrated example, operational mode A
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represents an idle operational mode, operational mode B represents a takeoff operational mode, and
operational mode C represents a cruise operational mode. Operational mode A is associated with a low
fan speed. Operational mode A may be associated with a low or substantially ambient temperature of
composite fan assembly 300 (e.g., operating without fan casing heating system 180, shown in FIG. 1)
or may be associated with a higher or relatively heated temperature of composite fan assembly 300
(e.g., operating with fan casing heating system 180 activated). Accordingly, clearance gap 310is at a
first distance d1, as measured from blade tip 308 to fan casing 302. Operational mode B is associated
with a high fan speed and high (relative maximum) temperature of composite fan assembly 300.
Clearance gap 310 is at a second distance d2. Due to the resistance of composite fan casing 302 to
expansion, along with the growth of fan blades 306, d2 is much less than di. Operational mode C is
associated with a lower fan speed and lower temperature of composite fan assembly 300 than
operational mode B. Fan blades 306 grow differently during operational mode B than operational mode
C. However, composite fan casing 302 has substantially the same diameter throughout operational
modes B and C. As a result, clearance gap 310 has increased to a distance ds. Operating composite fan
assembly 300 (and/or any other fan assembly) with a clearance gap of distance ds reduces efficiency
and performance of that fan assembly. Moreover, it should be recognized that the diameter of
composite fan casing 302 is limited by the maximum length of fan blades 306 during operational mode
B, as composite fan casing 302 must be large enough to accommodate fan blades 306 while

maintaining clearance gap 310 at least at distance d>.

[0032] Fan assembly 350 includes a metal fan casing 352, and may accordingly be generally referred
to as “metal fan assembly 350.” Metal fan assembly 350 may be similar to fan assembly 114 (shown
in FIG. 1). Metal fan casing 352 is fabricated from a metal material that is relatively susceptible to
thermal changes. In other words, metal fan casing 352 expands in response to increased temperatures
and subsequently contracts in response to decreased temperatures. Metal fan assembly 350 also
includes a fan 354, wherein fan 354 includes a plurality of fan blades 356, only one of which is shown
for simplicity. Fan blades 356 may be fabricated from a metal material or a composite material. Fan
354 and fan blades 356 expand in response to increased rotational speeds and subsequently contract in
response to decreased rotational speeds. A clearance gap 360 (which may be similar to clearance gap
190 and/or clearance gap 310) is defined between a blade tip 358 of fan blade 356 and fan casing 352.

Although not shown, metal fan assembly 350 includes fan casing heating system 180.

[0033] Metal fan assembly 350 is shown operating in first operational mode A, second operational

mode B, and third operational mode C, which correspond to operational modes A, B, and C as
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described above with respect to composite fan assembly 300. During operational mode A, fan casing
heating system 180 is activated and is transferring heat to fan casing 352. Fan casing 352 is in an
expanded state with a diameter D1, and clearance gap 360 is at a first distance g1, as measured from
blade tip 358 to fan casing 352. During operational mode B, clearance gap 360 is at a second distance
g2. Because both metal fan casing 352 and fan blade 356 expand under the higher temperatures and
higher rotational speeds associated with operational mode B, distance g» is similar to, if not
substantially equivalent to, distance g1. Once fan assembly 350 is transitioned to operational mode C,
associated with lower fan speeds and relatively minimum temperature, fan blade 356 contracts. In
addition, metal fan casing 352 contracts. More particularly, metal fan casing 352 contracts to a
diameter D2 that is less than the initial diameter D) associated with operating under operational mode
A. Accordingly, clearance gap 360 is reduced to a third distance gs, which is less than either distance

g1 or distance g».

[0034] Moreover, distance gsis less than distance ds, the clearance gap distance of clearance gap 310
operating under operational mode C. Therefore, metal fan assembly 350 may operate more efficiently
and exhibit improved performance over, for example, composite fan assembly 300. In some
embodiments, metal fan assembly 350 may exhibit a performance benefit of reduced SFC up to about
0.7%. Moreover, in some cases, fabrication of metal fan casing 352 may provide a manufacturing cost
reduction, compared to fabrication of composite fan casing 302. In addition, metal fan casing 352 may
be thinner than composite fan casing 302, which allows for an increase in diameter of fan 354 by about
1% (e.g., about 1 inch, for a fan 354 with a diameter of 100 inches). This diameter increase may provide

an additional reduction in SFC of about 0.3%.

[0035] Tt should be understood that although the operational modes have been described herein as
being associated with idle, cruise, takeoff, and/or climb, the operational modes may correspond to
different flight, mission, and/or other phases. For example, where a fan casing is implemented on a

variable pitch fan, the operational modes of a fan assembly may correspond to different phases.

[0036] FIG. 4 is an expanded view of fan casing 182 of fan assembly 114 including one example
embodiment of fan casing heating system 180 (all shown in FIG. 1). In the example embodiment, fan
casing heating system 180 includes one or more heating fluid conduits 402 in fluid and thermal
communication with the radially outward surface 184 of fan casing 182. More particularly, in the
illustrated embodiment, heating fluid conduits 402 include a base wall 404 and opposing side walls
406, 408 defined by forward portion 192 or aft portion 194 of fan casing 182. Heating fluid conduits
402 further include an outer wall 410 coupled to side walls 406, 408. Base wall 404, side walls 406,
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408, and outer wall 410 define a cavity 412 therein. Cavity 412 is configured to hold a working fluid
therein for heating of fan casing 182. The working fluid may include bleed air from the booster
compressor, bleed air from the high-pressure compressor, engine oil, nacelle anti-ice fluid, and/or any
other working fluid that is incrementally higher in temperature relative to a temperature of fan casing

182.

[0037] A single heating fluid conduit 402 may extend around a large portion of and/or substantially
an entirety of the circumference of fan casing 182. Alternatively, a plurality of heating fluid conduits
402 may be spaced circumferentially about fan casing 182 (e.g., four conduits 402 each in flow

communication with one quadrant of the circumference of fan casing 182).

[0038] Each heating fluid conduit 402 is in fluid communication with an inlet 420 and an outlet 422.
Inlet 420 is in fluid communication with a fluid heat source 424 from which hot working fluid may be
channeled. Inlet 420 may be spaced aft or forward of outlet 422. Additionally or alternatively, inlet
420 may be radially spaced from outlet 422. The hot working fluid is channeled through inlet 420 into
heating fluid conduit 402. Heat from the working fluid is transferred into fan casing 182, initiating
outward deflection/expansion of fan casing 182, as described herein. Relatively cold (relative to the
initial temperature of the working fluid) working fluid is channeled through outlet 422 out of heating
fluid conduit 402. The working fluid may be pressurized to ensure entry of hot working fluid into
heating fluid conduit 402 through inlet 420 and exit of cold working fluid from heating fluid conduit
402 through outlet 422.

[0039] In some embodiments, fan casing heating system 180 is activated or turned on by initiating
the channeling of hot working fluid into heating fluid conduit 402. Conversely, fan casing heating
system 180 is deactivated or turned off by reducing and/or ceasing the channeling of hot working fluid
into heating fluid conduit 402 and/or draining any remaining cold working fluid therefrom.
Accordingly, fan casing heating system 180 may include one or more valves 414 or other mechanisms
configured to control flow of working fluid into and/or out of heating fluid conduits 402. For example,
to activate fan casing heating system 180, valves 414 are opened to permit flow of the hot working
fluid through inlets 420. To deactivate fan casing heating system 180, valves 414 are closed to shut off
flow of the working fluid through inlets 420.

[0040] FIG. 5is an expanded view of fan casing 182 of fan assembly 114 including another example
embodiment of fan casing heating system 180 (all shown in FIG. 1). In the example embodiment, fan

casing heating system 180 includes a plurality of heat pipes 502. In the illustrated example, heat pipes

10
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502 are positioned in a side-by-side parallel array inside of an open tray 504, which is defined in the
radially outer surface 184 of fan casing 182. More particularly, tray 504 is defined by forward portion
192 or aft portion 194 of fan casing 182. Tray 504 has an inner panel 506 and a peripheral wall 508
defining an opening. It is noted that the axial and radial extent of fan casing heating system 180 can
be varied as need to suit a particular application. For example, a greater number of heat pipes 502
could be used so that fan casing heating system 180 extends circumferentially around a larger portion
and/or substantially an entirety of the circumference of fan casing 182. Alternatively, there may be a

plurality of trays 504 or other heat sink zones spaced circumferentially about fan casing 182.

[0041] Each heat pipe 502 has an elongated outer wall 512 with closed ends which defines a cavity
514 therein. Heat pipes 502 are filled with a wick or other capillary structure (not shown) and hold a
working fluid. Various working fluids, such as gases, water, organic substances, and low-melting point
metals are known for use in heat pipes. In some embodiments, a non-flammable working fluid, such

as water or COo, is used.

[0042] In some embodiments, heat pipes 502 may be “potted” in a filler material (not shown)
disposed inside tray 504. Any material which will maintain its shape and which has relatively high
thermal conductivity may be used, such as metals, conductive pastes, or plastics. The filler material
acts to hold heat pipes 502 in the desired position and spacing. The filler material provides a heat
transfer path from heat pipes 502 to radially outer surface 184 of fan casing 182. Moreover, in some
embodiments, tray 504 may include an outer wall (not shown) opposite inner panel 506, the outer wall
configured to ensure heat transfer from heat pipes 502 radially inwardly to fan casing 182, rather than
radially outwardly. For example, the outer wall may be fabricated from a non-thermally conductive
material. Additionally, in some embodiments, tray 504 and/or heat pipes 502 may be covered with an

insulating material.

[0043] Heat pipes 502 are highly efficient at transferring heat. For example, their effective thermal
conductivity is several orders of magnitude higher than that of solid copper. The number, length,
diameter, shape, working fluid, and other performance parameters of heat pipes 502 are selected to
achieve the desired degree of heat transfer during engine operation. The operation of heat pipes 502

are described in more detail below.

[0044] One end of each heat pipe 502 is disposed inside of and/or adjacent to a heat source 520. Heat
source 520 may include, for example, a heat exchanger. This portion of heat pipes 502 is designated

as a “hot” or “source” end 522 of heat pipes 502. The opposing end of each heat pipe 502 is disposed
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in a tray 504, as described above. This portion of heat pipes 502 is designated as a “cold” or “sink™
end 524 of heat pipes 502. It is noted that terms “hot” and “cold”, when used in relation to heat pipes
502, describe the positioning of heat pipes 502 in areas of relatively high or low temperature, and are
not related to any particular aspect of the structure of heat pipes 502 themselves. In one embodiment,
all heat pipes 502 (i.e., heat pipes 502 in forward portion 192 and heat pipes 502 in aft portion 194)
are in thermal communication with the same heat source 520. In another embodiment, heat pipes 502
in forward portion 192 are in thermal communication with a different heat source 520 than heat pipes

502 in aft portion 194.

[0045] In operation, engine oil that has absorbed heat from various parts of engine 100 (shown in
FIG. 1) is circulated into heat source 520, where it heats hot ends 522 of heat pipes 502. The working
fluid within heat pipes 502 absorbs that heat and evaporates. The vapor generated then travels through
cavities 514, and condenses at cold ends 524 of heat pipes 502, thereby transferring heat to cold ends
524. A wick or other capillary structure that extends from one end of a heat pipe 502 to the other
transports the condensed liquid back to hot end 522, for example, by capillary action, thereby
“completing the circuit.”” The heat in cold ends 524 is transferred to fan casing 182, for example,
through a filler material and/or through radially outer surface of fan casing 182. The number, size, and
location of heat pipes 502 can be selected to provide heat removal and transfer as needed. Furthermore,
water may be used as the heat pipe working fluid to ensure a non-toxic and non-flammable design that
avoids circulation of oil throughout fan assembly 114. Moreover, in at least some embodiments, heat
source 520 is located remotely from fan casing 182, such that fan casing 182 is eliminated as a fire

zone.

[0046] In some embodiments, fan casing heating system 180 is activated or tumed on by coupling
hot ends 522 of heat pipes 502 to heat source 520. Conversely, fan casing heating system 180 is
deactivated or turned off by decoupling hot ends 522 of heat pipes 502 from heat source. Additionally
or alternatively, fan casing heating system 180 is activated by coupling cold ends 524 to fan casing
182, and fan casing heating system 180 is deactivated by decoupling cold ends 524 from fan casing
182. Accordingly, fan casing heating system 180 may include one or more actuators, plates, levers,
pulleys, gears, connectors, and/or other mechanisms to suitably couple/decouple hots ends 522 to/from
heat source 520 and/or to couple/decouple cold ends 524 to/from fan casing 182. Additionally or
alternatively, heat source 520 is deactivated using a bypass valve 526 to prevent flow of heat (e.g.,

engine oil, bleed air) to heat source 520.
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[0047] FIG. 6 is an expanded view of the fan casing of the fan assembly shown in FIG. 2 including
a third example embodiment of a fan casing heating system 180. In the example embodiment, fan
casing heating system 180 includes at least one electric heater 602, 604. In the illustrated embodiment,
one electric heater 602 is positioned within and/or adjacent to forward portion 192, and another electric
heater 604 is positioned within and/or adjacent to aft portion 194. In some embodiments, one electric
heater 602 and/or 604 extends circumferentially around substantially an entirety of fan casing 182. In
other embodiments, a plurality of electric heaters 602 may be spaced around the circumference of fan
casing 182 within and/or adjacent to forward portion 192, and/or a plurality of electric heaters 604 may
be spaced around the circumference of fan casing 182 within and/or adjacent to aft portion 194. Electric
heaters 602, 604 may include any electric heating components. The specific details of the physical
components of electric heaters 602, 604 will not be discussed further herein. Electric heaters 602, 604
apply heat to the radially outer surface 184 of fan casing 182, causing radially outward deflection
thereof, as described herein. Fan casing heating system 180 may be easily activated and/or deactivated

by turning electric heaters 602, 604 on and/or off, respectively.

[0048] It should be understood that additional embodiments of fan casing heating system 180 may
be contemplated and implemented within the scope of the present disclosure. For example, fan casing
heating system 180 may include one or more magnetic heaters, electromagnetic heaters, and/or any
other heating components disposed about fan casing 182. Moreover, it should be understood that fan
casing heating system 180 may include combinations of any of the above-described heating
components. For example, in one alternative embodiment, forward portion 192 may be occupied by
the heat pipe implementation described with respect to FIG. 5, and aft portion 194 may be occupied
by the heating fluid conduit implementation described with respect to FIG. 4.

[0049] FIG. 7 is a schematic diagram of an example embodiment of a FADEC 700 onboard an
aircraft housing engine 100. In the example embodiment, FADEC 700 is in communication with and/or
integral to fan casing heating system 180 (shown in FIG. 1), such that fan casing heating system 180
may receive instructions therefrom. FADEC 700 includes a processor 702, a memory 704, at least one
sensor 706, and a communication interface 708. In alternative embodiments, FADEC 700 and//or

components thereof may include and/or be integral to another aircraft computing system.

[0050] Processor 702 is configured to execute computer-implementable instructions, for example,
stored in memory 704. These instructions include programming directing when FADEC 700 should
activate/turn on and deactivate/turn off fan casing heating system 180. These instructions may also

include programming directing FADEC 700 to perform a plurality of other engine and/or aircraft
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control functions, such as operating various engine components according to flight phase. For example,
FADEC 700 may use processor to perform control functions directing fan 138 (shown in FIG. 1) to
operate in various operational modes according to corresponding flight phases. Processor 702 may
include one or more processing units, for example, a multi-core configuration, for executing
instructions. Memory 704 is any device allowing information such as executable instructions and/or
written works to be stored and retrieved. Memory 704 may include one or more computer-readable
media. Memory 704 may include, but is not limited to, random access memory (RAM) such as
dynamic RAM (DRAM) or static RAM (SRAM), read-only memory (ROM), erasable programmable
read-only memory (EPROM), electrically erasable programmable read-only memory (EEPROM), and
non-volatile RAM (NVRAM). The above memory types are exemplary only, and are thus not limiting

as to the types of memory usable for storage of a computer program.

[0051] Sensor 706 is configured to measure or sense at least one parameter associated with engine
100. More particularly, in the example embodiment, sensor 706 is a temperature sensor configured to
measure an ambient temperature of an environment of engine 100. Communication interface 708 is
communicatively couplable to a remote device, such as fan casing heating system 180 and/or other
aircraft control systems. Communication interface 708 may include, for example, a wired or wireless
network adapter or a wireless data transceiver for use with a mobile phone network, Global System
for Mobile communications (GSM), 3G, or other mobile data network or Worldwide Interoperability

for Microwave Access (WIMAX).

[0052] In one embodiment, memory 704 is configured to store a threshold temperature. Processor
702 is configured to interpret signals from sensor 706 to determine the ambient temperature and
compare the ambient temperature to the stored threshold temperature. When the measured ambient
temperature of the environment around the aircraft is at or below the threshold temperature, processor
702 1s configured to automatically communicate instructions via communication interface 708 to turn
on fan casing heating system 180. In another embodiment, sensor 706 includes a distance sensor.
Sensor 706 is positioned, for example, at fan casing 182, and measures clearance gap 190 (both shown
in FIG. 1). Memory 704 is configured to store a threshold distance. Processor 702 is configured to
interpret signals from sensor 706 to determine the clearance gap 190. When clearance gap 190 is at or
below the threshold distance, processor 702 is configured to automatically communication instructions
via communication interface 708 to turn on fan casing heating system 180. It should be understood
memory 704 may store additional and/or alternative parameters, such as a flight condition or

operational mode during which fan casing heating system 180 should be activated, such as during an
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idle, takeoff, climb, and/or descent operational mode, and/or a flight condition or operational mode
during which fan casing heating system 180 should be deactivated, such as during a cruise operational

mode.

[0053] Moreover, although FADEC 700 is configured to automatically activate and/or deactivate fan
casing heating system 180, FADEC 700 may be further configured to transmit manual commands to
fan casing heating system 180, for example, from a pilot or other operator, as long as those manual
commands are not in contradiction with the automatic FADEC commands. For example, a pilot may
not be able to deactivate fan casing heating system 180 during an idle operational mode when the
measured ambient temperature is below the threshold temperature, but may be able to activate fan
casing heating system 180 during an idle operational mode when the measured ambient temperature

is above the threshold temperature.

[0054] The above-described fan casing heating systems provide an efficient method for heating a
metal fan casing to reduce a fan clearance gap. Specifically, the above-described fan casing heating
system is configured to apply heat to a radially outward surface of the fan casing at specific portions
of the fan casing (e.g., axially forward and aft of fan blades) to cause radial deflection of the fan casing
during certain operational modes. Once the heat is removed from the fan casing, the fan casing

contracts to reduce a clearance gap in the fan.

[0055] The above-described embodiments of a method and system of heating a metal fan casing
facilitates improving efficiency and performance of a fan assembly, and, more specifically, reducing
specific fuel consumption (SFC) of an engine containing such a fan assembly. Moreover, thinner metal
fan casings may provide the opportunity for reduced manufacturing costs and additional SFC

reductions due to the availability for increased fan diameter.

[0056] Exemplary embodiments of fan casing heating systems are described above in detail. The
fan casing heating systems, and methods of operating such systems and component devices are not
limited to the specific embodiments described herein, but rather, components of the systems and/or
steps of the methods may be utilized independently and separately from other components and/or steps
described herein. For example, the methods may also be used in combination with other systems
requiring and/or benefitting from a heating system that expands a component during one operational
mode to enable later contraction of the component during a second operational mode, and are not
limited to practice with only the systems and methods as described herein. Rather, the exemplary

embodiment can be implemented and utilized in connection with many other machinery and/or
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industrial applications (e.g., wind, gas, etc.), including, but not limited to, compressors, turbines, other
rotatable engine stages, and/or any propeller, impeller, or other rotatable body or system including a

plurality of radially extending blades circumscribed by a substantially cylindrical casing.

[0057] Although specific features of various embodiments of the disclosure may be shown in some
drawings and not in others, this is for convenience only. In accordance with the principles of the
disclosure, any feature of a drawing may be referenced and/or claimed in combination with any feature

of any other drawing.

[0058] This written description uses examples to disclose the embodiments, including the best mode,
and also to enable any person skilled in the art to practice the embodiments, including making and
using any devices or systems and performing any incorporated methods. The patentable scope of the
disclosure is defined by the claims, and may include other examples that occur to those skilled in the
art. Such other examples are intended to be within the scope of the claims if they have structural
elements that do not differ from the literal language of the claims, or if they include equivalent

structural elements with insubstantial differences from the literal language of the claims.
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WHAT IS CLAIMED IS:
1. A fan assembly comprising:
a fan comprising;
a hub; and

aplurality of fan blades extending from said hub, each fan blade of said plurality

of fan blades terminating at a respective blade tip;

a fan casing circumscribing said fan, wherein a clearance gap is defined between said

fan casing and said blade tips; and

a fan casing heating system in thermal communication with said fan casing, said fan

casing heating system configured to:

apply heat to said fan casing when said fan is operating in a first operational

mode; and

remove the applied heat when said fan transitions into a second operational

mode.

2. The fan assembly of Claim 1, wherein said fan casing heating system is further
configured to apply heat to a radially outward surface of said fan casing until said fan casing expands

a predetermined amount, increasing the clearance gap to a first distance.

3. The fan assembly of Claim 2, wherein the first distance is greater than .0004

inches per inch of a diameter of said fan casing.

4. The fan assembly of Claim 3, wherein the first distance is greater than .0007

inches per inch of the diameter of said fan casing.

5. The fan assembly of Claim 1, wherein said fan casing heating system further

comprises one or more heat pipes, and wherein said fan casing heating system is further configured to:

apply heat to said fan casing using said one or more heat pipes by thermally coupling

said one or more heat pipes to at least one of said fan casing and a heat source;

17



WO 2017/218088 PCT/US2017/030944

remove the applied heat by thermally decoupling said one or more heat pipes from at

least one of said fan casing and said heat source.

6. The fan assembly of Claim 1, wherein said fan casing heating system further

comprises at least one electric heater.

7. The fan assembly of Claim 1, wherein said fan casing heating system further

comprises at least one heating fluid conduit.

8. The fan assembly of Claim 1, wherein said fan assembly is coupled to an aircraft

gas turbine engine.

9. The fan assembly of Claim 8, wherein the second operational mode includes a
cruise operational mode, and wherein the first operational mode includes at least one of an idle

operational mode, a takeoff operational mode, and a climb operational mode.
10. A turbofan engine comprising;
a core engine including a multistage compressor;

a fan powered by a low-pressure turbine driven by gas generated in said core engine,

said fan comprising;
a hub; and

aplurality of fan blades extending from said hub, each fan blade of said plurality

of fan blades terminating at a respective blade tip;

a fan casing circumscribing said fan, wherein a clearance gap is defined between said

fan casing and said blade tips;
a fan casing heating system in thermal communication with said fan casing; and
a processor programmed to:

apply, using said fan casing heating system, heat to said fan casing radially
outboard and axially aligned with said fan when said fan is operating in a first operational mode
such that said fan casing expands by a predetermined amount, increasing the clearance gap to

a first distance; and
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remove, using said fan casing heating system, the applied heat to contract said
fan casing when said fan transitions into a second operational mode, decreasing the clearance

gap to a second distance, wherein the second distance is less than the first distance.

11.  The turbofan engine of Claim 10, wherein the first distance is greater than

0.04% of a diameter of said fan casing.

12.  The turbofan engine of Claim 10, wherein said fan casing heating system
comprises one or more electric heaters, and wherein said processor is further programmed to apply

heat to said fan casing using said one or more electric heaters.

13. The turbofan engine of Claim 10, wherein said fan casing heating system
comprises one or more heat pipes, and wherein said processor is further programmed to apply heat to

said fan casing using said one or more heat pipes.

14. The turbofan engine of Claim 10, wherein said fan casing heating system
comprises one or more working fluid conduits configured to channel a heated working fluid including
at least one of engine oil and bleed air, and wherein said processor is further programmed to apply heat

to said fan casing using said one or more working fluid conduits.

15.  The turbofan engine of Claim 10, wherein the second operational mode includes
a cruise operational mode, and wherein the first operational mode includes at least one of an idle

operational mode, a takeoff operational mode, and a climb operational mode.

16. A method of controlling a clearance gap between respective tips of a plurality

of blades of a fan and a fan casing, said method comprising:

applying heat to the fan casing radially outboard and axially aligned with the fan such

that the fan casing expands by a predetermined amount, increasing the clearance gap to a first distance;
operating the fan in a first operational mode;
transitioning the fan to a second operational mode;

removing the applied heat to contract the fan casing, decreasing the clearance gap to a

second distance, wherein the second distance is less than the first distance; and

operating the fan with the clearance gap at the second distance.

19



WO 2017/218088 PCT/US2017/030944

17.  The method of Claim 06, applying heat to the fan casing comprises applying

heat to the fan casing to increase the clearance gap greater than 0.04% of a diameter of the fan casing.

18. The method of Claim 17, wherein applying heat to the fan casing comprises
applying heat to the fan casing to increase the clearance gap greater than 0.07% of the diameter of the

fan casing.

19. The method of Claim 18, wherein applying heat to the fan casing comprises
applying heat to the fan casing to increase the clearance gap greater than 0.1% of the diameter of the

fan casing.

20. The method of Claim 16, wherein applying heat to the fan casing comprises

applying heat to the fan casing using electrical heaters.

21. The method of Claim 16, wherein applying heat to the fan casing comprises

applying heat to the fan casing using one or more heat pipes.

22. The method of Claim 16, wherein applying heat to the fan casing comprises
applying heat to the fan casing using a heated working fluid including at least one of engine oil and

bleed air.

23. The method of Claim 06, further comprising coupling the fan casing to an

aircraft gas turbine engine.

24, The method of Claim 23, wherein transitioning the fan to a second operational

mode comprises transitioning the fan to a cruise operational mode.

25. The method of Claim 23, wherein operating the fan in a first operational mode
comprises operating the fan in at least one of an idle operational mode, a takeoff operational mode,

and a climb operational mode.

26. A method of controlling a clearance gap between respective tips of a plurality
of radially extending blades of a rotatable body and a cylindrical casing circumscribing the rotatable

body, said method comprising:

applying heat to the casing radially outboard and axially aligned with the rotatable body
such that the casing expands by a predetermined amount, increasing the clearance gap to a first

distance;
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operating the rotatable body in a first operational mode;
transitioning the rotatable body to a second operational mode;

removing the applied heat to contract the casing, decreasing the clearance gap to a

second distance, wherein the second distance is less than the first distance; and

operating the rotatable body with the clearance gap at the second distance.
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