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ABSTRACT

An aeronautical propulsion system including a turbine engine having a fan and an
electric motor drivingly coupled to at least one of the fan or the turbine engine. The
aeronautical propulsion system additionally includes a fuel cell for providing electrical
energy to the electric motor, the fuel cell generating water as a byproduct. The
acronautical portion system directs the water generated by the fuel cell to the turbine

engine during operation to improve an efficiency of the aeronautical propulsion system.
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HYBRID PROPULSION SYSTEM

FIELD OF THE INVENTION

[0001] The present subject matter relates generally to a hybrid aeronautical

propulsion system.
BACKGROUND OF THE INVENTION

10002] A gas turbine engine generally includes a fan and a core arranged in flow
communication with one another. The core of the gas turbine engine generally includes,
in serial flow order, a compressor section, a combustion section, a turbine section, and an
exhaust section. In operation, at least a portion of air over the fan is provided to an inlet
ot the core. Such portion of the air 1s progressively compressed by the compressor section
until 1t reaches the combustion section. Fuel 1s mixed with the compressed air and
burned within the combustion section to provide combustion gases. The combustion
gases are routed from the combustion section through the turbine section to drive one or
more turbines within the turbine section. The one or more turbines within the turbine
section may be coupled to one or more compressors of the compressor section via

respective shaft(s). The combustion gases are then routed through the exhaust section,

e.g., to atmosphere.

[0003] Due to the relationship between pressure, temperature, and volume for a gas,
as the air 1s compressed by the compressor section, the air progressively increases in
temperature. If the temperature of the air reaches a certain threshold temperature during
the compression process, the high temperature air may, e.g., interfere with reliable action
of the compressor section and introduce lubrication difficulties, in addition to increasing a
required amount of work to compress the air to a given pressure. Such may have a

detrimental effect on an efficiency of the compressor section. As a consequence, the

compressor section of certain gas turbine engines are not operated to their full potential.
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[0004] Accordingly, a gas turbine engine capable of removing heat from the air being
compressed by the compressor section during operation of the gas turbine engine would
be useful. More specifically, a gas turbine engine capable of removing heat from the air
being compressed by the compressor section during operation of the gas turbine engine
without requiring the gas turbine engine to carry a dedicated water: tank would be

particularly beneficial.
BRIEF DESCRIPTION OF THE INVENTION

[0005]  Aspects and advantages of the invention will be set forth in part in the
following description, or may be obvious from the description, or may be learned through

practice of the invention.

[0006] In one exemplary embodiment of the present disclosure a gas turbine engine is
provided. The gas turbine engine includes a core turbine engine, a fan mechanically
coupled to the core turbine engine, and an electric motor mechanically coupled to at least
one of the core turbine engine and the fan. The gas turbine engine also includes a fuel cell
for providing electrical energy to the electric motor, the fuel cell generating water as a
byproduct, the gas turbine engine directing the water generated by the fuel cell to the core
turbine engine during operation of the gas turbine engine to improve an efficiency of the

gas turbine engine.

10007] In another exemplary embodiment of the present disclosure, an aeronautical
propulsion system including a turbine engine 1s provided. The aeronautical propulsion
system 1ncludes a fan, an electric motor drivingly coupled to the fan, and a fuel cell. The
tuel cell provides electrical energy to the electric motor and generates water as a
byproduct. The aeronautical propulsion system directs the water generated by the fuel cell
to the turbine engine during operation of the aeronautical propulsion system to improve

an efficiency of the aeronautical propulsion system.

[0008] In an exemplary aspect of the present disclosure, a method of operating an

aeronautical propulsion system including a fan, a turbine engine, an electric motor, and a
2



CA 02954914 2017-01-12

283235-2

fuel cell 1s provided. The method includes providing mechanical power to at least one of
the turbine engine or the fan with the electric motor, and providing electrical energy to
the electric motor with the fuel cell. The method also includes generating water with the
fuel cell as a byproduct of producing electrical energy, and providing the water generated

with the fuel cell to the turbine engine of the aeronautical propulsion system.

[0009] These and other features, aspects and advantages of the present invention will
become better understood with reference to the following description and appended
claims. The accompanying drawings, which are incorporated in and constitute a part of
this specification, 1illustrate embodiments of the invention and, together with the

description, serve to explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] A full and enabling disclosure of the present invention, including the best

mode thereof, directed to one of ordinary skill in the art, 1s set forth in the specification,

which makes reference to the appended tigures, 1n which:

[0011] FIG. 1 1s a schematic, cross-sectional view of a gas turbine engine in

accordance with an exemplary aspect of the present disclosure.

[0012] FIG. 2 1s a schematic view ot a gas turbine engine 1n accordance with another

exemplary embodiment of the present disclosure.

[0013] FIG. 3 1s a schematic view of a gas turbine engine in accordance with yet

another exemplary embodiment of the present disclosure.

10014] FIG. 4 1s a top, schematic view of an aircraft incorporating an aeronautical

propulsion system 1n accordance with an exemplary embodiment of the present

disclosure.

[0015] FIG. 5 1s a tlow diagram of a method for operating an aeronautical propulsion

device 1n accordance with an exemplary aspect of the present disclosure.

3
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DETAILED DESCRIPTION OF THE INVENTION

[0016] Reference will now be made in detail to present embodiments of the
invention, one or more examples of which are illustrated in the accompanying drawings.
The detailed description uses numerical and letter designations to refer to features in the
drawings. Like or similar designations in the drawings and description have been used to
refer to like or similar parts of the invention. As used herein, the terms “first”, “second”,
and “third” may be used interchangeably to distinguish one component from another and
are not intended to signity location or importance of the individual components. The
terms “upstream” and “downstream” refer to the relative direction with respect to fluid
flow in a fluid pathway. For example, “upstream” refers to the direction from which the

fluid flows, and “downstream” refers to the direction to which the fluid flows.

[0017] Reterring now to the drawings, wherein identical numerals indicate the same
elements throughout the figures, FIG. 1 1s a schematic cross-sectional view of a gas
turbine engine in accordance with an exemplary embodiment of the present disclosure.
More particularly, for the embodiment of FIG. 1, the gas turbine engine i1s a high-bypass
turbotan jet engine 10, referred to herein as “turbofan engine 10.” As shown in FIG. 1,
the turbofan engine 10 defines an axial direction A (extending parallel to a longitudinal
centerline 12 provided for reference) and a radial direction R. In general, the turbofan 10
includes a fan section 14 and a core turbine engine 16 disposed downstream from the fan

section 14.

[0018] The exemplary core turbine engine 16 depicted generally includes a
substantially tubular outer casing 18 that defines an annular inlet 20. The outer casing 18
encases, 1n serial flow relationship, a compressor section including a booster or low
pressure (LP) compressor 22 and a high pressure (HP) compressor 24; a combustion
section 26; a turbine section including a high pressure (HP) turbine 28 and a low pressure
(LP) turbine 30; and a jet exhaust nozzle section 32. A high pressure (HP) shaft or spool
34 dnivingly connects the HP turbine 28 to the HP compressor 24. A low pressure (LP)
shatt or spool 36 drivingly connects the LP turbine 30 to the LP compressor 22. The

4
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compressor section, combustion section 26, turbine section, and nozzle section 32

together define a core air tlowpath 37.

[0019]  For the embodiment depicted, the fan section 14 includes a variable pitch fan
38 having a plurality of fan blades 40 coupled to a disk 42 in a spaced apart manner. As
depicted, the fan blades 40 extend outwardly from disk 42 generally along the radial
direction R. Each fan blade 40 is rotatable relative to the disk 42 about a pitch axis P by
virtue of the fan blades 40 being operatively coupled to a suitable pitch change
mechanism 44 configured to collectively vary the pitch of the fan blades 40 in unison.
The fan blades 40, disk 42, and pitch change mechanism 44 are together rotatable about
the longitudinal axis 12 by LP shaft 36 across a power gear box 46. The power gear box
46 includes a plurality of gears for adjusting the rotational speed of the fan 38 relative to

the LP shaft 36 to a more etlicient rotational fan speed.

[0020] Referring still to the exemplary embodiment of FIG. 1, the disk 42 is covered
by a rotatable front hub 48 aerodynamically contoured to promote an airflow through the
plurality of fan blades 40. Additionally, the exemplary fan section 14 includes an annular
tan casing or outer nacelle 50 that circumferentially surrounds the fan 38 and/or at least a
portion of the core turbine engine 16. The exemplary nacelle 50 is supported relative to
the core turbine engine 16 by a plurality of circumferentially-spaced outlet guide vanes
52. Moreover, a downstream section 54 of the nacelle 50 extends over an outer portion

of the core turbine engine 16 so as to define a bypass airflow passage 56 therebetween.

[0021] During operation of the turbofan engine 10, a volume of air 58 enters the
turbofan 10 through an associated inlet 60 of the nacelle 50 and/or fan section 14. As the
volume of air 58 passes across the fan blades 40, a first portion of the air 58 as indicated
by arrows 62 1s directed or routed into the bypass airflow passage 56 and a second
portion of the air 58 as indicated by arrow 64 is directed or routed into the core air
flowpath 37, or more specifically into the LP compressor 22. The ratio between the first
portion of air 62 and the second portion of air 64 is commonly known as a bypass ratio.

For the exemplary embodiment depicted, the bypass ratio may be at least about 8:1.

S
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Accordingly, the turbotan engine 10 may be referred to as an ultra-high bypass turbofan
engine. The pressure of the second portion of air 64 is then increased as it is routed
through the high pressure (HP) compressor 24 and into the combustion section 26, where

1t 1s mixed with fuel and burned to provide combustion gases 66.

[0022] The combustion gases 66 are routed through the HP turbine 28 where a
portion of thermal and/or kinetic energy from the combustion gases 66 is extracted via
sequential stages of HP turbine stator vanes 68 that are coupled to the outer casing 18 and
HP turbine rotor blades 70 that are coupled to the HP shaftt or spool 34, thus causing the
HP shaft or spool 34 to rotate, thereby supporting operation of the HP compressor 24.
The combustion gases 66 are then routed through the LP turbine 30 where a second
portion of thermal and kinetic energy is extracted from the combustion gases 66 via
sequential stages of LP turbine stator vanes 72 that are coupled to the outer casing 18 and
LP turbine rotor blades 74 that are coupled to the LP shaft or spool 36, thus causing the
LP shaft or spool 36 to rotate, thereby supporting operation of the LP compressor 22

and/or rotation of the fan 38.

[0023] The combustion gases 66 are subsequently routed through the jet exhaust
nozzle section 32 of the core turbine engine 16 to provide propulsive thrust.
Simultaneously, the pressure of the first portion of air 62 is substantially increased as the
first portion of air 62 i1s routed through the bypass airflow passage 56 before it is
exhausted from a fan nozzle exhaust section 76 of the turbofan 10, also providing
propulsive thrust. The HP turbine 28, the LP turbine 30, and the jet exhaust nozzle
section 32 at least partially define a hot gas path 78 for routing the combustion gases 66

through the core turbine engine 16.

[0024] The exemplary turbofan engine 10 of FIG. 1 is additionally configured to
provide a flow of cooling air from the compressor section to the combustion section 26
and turbine section. More particularly, a flow of bleed air downstream from the LP
compressor 22 1s directed through a cooling duct 80 to, e.g., the combustor section 26 and

the turbine section. Although the exemplary cooling airflow and cooling duct 80 is

6
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depicted outward of the core air flowpath 37 along the radial direction R, in other
embodiments, the cooling airtflow and cooling duct 80 may instead be positioned inward
of the core air tlowpath 37 along the radial direction R. Additionally, in other exemplary
- embodiments, the cooling airflow may take air from any other location within the

compressor section, such as from the LP compressor 22 or HP compressor 24.

[0025] The exemplary turbotan engine 10 depicted 1n FIG. 1 is configured as an
aeronautical gas turbine engine. Aeronautical gas turbine engines, as compared to land-
based gas turbine engines, are designed to maximize a power output and efficiency while
minimizing an overall weight of the gas turbine engine itself, as well as any required

dCCCSSOTY systems.

[0026] It should be appreciated, however, that the exemplary turbofan engine 10
depicted in FIG. 1 is provided by way of example only, and that in other exemplary
embodiments, the turbofan engine 10 may have any other suitable configuration. It
should also be appreciated, that in still other exemplary embodiments, aspects of the
present disclosure may be incorporated into any other suitable gas turbine engine. For
example, in other exemplary embodiments, aspects of the present disclosure may be

Incorporated 1nto, e.g., a turboprop engine, a turboshaft engine, or a turbojet engine.

[0027] Referring now to FIG. 2, a schematic diagram of an aeronautical propulsion
system 1n accordance with an exemplary embodiment of the present disclosure is
provided. For the embodiment depicted, the aeronautical propulsion system is configured
as a gas turbine engine, or more particularly, as a turbofan engine 10. As used herein,
“gas turbine engine” and “turbofan engine” refer generally to the engine itself, as well as
any accessory systems. In certain exemplary embodiments, the turbofan engine 10 may
be configured as an ultra-high bypass, geared, ducted turbofan engine 10, similar to the

exemplary turbofan engine 10 described above with reference to FIG. 1.

[0028] Accordingly, for the exemplary embodiment of FIG. 2, the exemplary

turbotan engine 10 generally includes a core turbine engine 16, also referred to herein as

7
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simply a turbine engine or core engine, and a fan 38 mechanically coupled to the core
turbine engine 16. For the embodiment depicted, the turbofan engine 10 is configured as
a geared and ducted turbofan engine, and accordingly includes a power gearbox 46—the
core turbine engine 16 being mechanically coupled to the fan 38 through the power
gearbox 46—and an outer nacelle assembly (not shown, see FIG. 1) enclosing the fan 38

and at least a portion of the core turbine engine 16.

[0029] Referring still to FIG. 2, the exemplary turbofan engine 10 is also configured
as a hybrid gas-electric turbotan engine 10. Accordingly, the turbofan engine 10
additionally 1ncludes an electric motor 82 mechanically coupled to at least one of the core
turbine engine 16 and the fan 38 for at least in part driving at least one of the core turbine
engine 16 and fan 38 (1.e., drivingly connected). Specifically, for the embodiment
depicted, the electric motor 82 i1s mechanically coupled to the fan 38 through a fan
gearbox 84. The fan gearbox 84 1s depicted as being separate and distinct from the power
gearbox 46. However, 1n other exemplary embodiments, the fan gearbox 84 and power
gearbox 46 may be combined. Additionally, in other exemplary embodiments, the electric

motor 82 may 1nstead be mechanically coupled to the core turbine engine 16, such as to

one or both of an LP shatt or an HP shaft (see FIG. 1).

[0030] Further, tor the embodiment depicted, the turbofan engine 10 includes a fuel
cell 86 configured to provide electrical energy to the electric motor 82 during at least
certain operating conditions of the turbofan engine 10. Although a single fuel cell 86 is
depicted, in other exemplary embodiments, the turbofan engine 10 may include a
plurality of fuel cells 86 arranged in a series flow configuration, a parallel flow
configuration, or a combination of the two. The fuel cell 86 may receive a flow of air
through an air duct 88 and utilize hydrogen (i.e., a hydrogen fuel) to generate electrical
energy. The tlow of air through the air duct 88 may come from, e.g., a bypass passage 56
of the turbofan engine 10 (see FIG. 1), or any other suitable location. Specifically, the
exemplary fuel cell 86 may use hydrogen to generate electricity, typically with a

relatively high etficiency, by feeding the fuel cell 86 with hydrogen (or other suitable
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fuels) and with the oxygen from the flow of air received through the air duct 88. Without
limitation, the fuel cell 86 may be a proton exchange membrane fuel cell, a solid oxide
fuel cell, a direct methanol fuel cell, an alkaline fuel cell, a molten-carbonate fuel cell, or
a phosphoric-acid fuel cell. Alternatively, the fuel cell 86 may be any suitable

electrochemical energy conversion device, such as the electrochemical energy conversion

device described 1n U.S. Patent No. 6,794,080, 1ssued September 21, 2004.

[0031] Reterring still to the embodiment of FIG. 2, the exemplary turbofan engine 10
depicted includes a reformer 90 (allowing a fuel other than hydrogen to be used) located
upstream of the tuel cell 86 for producing a hydrogen fuel for the fuel cell 86. With such
an exemplary embodiment, the reformer 90 may be in flow communication with a fuel
tank 92 of a ftuel system of the turbotan engine 10, such that the reformer 90 receives a
flow ot the same fuel utilized with the core turbine engine 16. Specifically, the fuel
system may be configured to provide a first tlow of fuel from the fuel tank 92 to the core
turbine engine 16 and a second tlow of fuel from the fuel tank 92 to the reformer 90. The
reformer 90 may receive the second flow of fuel from the fuel system and extract the
hydrogen compound from such fuel. The reformer 90 may then provide the fuel cell 86
with a tlow of hydrogen fuel. Notably, with such an exemplary embodiment, the turbofan
engine 10 may be configured to utilize a liquefied natural gas (LNG), aviation turbine

fuel (such as Jet A fuel , Jet A-1 fuel), or synthesis gas (i.e., syngas) as its fuel.

[0032] As stated, the fuel cell 86 provides electrical energy to the electric motor 82
during at least certain operating conditions, such that the electric motor 82 may in turn
provided mechanical power to at least one of the fan 38 and the core turbine engine 16. In
certain exemplary aspects, the fuel cell 86 may be configured to provide a substantially
constant tlow of electric power to the electric motor 82 during a takeoff operating mode
and/or a chimb operating mode. The takeoff operating mode and climb operating mode
may correspond to, e.g., a “full throttle” operating mode wherein an aircraft into which
the turbotan engine 10 is 1nstalled 1s taking off or climbing. Additionally, the fuel cell 86

may be configured to provide a substantially constant flow of electric power to the
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electric motor 82 during other operating modes, such as a cruise operating mode. The
cruise operating mode may similarly correspond to an operating mode in which the

aircraft having the turbofan engine 10 installed therein is cruising.

[0033] Regardless of the operating mode, the fuel cell 86 generates water as a
byproduct during operation. Instead of releasing such water generated as a byproduct
into, e.g., the atmosphere, the exemplary turbofan engine 10 depicted is configured to
utilize such water to increase an efficiency of the turbofan engine 10. Specifically, for the
embodiment depicted, the turbotan engine 10 is configured to direct the water generated
by the fuel cell 86 to the core turbine engine 16 through an outlet water line 94 during
operation to improve an etficiency of the turbotan engine 10, or more particularly, to cool
one or more aspects ot the turbotan engine 10, or be used as an intercooler fluid between

the LP compressor 22 and the HP compressor 24.

[0034] In certain exemplary embodiments, the turbofan engine 10 may be configured
to direct the water generated by the fuel cell 86 to the core turbine engine 16 through the
outlet water line 94 for intercooling the core turbine engine 16. For example, referring
back to FIG. 1, the turbotan engine 10 may be configured to direct the water generated by
the fuel cell 86 to a location between a first compressor (e.g., the LP compressor 22) and
a second compressor (e.g., the HP compressor 24). More particularly, the turbofan engine
10 may be configured to inject the water directly into the core air flowpath 37 between
the LP compressor 22 and HP compressor 24 to reduce a temperature of the airflow
therethrough. With such an exemplary embodiment, the water may reduce a temperature

of the air by being consumed/ evaporated into the airflow.

[0035] Reducing a temperature of the airflow in the compressor section may allow
for the airtlow to be compressed to a higher pressure while maintaining such airflow
below predetermined temperature limits for the various components within the core
turbine engine 16. Additionally, reducing a temperature of the airflow in the compressor
section may correspondingly reduce an amount of work required to compress such

airflow to a desired pressure and further may reduce an amount of NOx emissions. Thus,

10
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reducing a temperature the airtflow 1n the compressor section may contribute to an overall
efficiency increase of the core turbine engine 16, and particularly of the compressor

section.

[0036] In other embodiments, however, the turbofan engine 10 may utilize the water
generated as a byproduct of the fuel cell 86 operation to increase an efficiency of the
turbofan engine 10 in any other suitable manner. For example, in other embodiments, the
water may be 1njected into the core air flowpath 37 at any other suitable location within
the compressor section, such as a forward end of the compressor section. Additionally, or
alternatively, the water may be circulated through, e.g., one or more stator vanes of the
compressor section for cooling an airtlow through the compressor section. Further, the
water may be provided to, e.g., the turbine section in a similar manner to maintain certain
components of the turbine section below predetermined temperature thresholds.
Additionally, or alternatively still, the turbofan engine 10 may be configured to
direct/inject the water generated by the fuel cell 86 to the flow of cooling air in the
cooling duct 80 from the compressor section. For example, the turbofan engine 10 may
be configured to direct the water generated by the fuel cell 86 to the flow of cooling air in
the cooling duct 80 from the compressor section provided to the combustion section 26

and the turbine section.

[0037] It should be appreciated, however, that the exemplary turbofan engine 10 of
FIG. 2 1s provided by way of example only. For example, in other exemplary
embodiments, the turbofan engine 10 may have any other suitable configuration. For
example, in other exemplary embodiments, the turbofan engine 10 may not be a geared
turbotan engine 10 (i.e., may not include the power gearbox 46 mechanically coupling
the fan 38 and the core turbine engine 16), may or may not be a ducted turbofan engine
10 (1.e., may not include a nacelle assembly enclosing the fan 38 and a portion of the core

turbine engine 16), and may not be an ultra-high bypass turbofan engine 10 (i.e., may

define a bypass ratio of less than about 8:1).

11
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[0038] Moreover, in other exemplary embodiments, the turbofan engine 10 may be
configured to provide the fuel cell 86 fuel in any other suitable manner. For example,
referring now to FIG. 3, providing a schematic diagram of a turbofan engine 10 in
accordance with another exemplary embodiment of the present disclosure, the turbofan
engine 10 may include a separate, dedicated fuel source for the fuel cell 86. Specifically,
for the embodiment of FIG. 3, the turbotan engine 10 includes a hydrogen fuel tank 96
for providing hydrogen (i.e., hydrogen fuel) to the fuel cell 86. Accordingly, the
exemplary turbofan engine 10 of FIG. 3 does not include a reformer 90 positioned
upstream of the fuel cell 86 or in flow communication with a fuel tank 92 of the fuel
system (c.f., FIG. 2). The turbofan engine 10 of FIG. 3 may in other respects, however,
be configured 1n a substantially similar manner to the exemplary turbofan engine 10 of

FI1G. 2.

[0039] Further, 1n other exemplary embodiments, the acronautical propulsion system
may not be configured as a single turbofan or other gas turbine engine. For example, the
aeronautical propulsion system may include a plurality of turbofan engines. Or, the
acronautical propulsion system may include a combination of one or more turbofan or
other gas turbine engines and one or more other propulsion devices. For example,
referring now to FIG. 4, an aeronautical propulsion system 100 in accordance with still
another exemplary embodiment of the present disclosure is provided. Specifically, FIG. 4
provides a schematic, top view of an aircraft 102 having the exemplary aeronautical

propulsion system 100 integrated therein.

[0040] As shown 1n FIG. 4, the aircraft 102 defines a longitudinal centerline 104 that
extends therethrough, a forward end 106, and an aft end 108. Moreover, the aircraft 102

includes a fuselage 110, extending longitudinally from the forward end 106 of the aircraft

102 towards the aft end 108 of the aircraft 102, and a pair of wings 112. The first of such
wings 112 extends laterally outwardly with respect to the longitudinal centerline 104
from a port side 114 of the fuselage 110 and the second of such wings 112 extends

laterally outwardly with respect to the longitudinal centerline 104 from a starboard side

12
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116 of the fuselage 110. The aircraft 102 further includes a vertical stabilizer (not shown)
and a pair of horizontal stabilizers 120. It should be appreciated however, that in other
exemplary embodiments of the present disclosure, the aircraft 102 may additionally or

alternatively include any other suitable configuration of stabilizer.

[0041] The exemplary aeronautical propulsion system 100 of FIG. 4 includes a pair
of gas turbine aircraft engines, at least one of which mounted to each of the pair of wings
112, and an aft engine. For the embodiment depicted, the gas turbine aircraft engines are
configured as turbotan engines 122, 124 suspended beneath the wings 112 in an under-
wing configuration—each turbofan engine 122, 124 including a fan and a turbine engine,
also referred to as a core turbine engine (e.g., each of the turbofan engines 122, 124 may
be contigured 1n the same manner as the turbotan engine 10 of FIG. 1). Additionally, the
ait engine may be configured as a fan 126, or more specifically for the embodiment
depicted, as a boundary layer ingestion fan configured to ingest and consume air forming
a boundary layer over the fuselage 110 of the aircraft 102. The exemplary fan 126
depicted 1s fixedly connected to the fuselage 110 at the aft end 108, such that the fan 126
1s 1incorporated into or blended with a tail section at the aft end 108. Accordingly, the fan
126 may be referred to as an “aft fan.” However, it should be appreciated that in various

other embodiments, the tan 126 may alternatively be positioned at any suitable location

of the aft end 108.

[0042] In addition to the turbofan engines 122, 124 and the fan 126, the aeronautical
propulsion system 100 depicted includes an electric motor 82 mechanically coupled, i.e.,
drivingly coupled to the fan 126 (via a shaft 128) and a fuel cell 86 for providing
electrical energy to the electric motor 82 (via an electrical line 130). The fuel cell 86 and
electric motor 82 depicted in FIG. 4 may be configured in substantially the same manner
as the exemplary fuel cell 86 and electric motor 82 described above with reference to
FIG. 2. Accordingly, during operation of the aeronautical propulsion system 100, or more

particularly, during operation of the fuel cell 86, the fuel cell 86 is configured to generate

water as a byproduct. The aeronautical propulsion system 100 1s configured to direct the

13
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water generated by the fuel cell 86 as a byproduct to one or both of the turbine engines of
the turbofan engines 122, 124 via a water line 132. The aeronautical propulsion system
may utilize such water to increase an efficiency of the aeronautical propulsion system by,

e.g., cooling the turbine engines of the turbofan engines 122, 124,

[0043] An aeronautical portion system in accordance with one or more the above
embodiments may be configured to generate thrust in a more efficient manner. More
particularly, inclusion of one or more aspects of the present disclosure may allow for an
aeronautical propulsion system to increase its efficiency by utilizing a fuel cell to
etficiently generate electrical energy and an electric motor to convert such electrical
energy to mechanical work for the propulsion system. Additionally, inclusion of one or
more aspects of the present disclosure may allow for the aeronautical propulsion system
to utilize the water generated by the fuel cell as a byproduct of its operation to further
increase an efficiency of the propulsion system. For example, inclusion of one or more
aspects of the presenf disclosure may allow the propulsion system to benefit from
utilizing consumable water to cool certain aspects of the propulsion system (i.e., a turbine
engine of the propulsion system) without requiring an aircraft into which the propulsion
system 1s incorporated to carry a separate tank of water for such use—which may
otherwise offset any efficiency gains by utilizing such water. Moreover, the inclusion of
one or more aspects ot the present disclosure into an ultra-high bypass, geared turbofan

engine may result in a particularly high efficiency aeronautical propulsion system.

[0044] Reterring now to FIG. 5 a method (200) of operating an aeronautical
propulsion system including a fan, a turbine engine, an electric motor, and a fuel cell is
provided. The éxemplary method (200) generally includes at (202) providing mechanical
power to at least one of the turbine engine or the fan with the electric motor.
Additionally, the exemplary method (200) includes at (204) providing electrical energy to

the electric motor with the fuel cell, and at (206) generating water with the fuel cell as a

byproduct of producing electrical energy.
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[0045] Furthermore, the exemplary method (200) includes at (208) providing the
water generated with the fuel cell at (206) to the turbine engine ot the aeronautical
propulsion system. The water provided to the turbine engine at (208) may be utilized to
increase an efficiency of the turbine engine, e.g., by cooling one or more aspects of the
turbine engine. For example, in certain exemplary aspects, the turbine engine may include
a compressor section and providing the water generated with the fuel cell at (208) may
include providing the water generated with the tuel cell to the compressor section of the
turbine engine for intercooling the turbine engine. Specifically, the compressor section
may 1nclude a first compressor and a second compressor located downstream of the first
compressor. With such an aspect, providing the water generated with the fuel cell to the
turbine engine at (208) may include providing the water generated with the fuel cell to a
location between the first and second compressors. Additionally, or alternatively, 1n other
exemplary aspects, turbine engine may additionally include a turbine section and the
acronautical propulsion system may be configured to provide the turbine section with
cooling air from the compressor section. With such an exemplary aspect, providing the
water generated with the fuel cell to the turbine engine at (208) may include providing/
injecting the water generated with the tuel cell to the cooling air from the compressor

section.

[0046]  While there have been described herein what are considered to be preferred
and exemplary embodiments of the present invention, other modifications of these
embodiments falling within the scope of the invention described herein shall be apparent

to those skilled in the art.
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WHAT IS CLAIMED I8S:

1. A gas turbine engine comprising:

a core turbine engine;

a fan mechanically coupled to the core turbine engine;

an electric motor mechanically coupled to at least one of the core turbine engine
and the fan; and

a tuel cell for providing electrical energy to the electric motor, the fuel cell
generating water as a byproduct, the gas turbine engine directing the water generated by
the fuel cell to the core turbine engine during operation of the gas turbine engine to improve
an efficiency of the gas turbine engine;

wherein the core turbine engine includes a compressor section, wherein the
compressor section of the core turbine engine includes a first compressor and a second
compressor located downstream of the first compressor, and wherein the gas turbine engine
directs the water generated by the fuel cell to a location between the first and second

COMPressors.

2. The gas turbine engine of claim 1, wherein the gas turbine engine directs

the water generated by the fuel cell to the core turbine engine for intercooling the core

furbine engine.

3. The gas turbine engine of claim 1, wherein the core turbine engine further

includes a turbine section, wherein the gas turbine engine provides the turbine section with
cooling air from the compressor section, and wherein the gas turbine engine further directs

the water generated by the fuel cell to the cooling air from the compressor section.

4. The gas turbine engine of claim 1, wherein the electric motor is

mechanically coupled to the fan.

3. The gas turbine engine of claim 1, wherein the electric motor is

mechanically coupled to at least one of the core turbine engine or the fan through a gearbox.
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6. The gas turbine engine of claim 1, wherein the fucl cell utilizes a
hydrogen fuel.
7. The gas turbine engine of claim 1, further comprising:

a reformer located upstream of the fuel cell for producing a hydrogen fuel for

the fuel cell.

8. The gas turbine engine of claim 1, wherein the gas turbine engine defines

a bypass ratio greater than about 8:1.

9. The gas turbine engine of claim 1, wherein the core turbine engine is

mechanically coupled to the fan through a power gearbox.

10.  An aeronautical propulsion system including a turbine engine, the system
comprising:

a fan;

an electric motor drivingly coupled to said fan; and

a fuel cell for providing electrical energy to said electric motor, said fuel cell
generating water as a byproduct, the aeronautical propulsion system directing the water
generated by said fuel cell to the turbine engine during operation of the aeronautical
propulsion system to improve an efficiency of the aeronautical propulsion system;

wherein the turbine engine includes a compressor section, wherein the
compressor section 1includes a first compressor and a second compressor located

downstream of the first compressor, and wherein providing the water generated with the
fuel cell to the turbine engine comprises providing the water generated with the fuel cell to

a location between the first and second compressors.

11.  The system of claim 10, wherein said electric motor is mechanically

coupled to said fan through a gearbox.

12.  The system of claim 10, wherein said fuel cell utilizes a hydrogen fuel.
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13.  The system of claim 10, further comprising
a reformer located upstream of said tfuel cell for producing a hydrogen fuel for

said fuel cell.

14. A method of operating an aeronautical propulsion system including a fan,
a turbine engine, an electric motor, and a fuel cell, the method comprising:

providing mechanical power to at least one of the turbine engine or the fan with
the electric motor;

providing electrical energy to the electric motor with the fuel cell;

generating water with the fuel cell as a byproduct of producing electrical energy;
and

providing the water generated with the fuel cell to the turbine engine of the
aeronautical propulsion system;

wherein the turbine engine includes a compressor section and the compressor
section includes a tirst compressor and a second compressor located downstream of the
first compressor, and the step of providing the water generated with the fuel cell to the
turbine engine comprises providing the water generated with the fuel cell to a location

between the first and second compressors.

15.  The method of claim 14, wherein providing the water generated with the
fuel cell to the turbine engine comprises providing the water generated with the fuel cell to

the turbine engine for intercooling the turbine engine.

16.  The method of claim 14, wherein the turbine engine further includes a
turbine section, wherein the aeronautical propulsion system is configured to provide the
turbine section with cooling air from the compressor section, and wherein providing the
water generated with the fuel cell to the turbine engine further comprises providing the

water generated with the fuel cell to the cooling air from the compressor section.
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17.  The method of claim 14, wherein the aeronautical propulsion system is
an ultra-high bypass, geared turbofan engine, and wherein the electric motor 1s

mechanically coupled to the tan.

18.  The method of claim 14, wherein the fuel cell utilizes a hydrogen fuel.

19
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