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engine. The heater is powered by the generator to selectively
add heat to the gas turbine cycle.
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GAS TURBINE ENGINE INCLUDING
APPARATUS TO TRANSFER POWER
BETWEEN MULTIPLE SHAFTS

TECHNICAL FIELD

The invention relates generally to gas turbine engines, and
more particularly, to their construction and operation.

BACKGROUND OF THE ART

Gas turbine engines, especially those mounted on aircrafts,
are known to operate under a wide range of conditions and
power requirements. In a typical cycle, a gas turbine engine
rotates at high speeds during takeoff and climb segments,
while running at lower speeds during other segments, such as
warm-up, taxiing, cruise and descent. Gas turbine engines
must also operate under various temperatures, pressure and
air speeds throughout a same engine cycle. All these require-
ments generally lead to various design compromises so that
the engines can deliver a good performance at all times. As
with all optimization, however, at some points during an
engine cycle, one portion of an engine may be capable of
generating more power than is required with reference to the
selected operating point of one or more portions of the engine. 25
In other words, in optimization, sometimes excess capacity in
the engine is left unused.
U.S. Pat. No. 5,694,765 to Hield et al. discloses a mecha-

nism by which power may be transferred from one gas turbine
engine spool to another within a multi-spool engine. How- 30
ever, there is a continuing need to provide an improved engine
design and method by which engine power can be transferred
and used optimally.

SUMMARY OF THE INVENTION

It is therefore an object of this invention to provide an
improved gas turbine engine.
In one aspect, the present invention provides a gas turbine

engine comprising: at least one electrical generator rotation-
ally connected to an engine shaft; an electrical heater associ- 40

ated with a gas path of the engine and adapted to heat gases in
the gas path, the heater being electrically connected to the
generator, and a controller adapted to selectively control the
heater to add heat to the gas path.
In another aspect, the present invention provides a gas 45

turbine engine comprising: at least a first and a second shaft,
the first shaft rotatably supporting at least a propulsor and a
low pressure turbine, the second shaft rotatably supporting at
least a compressor and a high pressure turbine; an electrical
generator mounted to the first shaft; and an electrical heater 50

electrically connected to the generator, the heater being pro-
vided to selectively add heat to gases in a gas path passing
through the high pressure turbine.
In another aspect, the present invention provides a gas

turbine engine comprising: means for transforming torque 55
from an engine shaft into electrical power; means for heating
gases in a gas path within the engine using the electrical
power from the first means so as to increase thrust caused by
the gases in the gas path; and means for controlling the elec-
trical power transferred from the first means to the second 60
means.
In another aspect, the present invention provides a method

of generating thrust by transferring power between a first and
a second location in a gas turbine engine, the method com-
prising: transforming torque generated by the engine into
electrical power; and using the electrical power to heat gases
in a gas path.

2
In another aspect, the present invention provides a method

of generating thrust by transferring power between two gas,
turbine engines, the method comprising: transforming torque
generated in the first gas turbine engine into electrical power;
and adding heat to gases in a gas path of the second gas turbine
engine using the electrical power from the first gas turbine
engine, at least a portion of the added heat in the second gas
turbine engine being converted into mechanical power.
In another aspect, the present invention provides an aircraft

10 gas turbine engine, the engine including comprising at least a
compression stage, a combustion stage and a turbine stage,
the compression stage and turbine stage rotatably connected
by at least one rotatable shaft, the engine further comprising
a free turbine connected to rotate with an electrical generator,

15 the free turbine mechanically unconnected with any compres-
sion stage of the engine, the engine further comprising a heat
input apparatus adapted to convert electricity generated by
the electrical generator in response to free turbine rotation
into heat, wherein the heat input apparatus is adapted to add

20 said heat to a gas turbine cycle of the gas turbine engine.
Further details of these and other aspects of the present

invention will be apparent from the detailed description and
figures included below.

DESCRIPTION OF THE DRAWINGS

Reference is now made to the accompanying figures
depicting aspects of the present invention, in which:
FIG. 1 shows an example of a gas turbine engine with a

power transfer system;
FIG. 2 is an enlarged schematic view of an example of a

power transfer system according to the invention;
FIG. 3 is a schematic view of an example of a fuel heater;
FIG. 4 is a schematic top view of a multi-engine aircraft,

35 showing an example of environment where power can be
transferred from one engine to another; and
FIG. 5 is view similar to FIG. 1, showing another aspect of

the system.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 illustrates an example of a gas turbine engine 10 of
a type preferably provided for use in subsonic flight, gener-
ally comprising in serial flow communication a fan 12
through which ambient air is propelled, a multistage com-
pressor 14 for pressurizing the air, a combustor 16 in which
the compressed air is mixed with fuel and ignited for gener-
ating an annular stream of hot combustion gases, and a turbine
section 18 for extracting energy from the combustion gases.
Gases flowing through the turbine section 18 follow what is

referred to hereafter as the core gas path. Some of the air
drawn by the fan 12 is sent to a by-pass passage 20 provided
aronnd the core of the engine 10, thereby defining the by -pass
gas path. It should be noted that the expression "gas path"
used herein refers either to the core gas path or the by -pass gas
path.
In a multi-spool engine, the fan 12 is driven by a turbine,

namely the low pressure (LP) turbine 22, via a shaft 26 (some-
times called the fan shaft). Some engines may have a single
stage LP turbine, while others may have a multi-stage LP
turbine. The fan 12, LP turbine 22 and LP shaft 26 together
form a nnit within the engine 10 which unit is sometimes
referred to as the LP spool, which may also optionally include

65 an LP compressor in addition to the fan 12.
The engine 10 also comprises a HP spool which includes

the HP compressor 14 driven by a turbine 24 from the turbine



3
US 7,690,186 B2

4
section 18. The HP turbine 24 and the HP compressor 14 are
connected together via a HP shaft 28. The HP spool and the
LP spool are independently rotatable.
FIGS. 1 and 2 schematically show that the engine 10 is

preferably provided with an Integral Starter-Generator (ISG
30) driven by or driving (as the case may be) the HP shaft 28
via an appropriate connection. In the design of FIGS. 1 and 2,
ISG 30 is preferably mounted to the HP shaft 28 using a
direct, coaxial mechanical mounting. The ISG30 is prefer-
ably adapted to perform the functions of starting the engine 10
and generating electricity when the engine 10 is running.
In the design of FIGS. 1 and 2, as illustrated, the ISG 30 is

coaxially mounted with reference to the HP shaft 28. In
another more conventional embodiment, shown in dotted
lines in FIG. 1, the ISG 30 may be replaced by a starter- 15
generator (not shown) mounted on the accessory gearbox
(AGB 19). As the skilled reader will appreciate, the AGB 19
comprises a number of mechanically-driven components.
The connection between the engine and the mechanically-
driven components generally involves a tower shaft and cor- 20
responding gears. The mechanically driven components
include an electric starter-generator which performs a func-
tion similar to ISG 30 described herein.
FIGS. 1 and 2 further show an electrical generator 32

mounted to the LP shaft 26 in order to transform torque 25
therefrom into electrical power. The illustrated embodiment
shows the electrical generator 32 being coaxially mounted on
the LP shaft 26. Other ways of connecting the electrical
generator 32 can be chosen, depending on the engine. This
electrical generator 32 is electrically connected to one or 30

more electrical heaters 34, 36 located around the core gas path
and the by-pass gas path, respectively such that heat devel-
oped by the heaters is transferred to the gas in the gas path.
Heaters 34 and 36 are preferably resistive heaters which are
provided to surround the annular gas path. The heaters are 35

adapted to, when activated, heat the air or gas passing through
the associated section of gas path, as will be discussed further
below. While resistance heating is preferred, any suitable type
of electrical heating such as plasma heating may be
employed. One or more electrical heaters 34 can be provided 40

anywhere in the core gas path, either upstream or downstream
of the compressor section. It is preferably adjacent to the
combustor 16. Heater(s) 34 may also be either upstream or
downstream of the combustor 16, or even on the combustor
16. Heaters may also or alternately be located in or adjacent 45

the gas path between turbine stages or downstream therefrom,
or may be operatively associated with the fuel supply and
adapted to heat the fuel using a resistive electrical fuel heater
35, as shown in FIG. 3. The skilled reader will appreciate, in
light of this disclosure, that any means by which heat may be 50

added to the gas turbine cycle may benefit from the teachings
of the present invention.
One or more electrical heaters 36 can be provided in the

by-pass passage 20 at a suitable location, preferably towards
the downstream end of the by-pass duct is preferred.
In use, when heater( s) 34 is activated in the core gas path in

the region of the combustor 16 of the engine, the heat added
by the heater heats the air/gas flows passing therethrough and
into the HP turbine 24, and thus has the effect as if added fuel
has been burned in the combustor 16 (i.e. the combustion 60
gases are hotter than they otherwise would have been without
using more fuel at the combustor 16), and thus more thermal
energy is provided to the gas flow for subsequent power
extraction by the HP turbine 24. The added heat can also be
used to reduce the amount of fuel supplied to the combustor 65
16 to attain a specific gas temperature. Ifheater 34 is driven by
generator 32 on the LP spool, the apparatus can be employed

such that torque developed by the LP turbine 22 can be
partially returned to the HP turbine 24. Since resistive elec-
trical heaters 34, 36 are very efficient at converting electrical
power into heat and since turbines 22, 24 are also highly
efficient, the overall efficiency of the power transfer from the
LP spool to HP spool is high.
When provided in the by-pass passage 20, the heater 36 or

set of heaters 36 is operated to increase the temperature of the
gases in the by-pass gas path and thereby increase thrust, in a

10 manner analogous the manner in which an afterburner can
increase the thrust of a gas turbine engine.
In these and other embodiments, the source of power for

the heaters 34, 36 need not be fixed, but may be flexibly
controlled or set in a different arrangement than the one
described above. For example, if desired, it is possible to use
both the electrical generator 32 and the ISG 30, or only the
ISG 30, to provide electrical power to the heater(s) 36 in the
by-pass passage 20. Other combinations and permutations
are further possible, for instance with the fuel heater 35.
Operation of the transfer system is controlled using a suit-

able controller 40, such as an electrical relay, electronic con-
troller or another suitable arrangement, for controlling the
electricity generation and flow between the electrical genera-
tor 32, the ISG 30 and the heater or heaters 34, 35, 36.
Moreover, it is possible to transfer power between two or

more engines of a same aircraft using the electrical heaters,
whereby electrical power generated at one or more engines is
used to power heaters in one or more other engines. For
example, as shown in FIG. 4, in an aircraft 100 having two
engines 10, for instance turbofan engines 101, 102, electrical
power generated by a generator (not shown) in one engine
101, 102 may be transferred through an aircraft power grid
105 to a suitable electrical heating arrangement (not shown)
in the other engine lOu 102 for use therein, with or without the
assistance of a generator mounted on the same engine that
receives power. The engine may receive power from an
engine dedicated to delivering electrical power, such as an
APU 103, and vice-versa.
Also, the electrical generator 32 of FIG. 2 can be used to

draw power from the LP spool and thereby reduce the rotation
speed of the fan 12. In an aircraft, this may allow the pilot to
increase the core thrust without overspeeding the fan 12. It is
also possible to simultaneously use electrical power from the
ISG 30 to heat the air in the by-pass gas path.
Other benefits of the present invention includes being able

to restart an aircraft engine in flight using the windmilling
effect on the fan 12 caused by the continued movement of air
through the moving but inoperative engine 10. The electrical
power taken from the LP spool, which is windmilling,
through the driven electrical generator 32 is sent to the appro-
priate heater to supply heat to the combustor to aid in re-
lights. The electrical generator 32 can also be used to supply
electrical power to other systems in case a generating failure

55 of the ISG 30.
Referring to FIG. 5, in another aspect another turbine such

as free turbine 23 may be provided preferably downstream of
the low turbine 22, the turbine 23 having a generator 31
rotatably connected therewith, preferably mounted on its
shaft (not indicated). Turbine 23 and generator 31 permits
additional energy to be taken out of the gases before they
leave the engine, that is, the rotation of turbine 23 rotates
generator 31 for the generator of electrical power. That power
can then be put into the gas turbine cycle, as desired, such as
in ways which have already be described in this application.
Thus additional energy may be reclaimed from the exhaust
gases.
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As can be appreciated, designing a gas turbine engine with

a power transfer system as described herein provide many
advantages, including being able to rematch available energy
to another part of the engine when a spool is running faster
than necessary during a segment of the engine cycle. This
ultimately results in an increased of thrust or a decrease in fuel
requirements during segments on the engine cycle. It pro-
vides an increased overall efficiency, including obtaining a
better fuel consumption and particularly better handling per-
formance during transients, if required.
The above description is meant to be exemplary only, and

one skilled in the art will recognize that changes may be made
to the embodiments described without departing from the
scope of the invention disclosed. For example, although a
two-spool engine is generally referred to herein, the invention 15
can be used on any multi-spool engine. The invention is
applicable as well to turboprop gas turbine engines, in which
case the propulsor is a propeller instead of the fan 12 of the
engine 10, and in turbo shaft gas turbine engines, in which the
reduction gearbox output (e.g. a helicopter rotor) is analogous 20
to the fan 12 of the engine 10. The compressor and turbine can
be of any kind, and either single stage or multi-stage. The
invention is also not limited for use on aircraft prime-mover
engines and can be implemented on various gas turbine
engines used in other contexts, such as aircraft APU sand 25
ground-based gas turbine engines. Although resistance heat-
ers located physically outside the gas path are preferred due to
their efficiency and non-interference with the gas path in such
a configuration, other heating types and configurations may
be provided. For example, the heater may be in, or extend into 30

the gas path. Still other modifications of the present invention
will be apparent to those skilled in the art, in light of a review
of this disclosure.
What is claimed is:
1.A gas turbine engine comprising:
at least a first and a second shaft, the first shaft rotatably
supporting at least a propulsor and a low pressure tur-
bine, the second shaft rotatably supporting at least a
compressor and a high pressure turbine; and

power transfer apparatus configured for transferring rota- 40

tional power from the first shaft to the second shaft
during engine operation, the power transfer apparatus
including an electrical generator mounted to and driven
by the first shaft, the generator operatively connected to
and powering an electrical heater surronnding a conduit

of the engine, the heater controlled to selectively add
heat during engine operation to gases in a gas path pass-
ing through the high pressure turbine.

2. The gas turbine engine as defined in claim 1, wherein the
conduit is an engine gas path and the heater is located at one
or more locations selected from the group consisting of:
upstream of a combustor stage of the engine, downstream the
combustor stage, and in the combustor stage.
3. The gas turbine engine as defined in claim 1, wherein the

10 engine has multiple turbines and the conduit channels the gas
path between them, and the heater is located between two of
said turbines.
4. The gas turbine engine as defined in claim 1, wherein the

conduit is located in a fuel supply system supplying combus-
tion fuel to a combustor of the engine, and wherein the heater
is configured to heat the fuel to thereby add heat to the gas
path when the fuel is combusted in the combustor.
5. The gas turbine engine as defined in claim 1, further

comprising a second electrical heater connected to the gen-
erator, the second heater being disposed in a by-pass passage
of the engine to selectively add heat to air therein using at least
some electrical power from the generator.
6. The gas turbine engine as defined in claim 1, further

comprising a second electrical generator monnted to the sec-
ond shaft, and a second electrical heater connected to the first
and the second generator, the second heater being disposed in
a by-pass passage of the engine to selectively add heat to air
therein using electrical power from at least one of the first
generator, and the second generator.
7. A gas turbine engine comprising:
at least a first and a second shaft, the first shaft rotatably
supporting at least a propulsor and a low pressure tur-
bine, the second shaft rotatably supporting at least a
compressor and a high pressure turbine; and

means for increasing engine thrust, the means electrically
powered by an electric generator monnted to the first
shaft, the means surrounding a conduit of the engine and
configured to increase heat in gases in a gas path within
the engine to increase engine thrust.

S. The gas turbine engine as defined in claim 7, wherein the
conduit is a core gas path of the engine.
9. The gas turbine engine as defined in claim 7, wherein the

conduit is a fuel conduit supplying a combustor of the engine.

35
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