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ABSTRACT

An auxiliary power unit for an aircraft includes a rotary intermittent internal combustion
engine drivingly engaged to an engine shaft, a turbine section having an inlet in fluid
communication with an outlet of the engine(s), the turbine section including at least one
turbine compounded with the engine shaft, and a compressor having an inlet in fluid
communication with an environment of the aircraft and an outlet in fluid communication
with a bleed duct for providing bleed air to the aircraft, the compressor having a
compressor rotor connected to a compressor shaft, the compressor shaft drivingly
engaged to the engine shaft. The driving engagement between the compressor shaft
and the engine shaft is configurable to provide at least two alternate speed ratios

between the compressor shaft and the engine shaft.
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AUXILIARY POWER UNIT WITH VARIABLE SPEED RATIO
TECHNICAL FIELD

The application relates generally to compound engine assemblies and, more

particularly, to such assemblies used as auxiliary power units (APU).
BACKGROUND OF THE ART

Aircraft secondary power in flight is generally provided by a main engine (prime mover
engine), for example by extracting bleed air from the main engine compressors and by
extracting shaft power from the main engine shaft for driving generators and hydraulic
pumps. The bleed air is typically used for cabin pressurization and or de-icing. The
shaft power is typically used for electrical generation and hydraulics. Secondary power
extraction from the main engine, particularly when obtained in conditions of reduced
thermal efficiency for example during at part load, can represent a significant portion of

fuel burn.

Traditional gas turbine engine auxiliary power units (i.e. including an engine core with a
combustor) typically have a thermal efficiency which is much lower than that of the main
engine at high power, and are optimized to generate secondary power while on ground.
Accordingly secondary power generated with such gas turbine engine auxiliary power
units during flight would increase fuel burn, thus requiring the secondary power during

flight to be generated by the main engine.

SUMMARY

In one aspect, there is provided an auxiliary power unit for an aircraft, comprising: a
rotary intermittent internal combustion engine drivingly engaged to an engine shaft; a
turbine section having an inlet in fluid communication with an outlet of the rotary
intermittent internal combustion engine, the turbine section including at least one
turbine compounded with the engine shaft; and a compressor having an inlet in fluid
communication with an environment of the aircraft and an outlet in fluid communication

with a bleed duct for providing bleed air to the aircraft, the compressor having a
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compressor rotor connected to a compressor shaft, the compressor shaft drivingly
engaged to the engine shaft, the driving engagement between the compressor shaft
and the engine shaft configurable to provide at least two alternate speed ratios between

the compressor shaft and the engine shatft.

In another aspect, there is provided an auxiliary power unit for an aircraft, comprising: a
plenum in fluid communication with an environment of the aircraft through a main inlet;
a rotary intermittent internal combustion engine drivingly engaged to an engine shaft; a
turbine having an inlet in fluid communication with an outlet of the rotary intermittent
internal combustion engine, the turbine compounded with the rotary intermittent internal
combustion engine; a first compressor having an inlet in fluid communication with the
plenum and an outlet in fluid communication with an inlet of the rotary intermittent
internal combustion engine; a second compressor having an inlet in fluid
communication with the ptenum and an outlet in fluid communication with a bleed duct
for providing bleed air to the aircraft; and a compressor shaft connected to a rotor of at
least one of the first and second compressors, the compressor shaft drivingly engaged
to the engine shaft, the driving engagement between the compressor shaft and the
engine shaft configurable to provide at least two alternate speed ratios between the

compressor shaft and the engine shaft.
DESCRIPTION OF THE DRAWINGS
Reference is now made to the accompanying figures in which:

Fig. 1 is a schematic view of an auxiliary power unit in accordance with a particular

embodiment;

Fig. 2 is a schematic cross-sectional view of a rotary engine which can be used on the

engine assembly of Fig. 1;

Fig. 3 is a schematic view of an auxiliary power unit in accordance with another

particular embodiment;
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Fig. 4 is a schematic view of an auxiliary power unit in accordance with another

particular embodiment;

Fig. 5 is a schematic view of an auxiliary power unit in accordance with another

particular embodiment;

Fig. 6 is a schematic cross-sectional view of part of an auxiliary power unit showing
compressor and turbine sections in accordance with another particular embodiment

which may be alternately used in any of the above auxiliary power units;

Fig. 7 is a schematic cross-sectional view of a compressor section in accordance with
another particular embodiment which may be alternately used in any of the above

auxiliary power units;

Fig. 8 is a diagram of compressor and turbine configuration in accordance with another
particular embodiment which may be alternately used in any of the above auxiliary

power units;

Fig. 9 is a schematic cross-sectional view of the compressor and turbine configuration

of Fig. 8; and

Fig. 10 is a diagram of a system for integrating an auxiliary power unit such as any of
the above auxiliary power units for part-time in-flight use, in accordance with a particular

embodiment.
DETAILED DESCRIPTION

The present description includes compound engine assembly auxiliary power units for
providing supplementary ground and flight pneumatic and/or electric power for airborne
auxiliary power unit applications. In a particular embodiment, the auxiliary power units
are configured to directly replace a traditional gas turbine engine auxiliary power unit
and perform in a more efficient manner, with power/weight and power/volume
properties meeting the requirements for airborne application. Application to fixed or

mobile ground power units is also possible.



10

15

20

25

CA 02938115 2016-08-04

In a particular embodiment, the auxiliary power unit is configured to be able to provide
full time and part time in-flight operation. The auxiliary power unit may thus have an
increased range of outputs to adapt to ground and in-flight use, as compared to a

traditional gas turbine engine auxiliary power unit.

Referring to Fig. 1, an auxiliary power unit 10 in accordance with a particular
embodiment is generally shown. The auxiliary power unit 10 includes an engine core
12’ including one or more intermittent internal combustion engines 12 engaged to a
common shaft 16. In a particular embodiment, the intermittent internal combustion
engine(s) 12 is/are rotary internal combustion engine(s), for example Wankel engine(s);
it is however understood that other types of intermittent internal combustion engines

may alternately be used.

Referring to Fig. 2, an example of a Wankel engine which may be used in the engine
core 12’ is shown. It is understood that the configuration of the engine(s) 12, e.g.
placement of ports, number and placement of seals, etc., may vary from that of the
embodiment shown. The engine 12 comprises a housing 32 defining a rotor cavity
having a profile defining two lobes, which is preferably an epitrochoid. A rotor 34 is
received within the rotor cavity. The rotor defines three circumferentially-spaced apex
portions 36, and a generally triangular profile with outwardly arched sides. The apex
portions 36 are in sealing engagement with the inner surface of a peripheral wall 38 of
the housing 32 to form and separate three working chambers 40 of variable volume
between the rotor 34 and the housing 32. The peripheral wall 38 extends between two

axially spaced apart end walls 54 to enclose the rotor cavity.

The rotor 34 is engaged to an eccentric portion 42 of an output shaft 16 to perform
orbital revolutions within the rotor cavity. The cutput shaft 16 performs three rotations
for each orbital revolution of the rotor 34. The geometrical axis 44 of the rotor 34 is
offset from and parallel to the axis 46 of the housing 32. During each orbital revolution,
egach chamber 40 varies in volume and moves around the rotor cavity to undergo the

four phases of intake, compression, expansion and exhaust.
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An intake port 48 is provided through the peripheral wall 38 for admitting compressed
air into one of the working chambers 40. An exhaust port 50 is also provided through
the peripheral wall 38 for discharge of the exhaust gases from the working chambers
40. Passages 52 for a spark plug, glow plug or other ignition mechanism, as well as for
one or more fuel injectors of a fuel injection system (not shown) are also provided
through the peripheral wall 38. Alternately, the intake port 48, the exhaust port 50
and/or the passages 52 may be provided through the end or side wall 54 of the
housing. A subchamber (not shown) may be provided in communication with the

chambers 40, for pilot or pre injection of fuel for combustion.

For efficient operation the working chambers 40 are sealed by spring-loaded peripheral
or apex seals 56 extending from the rotor 34 to engage the inner surface of the
peripheral wall 38, and spring-loaded face or gas seals 58 and end or corner seals 60
extending from the rotor 34 to engage the inner surface of the end walls 54. The rotor
34 also includes at least one spring-loaded oil seal ring 62 biased against the inner
surface of the end wall 54 around the bearing for the rotor 34 on the shaft eccentric

portion 42.

The fuel injector(s) of the engine 12, which in a particular embodiment are common rail
fuel injectors, communicate with a source of Heavy fuel (e.g. diesel, kerosene (jet fuel),
equivalent biofuel), and deliver the heavy fuel into the engine 12 such that the
combustion chamber is stratified with a rich fuel-air mixture near the ignition source and

a leaner mixture elsewhere.

Referring back to Fig. 1, the auxiliary power unit 10 includes a supercharger
compressor 20 compressing the air to feed the engine core 12°. Air from the
environment of the aircraft enters a plenum 19 from the main inlet 14 of the auxiliary
power unit 10. This plenum 19 feeds the compressor 20 so that an inlet of the
compressor 20 is in fluid communication with the environment of the aircraft. The
compressor 20 optionally has variable inlet guide vanes 23 for flow control and/or a
variable diffuser 25. In a particular embodiment, the variable diffuser 25 provides a low
flow high pressure mode if the compressor 20 is used to provide air to the aircraft when

the engine core 12’ is shut down.
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The outlet of the compressor 20 is in fluid communication with the inlet of the engine
core 12’, in a particular embodiment through a heat exchanger 66: the compressor 20
thus delivers air through the heat exchanger 66 defining an intercooler and to the inlet
of the engine core 12’, for example to the intake port 48 of each rotary engine 12. In a
particular embodiment, the compressor 20 is located in proximity of the intercooler 66
for minimum ducting loss and weight. In the embodiment shown, the intercooler 66 is
received in a cooling air duct 68 receiving air for example from a compartment 76 of the
auxiliary power unit 10, so that cooling air may circulate through the intercooler 66 in
heat exchange relationship with the compressed air fed to the engine core 12
Alternately, the intercooler 66 may be cooled through an intermediate fluid link to a
main engine cooler 70 through which the used coolant from the engine core 12" is
circulated. The cooled compressed air is delivered to the engine core 12', for example

at a temperature of 250°F or less for an engine core 12’ including rotary engine(s) 12.

In the embodiment shown, the supercharger compressor 20 also provides bleed air for
the aircraft. Air for the aircraft system is bled off before the intercooler 66, for example
through a bleed air duct 72 as shown. In a particular embodiment, a shut off valve (not

shown) is provided upstream of the intercooler 66.

In the engine core 12" air is mixed with fuel and combusted to provide power and a
residual quantity of intermediate pressure exhaust gas. The outlet of the engine core
12’ (e.g. exhaust port 50 of each engine 12) is in fluid communication with an inlet of a
turbine section, so that the exhaust gases from the engine core 12’ are expanded in the
turbine section. The turbine section has one or more turbines 26, 22 compounded with
the engine core 12'. In a particular embodiment, the turbine section includes a first
stage turbine 26 having an outlet in fluid communication with an inlet of a second stage
turbine 22, with the turbines 26, 22 having different reaction ratios from one another.
The degree of reaction of a turbine can be determined using the temperature-based
reaction ratio (equation 1) or the pressure-based reaction ratio (equation 2), which are
typically close to one another in value for a same turbine, and which characterize the

turbine with respect to “pure impulse” or “pure reaction” turbines:
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tey — tos
(DReaction(T) = (—SL—-S—Q
(tso — tss)
Pew — P
(2)Reaction(P) = M
(Pso = Pss)

where t is temperature and P is pressure, s refers to a static port, and the numbers
refers to the location the temperature or pressure is measured: 0 for the inlet of the
turbine vane (stator), 3 for the inlet of the turbine blade (rotor) and 5 for the exit of the
turbine blade (rotor): and where a pure impulse turbine would have a ratio of 0 (0%) and

a pure reaction turbine would have a ratio of 1 (100%).

In a particular embodiment, the first stage turbine 26 is configured to take benefit of the
kinetic energy of the pulsating flow exiting the core engine(s) 12 while stabilizing the
flow and the second stage turbine 22 is configured to extract energy from the remaining
pressure in the flow. Accordingly, in a particular embodiment the first stage turbine 26
has a lower reaction ratio (i.e. lower value) than that of the second stage turbine 22. In
a particular embodiment, the first stage turbine 26 has a reaction ratio of 0.25 or lower
(temperature or pressure based) or of 0.2 or lower (temperature or pressure based),
and the second stage turbine 22 a reaction ratio higher than 0.25 (temperature or
pressure based) and/or is a medium reaction pressure turbine. Other values are aiso

possible.

The compressor 20 may be driven by one or more of the turbines 26. 22 and/or the
engine core 12; in the embodiment shown, the first and second stage turbines 26, 22
and compressor 20 are coupled to the same shaft 24, i.e. rotor(s) of the compressor 20,
the first stage turbine 26 and the second stage turbine 22 are connected to the same

compressor shaft 24.

In the embodiment shown, the first and second stage turbines 26, 22 are both
compounded with the engine core 12’ by having the compressor and engine shafts 24,
16 coupled through a transmission 28 defining two (or more) speed ratios between the

compressor shaft 24 and the engine shaft 16, which in a particular embodiment
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provides a high speed, high pressure range for altitude operation and a low speed
range for ground and low altitude use. The driving engagement between the
compressor shaft 24 and the engine shaft 16 is thus configurable to provide at least two

alternate speed ratios between the shafts 24, 16.

In the embodiment shown, the driving engagement of the transmission 28 is configured
to provide two alternate, different discrete speed ratios between the compressor shaft
24 and the engine shaft 16, through an epicyclic type gear stage 30 with a friction
brake/clutch and lock 29 to allowing for the two speed ratio operation. Depending on the
particular design of the transmission 28, the auxiliary power unit 10 could shift by
cycling through a low transmission power condition and effect the lock unlock, or the
transmission 28 could require for the auxiliary power unit 10 to be shut down to change
the speed ratio and be re-started after shifting the transmission 28 to the different speed

ratio.

The main engine liquid cooler 70, the intercooler 66, and an engine oil cooler 71 are
mounted close to the engine core 12’, for example in the cooling air duct 68 on a frame
attached to the engine core 12’; the coolers 66, 70, 71 may be mounted in series or in
parallel. A fan 74 is located in an exhaust duct 78 in fluid communication with and
downstream of the cooling air duct 68 to drive (“pull’) airflow from the engine
compartment 76 through the cooling air duct 68 and the coolers 66, 70, 71 and into the
exhaust duct 78, where exhaust from the turbines 26, 22 is also discharged
downstream of the fan 74. In the embodiment shown, the fan 74 is mechanically driven
by the engine core 12’ for example through a direct engagement with the engine shaft
16 such as to rotate at a same speed. Alternately, the fan 74 may be driven through a
transmission (whether transmission 28 or through a separate transmission), or be
electrically or hydraulically driven by a motor obtaining power directly or indirectly from

the engine core 12"

In a particular embodiment, an aircraft generator 64 is directly driven by the engine core
12', for example the engine core 12' including rotary engine(s) 12 and with the engine
shaft 16 rotating at 8000 rpm. Alternately, the aircraft generator 64 may be driven

through step up gearing by the transmission 28, which may make the generator 64
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more compact. The generator 64 may be a variable speed generator, enabling to
change the rotational speed of the engine core 12’ in correspondence with different

required loads.

Fig. 3 shows an auxiliary power unit 110 in accordance with another embodiment,
where elements similar to that of the embodiment of Fig. 1 are identified with the same

reference numerals and will not be further described herein.

in this embodiment, the transmission 128 between the compressor shaft 24 and the
engine shaft 16 is a continuously variable transmission, and accordingly the driving
engagement between the compressor shaft 24 and the engine shaft 16 is configured to
provide a plurality of different speed ratios between the shafts 24, 16. In a particular
embodiment, such a configuration provides better optimization capability than the
embodiment of Fig. 1. In a particular embodiment, the continuously variable
transmission 128 is in the low speed area of the gearbox associated with the engine
(e.g. 8000 rpm for a rotary engine core) and in a configuration where the engine
core/turbine work-split minimizes the power to be transmitted via the continuously

variable transmission for efficiency, heat generation and weight reasons.

Fig. 4 shows an auxiliary power unit 210 in accordance with another embodiment,
where elements similar to that of the embodiment of Fig. 1 are identified with the same

reference numerals and will not be further described herein.

In this embodiment, engine shaft 16 is also engaged to a transfer motor/generator 280
(e.g. high speed motor/generator), which may transfer power away from the engine
shaft 16 or temporarily to the engine shaft 16 if needed. It can serve as a starter.
Alternately, this power transfer functionality may be integrated with the aircraft
generator 84. However, in a particular embodiment separate motor/generators 64, 280
allow for improved system segregation and failure tolerance. In the embodiment shown,
the transmission is omitted. Alternately, a transmission may be provided between the

engine ore and the transfer motor/generator 280.
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Another generator/motor 282 (e.g. high speed brushless generator/motor) is provided
on the compressor shaft 24, and an electric link is provided between the engine core
generator/motor 280 and the compressor generator/motor 282, for example through a
bi-directional motor/generator control unit 284. The electric link is bi-directional meaning
that it can adapt to transfer power from the engine shaft 16 to the compressor shaft 24
and vice versa, so that excess power from the compressor shaft 24 can be transferred
to the engine shaft 16 when appropriate. The driving engagement between the engine
shaft 16 and compressor shaft 24 is accordingly provided by the engine core
generator/motor 280, the compressor generator/motor 282 and the electric link
therebetween, and the power transfer through the electric link allows for a variation in

the speed ratio between the compressor shaft 24 and engine shaft 16, as required.

Fig. 5 shows an auxiliary power unit 310 in accordance with another embodiment,
where elements similar to that of the embodiment of Fig. 1 are identified with the same

reference numerals and will not be further described herein.

In this embodiment, separate compressors 320a, 320b are provided for ground and
flight modes, with both compressors 320a, 320b communicating with the bleed air duct
72 and with the inlet of the engine core 12'. The ground mode compressor 320b is
designed for moderate pressure ratio and the flight mode compressor 320a is designed
for high altitude requirements. The engine shaft 16 is drivingly engaged to the turbine
shaft 327, to which the rotors of the turbines 26, 22 are connected, through the
transmission 328, for example with a fixed speed ratio therebetween. Each cocmpressor
320a, 320b is provided on an independently rotatable compressor shaft 324a, 324b.
Each compressor shaft 324a, 324b is selectively engageable with the turbine shaft 327
(and accordingly, with the engine shaft 16) through a clutch system 329, for example
included as part of the transmission 328. The clutch system 328, through selective
engagement of one of the compressor shafts 324a, 324b with the turbine shaft 327,
allows for the selection of the appropriate compressor 320a, 320b to drive, for example
based on an input from the aircraft control systems indicating the status of the aircraft.

Accordingly, in this case each compressor 320a, 320b varies its speed ratic with

10
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respect to the engine shaft 16 through engagement and disengagement of the clutch

system 329.

When the flow-pressure requirements of the engine core 12" and the aircraft cannot be
efficiently reconciled to a single compressor, an additional load compressor can be
provided to provide the bleed air for the aircraft, so that the outlet of this load
compressor communicates with the bleed air duct without communicating with the inlet
of the engine core 12’, and the outlet of the supercharger compressor communicates
with the inlet of the engine core 12’ without communicating with the bleed air duct. One
of the two compressors may be driven without variable speed operation (for example,
through a geared engagement with the engine shaft 16) while the other compressor
may have variable speed capability with respect to the engine core, including, but not
limited to, such as shown in the embodiments of Figs. 1 and 3-5. Alternately, both
compressors may have variable speed capability with respect to the engine shaft 16,

including, but not limited to, such as shown in the embodiments of Figs. 1 and 3-5.

Referring to Fig. 6, a particular embodiment for the separate supercharger and load
compressors is shown. In this embodiment, the supercharger compressor 420 providing
the compressed air to the engine core 12’ and the bleed compressor 421 providing the
compressed air to the aircraft are connected to the same shaft 24, which also receives
the turbines 26, 22 of the turbine section. The compressor inlets can be connected to a
common plenum 19, as shown, or can be each connected to a respective plenum; the
plenum(s) 19 are connected to the main inlet 14. In a particular embodiment, such a
configuration allows for accommodating different functional requirements for the
supercharging flow (to the engine core 12’) and the aircraft flow (to the bleed duct 72).
Variable speed drive between the compressor shaft 24 and the engine shaft 16 may be
implemented, for example, in accordance with any of the embodiments of Figs. 1 and 3-
5

Referring to Fig. 7, another particular embodiment for the separate supercharger and
load compressors is shown. The supercharger compressor 520 providing the
compressed air to the engine core 12" and the bleed compressor 521 providing the

compressed air to the aircraft are arranged on both sides of a single rotor 586, which in

11
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a particular embodiment is manufactured by forging. The rotor 586 is received on the
compressor shaft 24 Tip seals 588 (e.g. labyrinth or fin type air seals) with a low
pressure “sink” (exhaust) 590 below either of the impeller delivery pressures (e.g. to
ambient) are arranged at the impeller tips to prevent interference between the two
compressors 520, 521 which might result in premature stall or surge, when the two
sides are operating at different pressures. Variable speed drive between the
compressor shaft 24 and the engine shaft 16 may be implemented, for example, in

accordance with any of the embodiments of Figs. 1 and 3-5.

Referring to Figs. 8-9, another particular embodiment for the separate supercharger
and load compressors is shown. The supercharger compressor 620 is mounted on a
separate shaft 624b with the second stage (e.g. pressure) turbine 622, and the first
stage turbine 626 drives the bleed compressor 621 through a first stage shaft 624a
compounded with the engine core 12’ through a transmission 628. In a particular
embodiment, such a configuration allows for the turbocharger 620 to find its own match
point and possibly eliminate the need for variables on one of the compressors 620, 621.
Variable nozzle geometry (e.g. variable area turbine vanes 692, see Fig. 9) could be
introduced on the second stage turbine 622 to improve controllability of the degree of
supercharge. In a particular embodiment, such a configuration allows for the speed of
the second stage turbine 622 to be selected independent of the requirements for the
first stage turbine 626. As can be seen in Fig. 9, in a particular embodiment the
turbocharger shaft 624b is concentric with the shaft 624a of the load compressor 621,
and a common inlet plenum 619 is provided for both compressors 620, 621. It is
understood that although the second stage turbine 622 is shown as a radial turbine, it

could alternately be an axial turbine.

Variable speed drive between the turbocharger shaft 624b and the engine shaft 16
and/or between the load compressor shaft 624a and the engine shaft 16 may be
implemented, for example, in accordance with any of the embodiments of Figs. 1 and 3-
5. Alternately, a continuously variable transmission (e.g. similar to that of Fig. 3) or an

electric link (e.g. similar to that of Fig. 4) can be implemented between the load

12
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compressor shaft 624a and the turbocharger shaft 624b, for example to improve the

range of delivery conditions available.

In a particular embodiment, the auxiliary power units 10, 110, 210, 310 discussed
above are particularly, although not exclusively, suitable to be used during flight, since
their thermal efficiency is much more comparable to that of the main engines (prime
mover engines) than conventional gas turbine engine auxiliary power units. In a
particular embodiment, the auxiliary power unit 10, 110, 210, 310 is operated full time
during flight, with no bleed air or shaft power extraction from the main engine(s). This
may allow for the main engine(s) to be optimized for propulsion only, which may lead to
additional fuel saving. In another embodiment, the auxiliary power unit 10, 110, 210,
310 is operated only when it is in flight regimes where the efficiency is superior to that
of the main engine(s) and fuel can be saved, and the main engine(s) are used for bleed
air and shaft power extraction at times where the auxiliary power unit 10, 110, 210, 310
is not. Such a configuration may allow for a mitigation of system failures, by reverting

back to conventional main bleed and extraction upon failure of the auxiliary power unit.

Gas turbine propulsion engines (main engines) have aero-thermodynamic design points
typically at high altitude, high normalized power conditions, such as cruise or climb. The
effects of secondary bleed and power extractions can be allowed for at the design point
type conditions and the result is that the secondary extracted power is obtained at fairly
high thermal efficiency in these regimes. However, when the loads deviate from the
design values or the main engine operates at part load, for example during descent or if
the mission does not permit the optimal cruise altitude to be obtained, the secondary
power is obtained at much reduced thermal efficiency. Bleed air may be throttled to
match pressure requirements at lower altitudes. Also at lower power settings switching
to high stage bieed occurs, which represents a further energy loss. The compressor
running of the main engine must often be “matched” in a non-optimal location for
efficiency to take into account the possibility of abnormal shaft power overloads and
avoid engine surge. This margin builds in some inefficiency relative to the best possible

design based on propulsion demands only.

13
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Several studies have been conducted on the mission fuel burn effects of the secondary
power off-take from the main engine and a typical conclusion is that the secondary

power extractions are responsible for ROM 5% fuel burn.

Typical traditional gas turbine engine auxiliary power units have a thermal efficiency
that does not come close to the thermal efficiency of the main engine at high power,
and accordingly use of such auxiliary power units to generate the secondary power
during flight would increase rather than decrease mission fuel. Attempts to improve the
efficiency of the gas turbine engine auxiliary power unit are confounded by turbo-
machinery component size effects such as blade size limitations, tip clearance losses,
Reynolds effects and increases in complexity, which are cost prohibitive and limit the
practical increase in cycle pressure ratio. Moreover, the secondary power extractions
on the main engines at high altitude represent a high normalized power as compared to
the low air density and relatively poor inlet recovery at a typical gas turbine engine
auxiliary power unit inlet. Consequently attempts to size the gas turbine engine auxiliary
power unit to provide adequate power leads to an engine which is significantly larger
than a conventional sized gas turbine engine auxiliary power unit, further making the

option unattractive.

By contrast, the present auxiliary power units 10, 110, 210, 310 have properties
allowing them to potentially overcome these difficulties. For example, in a particular
embodiment the cycle thermal efficiency of the auxiliary power unit with an engine core
12" including one or more Wankel rotary engine(s) 12 can be comparable to that of the
main engine, so the penalty for moving the secondary power source to the auxiliary
power unit 10, 110, 210, 310 is significantly reduced. In addition, in a particular
embodiment, the supercharging can be stepped up with altitude (through the variable
speed ratio between the compressor shaft and the engine shaft) to maintain a high
density core. Moreover, in a particular embodiment the auxiliary power unit 10, 110,
210, 310 has specific cost characteristics which are more attractive than that of a small

gas turbine engine of equivalent efficiency.

For example, when the aircraft flies in icing conditions, it often requires additional bleed

and/or electrical loading; in a particular embodiment, auxiliary power unit 10, 110, 210,

14
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310 can take charge of this additional bleed and/or electrical loading due to its thermal
efficiency close to that of the main engine(s). Accordingly, by not imposing these
additional loads on the main engine(s), the main engine(s) can be more efficient or can
be optimized differently. This may possibly allow further weight saving in the overali

system design.

The auxiliary power unit 10, 110, 210, 310 may be used with one or more main
engine(s) configured as gas turbine engines, or as compound engine assemblies, for
example of a type similar to the auxiliary power unit but suitably sized to provide

adequate power.

In a particular embodiment, the aircraft has a secondary power system supported full
time in flight by a one or more of the auxiliary power unit 10, 110, 210, 310, such as to

avoid compromising main engine performance for bleed air and/or power extraction.

In a particular embodiment, as the altitude rises, the super-charge pressure (for the
engine core 12°) and the delivery pressure requirement to the aircraft environmental
control system (ECS) both rise such that use of a common compressor for load and
supercharger air may be possible. The compressor variable inlet guide vanes are
regulated to match the aircraft pneumatic system pressure requirement. Fuel air ratio in

the rotary engine is controlled to provide governed speed operation

However, regulation of the variable inlet guide vanes in a compressor having a fixed
speed ratio with respect to the engine core may not achieve the range required with
acceptable efficiency for the pressure ratio range requirements during variation from
ground ECS ventilation operation to high altitude pressurization. In ground operation the
required pressure ratio to ambient for ECS operation is typically 2-3 whereas in flight
pressure ratios of 8 or more may be required to provide cooling, ventilation and
pressurization. In a particular embodiment, the variable speed ratio provided between
the compressor and the engine core in the auxiliary power unit 10, 110, 210, 310 allows
to reach the required range with acceptable efficiency. in addition or in the alternative,
the use of a variable speed generator enabling to change the speed of the engine core

12’ to better align to the required loads may be used. Such may allow for the auxiliary
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power unit to be operated full time during flight, thus allowing all of the secondary power
to be obtained from the auxiliary power unit without the need to involve the main

engine(s).

In a particular embodiment and as an alternative having the auxiliary power unit 10,
110, 210, 310 operating full time, the auxiliary power unit 10, 110, 210, 310 is operated
part time as an efficient power source when the mission conditions are particularly
inefficient for main engine secondary power extraction. In this case, if there is an
auxiliary power unit failure, or use of the auxiliary power unit is not needed, the main
engine supports the pneumatic system and electrical system. In a particular
embodiment, elements such as pre-coclers to deal with high temperature compressor
delivery air, which might be discarded with a full time auxiliary power unit, are retained
for the part-time operation. Margins might be reduced if the operation without a part

time auxiliary power unit is infrequent.

Large inefficiencies in main bleed extraction typically occurs when the propulsion
engines are unable to meet the system pressure demand on mid stage bleed and must
switch to high stage. The high stage bleed generally exceeds the system design
requirement and must be both throttled and cooled to match what is required by the
aircraft. This may represent a comparatively large waste of energy. It can occur during
cruise at very high altitudes and low weight or during hold, descent, and idle/taxi
situations. For some common short range operations non-optimal descent and idling
fuel burn can be 20% of the total mission fuel so even a modest improvement could be

significant in aircraft terms.

Fig. 10 shows a diagram of a system allowing a part time use of the auxiliary power unit
10, 110, 210, 310 during flight, in accordance with a particular embodiment. Sensing
devices on the main engine bleed valves or pressures determine when the switch from
intermediate to high stage bleed occurs. The aircraft has an overall Air Management
System Control (AMSC) which can communicate with the airframe Flight Management
System (FMS), the engine full authority digital electronics control (FADEC), the auxiliary
power unit (APU), the ECS and other pneumatic power users as well as the APU.

Communicating between the elements can be by ARINC or a similar digital system.
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High speed communication links may optionally be provided. In general the arrows in
Fig. 10 show the direction and information to be communicated between the elements

of the system.

The following indicates the procedure during descent and the roles of the equipment in
Fig. 10, with respect to pneumatic power and descent operation, in accordance with a

particular embodiment.

The main engine throttles are retarded to initiate descent. Engine pressures fall and the
air valves on the engine switch to high stage bleed. This change in state is recognized
by the AMSC which commands the APU to start. The APU is expected to start within a
few seconds, however in normal circumstances it may be beneficial for durability and ol

consumption to allow for a short warm up period before loading the APU.

A check valve on the APU protects the APU from high systems pressures above the

capability of the APU compressor.

Once the APU is warmed up and ready to accept load it sends a “ready” status to the
AMSC which then can open the APU isolation valve and begin to progressively close
main engine isolation valves until the system pressure falls enough to allow the APU
check valve to open and allow the APU to deliver air to the pneumatic system. This
process continues until the APU reaches full pneumatic load or the main engine bleed

valves are completely shut.

Should the main engine be throttled up again due to a break in the descent it may be
economical to leave the APU supporting the pneumatic system. A hysteresis loop in the
control logic can be introduced to prevent unnecessary shuttling between the two

modes and multiple APU start / shutdowns.

Alternatively the FMS can indicate the aircraft is in a descent mode and have the AMSC
leave the APU powering the pneumatic system for the course of the descent. In this

case it may be possible to avoid the use of high stage bleed.
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Information from the FMS can also be used to anticipate the descent and have the APU
started and ready to accept load before the main throttles are retarded. In a particular
embodiment, any period with the APU idling and main engines supporting the
pneumatic system is minimized, as this represents a fuel penalty. The process is well

adapted to continuous descent approach (CDA).

In a particular embodiment, once the APU is on line for descent, the APU supports the

pneumatic system for the remainder of the flight, including landing and taxi in.

In the event of a “go around” maximum capability is available from main engines since

the bleeds and extractions will have been minimized by the part time APU.

The following indicates the taxi-out (TXI), take-off (TO) and climb (CLB) operation of the

equipment in Fig. 10, in accordance with a particular embodiment.

During taxi the APU is supporting the pneumatic system and the main engine bleed
isolation valves are closed. After the engine spools up the main engine bleed valve
control system determines the intermediate stage bleed that can meet system pressure
requirements. After a suitable delay (to allow for take-off and initial climb throttle
transients) the AMSC progressively opens the IP valve. At some point the APU check

valve closes and the APU may then proceed to shut down.

The AMSC can annunciate the process to the APU controller so it may arm the APU
system to expect a pneumatic transient if required. The final transfer and decision to
shut the APU down may be based on time since the [P port was opened, or with the aid

of the FMS indicating the aircraft has completed take-off and is now in “climb” mode.

In a particular embodiment, the management of the APU is based on an optimisation of
the management of the pneumatic load, since this is subject to throttiing and cooling

losses in addition to basic thermal efficiency at the point of extraction considerations.

Once the APU is active it is possible for it to adopt some of the electrical load. Since the
electrical efficiencies are usually much more consistent than the pneumatic systems, in

a particular embodiment the main decision in prioritizing which source to use for
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electrical power is the thermal efficiency of the power extraction. In a particular
embodiment the system includes a secondary power system optimizer which reads the
main engine and APU operating conditions and with the aid of built in models of main
engine and APU performance aims to select the highest efficiency to obtain the overall

most efficient distribution of power between the main engine and APU generators.

The main engine and APU operating information is collected from the FADEC and APU
control. This data is input to thermodynamic or other models within the optimizing
control to determine thermal efficiency matrices at and around the current condition.
The required loads are input to the electrical distribution system and to the optimizer.
The optimization routine indicates where load should be placed or removed to get to
optimum conditions and communicates back to the electrical distribution system to

effect the appropriate distribution.

In a particular embodiment, in the event of APU or system failure, the part time APU
mode is cancelled and the system functions as a full time main engine supported
secondary power system with some increase in overall fuel consumption. Consideration
has to be given to the approach for any credit taken for take-off and maximum

continuous thrust with the reduced extractions available with the part time APU.

In the case of an all-electric APU the requirements are simplified since the compressor
design must solely satisfy the requirements of the engine core. In this case the flow size
of the compressor is reduced and the function is replaced by a larger generator which
generates electric power for consumption somewhere else on the aircraft, typically in a
dedicated ECS machine compressor. In this case the APU can be simplified by deleting
the diverter and load valves (not shown here) associated with managing the variation in

aircraft bleed.

For a full time application of an all-electric APU with no main engine generator,
operation of the APU is self-governing and the APU control responds to govern closed

loop to a scheduled rotor speed as required.
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For a part time application of an all-electric APU which can share with main engine
mounted generators or starter generators, the electrical load optimization routine based
on comparing main engine and APU thermal efficiency conditions via locally executed
thermal models can be employed to distribute the load most efficiently. Typically when
the main engines are at part power and the thermal efficiency of the APU is calculated

to be better the system will transfer the maximum amount of ioad to the APU.

In other instances if take-off and climb / maximum continuous main engine power are
indicated by the throttle and confirmed by the FMS then it may be preferable to transfer
load to the APU to maximize main engine thrust or minimize turbine temperature on the

main engine as desired.

Once the FMS indicates that stable flight is anticipated at efficient engine conditions for
some time the APU is shut down to conserve fuel unless there is a need to bring it on

line to act as an emergency generator.

The thermal models may be contained in both the main engine and APU controls and
send a continuously updated thermal efficiency vs power extraction characteristic to the
secondary power system optimizer which makes the loading assignment or the models
may be within the optimizer with input parameters derived from the main engine and
APU controls data.

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. Modifications which fall within the scope of
the present invention will be apparent to those skilled in the art, in light of a review of

this disclosure, and such modifications are intended to fall within the appended claims.
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CLAIMS

1. An auxiliary power unit for an aircraft, comprising:

a rotary intermittent internal combustion engine drivingly engaged to an engine
shaft;

a turbine section having an inlet in fluid communication with an outlet of the
rotary intermittent internal combustion engine, the turbine section

including at least one turbine compounded with the engine shaft; and

a compressor having an inlet in fluid communication with an environment of the
aircraft and an outlet in fluid communication with a bleed duct for
providing bleed air to the aircraft, the compressor having a compressor
rotor connected to a compressor shaft, the compressor shaft drivingly
engaged to the engine shaft, the driving engagement between the
compressor shaft and the engine shaft configurable to provide at least
two alternate speed ratios between the compressor shaft and the engine
shaft.

2. The auxiliary power unit as defined in claim 1, wherein the outlet of the compressor
is also in fluid communication with an inlet of the rotary intermittent internal

combustion engine.

3. The auxiliary power unit as defined in claim 2, wherein the compressor is a first
compressor and the compressor shaft is a first compressor shaft, the auxiliary

power unit further comprising:

a second compressor having an inlet in fluid communication with the
environment of the aircraft, an outlet in fluid communication with an inlet
of the rotary intermittent internal combustion engine and with the
environment of the aircraft, and an additional compressor rotor

connected to a second compressor shaft, and

a turbine shaft connected to a rotor of the turbine, the first and second
compressor shafts being alternately engageable to the turbine shaft

through a clutch.
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The auxiliary power unit as defined in claim 1, further comprising an additional
compressor having an inlet in fluid communication with the environment of the
aircraft and an outlet in fluid communication with an inlet of the rotary intermittent
internal combustion engine, the additional compressor having a compressor rotor

also connected to the compressor shaft.

The auxiliary power unit as defined in claim 1, further comprising an additional
compressor having an inlet in fluid communication with the environment of the
aircraft and an outlet in fluid communication with an inlet of the rotary intermittent
internal combustion engine, the additional compressor having a compressor rotor
connected to an additional compressor shaft drivingly engaged to a second turbine

of the turbine section.

The auxiliary power unit as defined in claim 1, wherein the compressor rotor
connected to the compressor shaft defines the compressor on one side and an
additional compressor on an opposed side, the additional compressor having an
inlet in fluid communication with the environment of the aircraft and an outlet in fluid

communication with an inlet of the rotary intermittent internal combustion engine.

The auxiliary power unit as defined in claim 1, wherein the compressor shaft is

drivingly engaged to the turbine section.

The auxiliary power unit as defined in claim 1, wherein the compressor shaft is
drivingly engaged to the engine shaft through a transmission defining the at least
two different alternate speed ratios between the compressor shaft and the engine

shaft, the at least two different alternate speed ratios being discrete speed ratios.

The auxiliary power unit as defined in claim 1, wherein the compressor shaft is

drivingly engaged to the engine shaft through a continuously variable transmission.

The auxiliary power unit as defined in claim 1, wherein the compressor shaft is
drivingly engaged to the engine shaft through an electrical link between an electric
motor drivingly engaged to the compressor shaft and an electric generator drivingly

engaged to the engine shaft.
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The auxiliary power unit as defined in claim 1, wherein the turbine is a first stage
turbine, the auxiliary power unit further comprising a second stage turbine having
an inlet in fluid communication with an outlet of the first stage turbine, the first and

second stage turbines having different reaction ratios from one another.

The auxiliary power unit as defined in claim 1, wherein the rotary intermittent
internal combustion engine is a Wankel rotary engine including a rotor having three
apex portions mounted for eccentric revolutions within an internal cavity defined in

a housing, the internal cavity having an epitrochoid shape with two lobes.

The auxiliary power unit as defined in claim 1, wherein the inlet of the compressor

includes variable inlet guide vanes.

An auxiliary power unit for an aircraft, comprising:

a plenum in fluid communication with an environment of the aircraft through a

main inlet;

a rotary intermittent internal combustion engine drivingly engaged to an engine
shaft;

a turbine having an inlet in fluid communication with an outlet of the rotary
intermittent internal combustion engine, the turbine compounded with the

rotary intermittent internal combustion engine;

a first compressor having an inlet in fluid communication with the plenum and
an outlet in fluid communication with an inlet of the rotary intermittent

internal combustion engine;

a second compressor having an inlet in fluid communication with the plenum
and an outlet in fluid communication with a bleed duct for providing bleed

air to the aircraft; and

a compressor shaft connected to a rotor of at least one of the first and second
compressors, the compressor shaft drivingly engaged to the engine

shaft, the driving engagement between the compressor shaft and the
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engine shaft configurable to provide at least two alternate speed ratios

between the compressor shaft and the engine shaft.

The auxiliary power unit as defined in claim 14, wherein the outlet of the first
compressor is also in fluid communication with the bleed duct and the outlet of the
second compressor is also in fluid communication with the inlet of the rotary
intermittent internal combustion engine, the compressor shaft is a first compressor
shaft and is connected to the rotor of the first compressor, the auxiliary power unit

further comprising:

a second compressor shaft connected to a rotor of the second compressor,

and

a turbine shaft connected to a rotor of the turbine, the first and second
compressor shafts being alternately engageable to the turbine shaft

through a clutch.

The auxiliary power unit as defined in claim 14, wherein the compressor shaft is
connected to a first rotor of the first compressor and to a second rotor of the

second compressor.

The auxiliary power unit as defined in claim 14, wherein the compressor shaft is
connected to the rotor of the second compressor, the auxiliary power unit further
comprising an additional compressor shaft connected to a rotor of the first
compressor, the additional compressor shaft drivingly engaged to an additional

turbine in fluid flow communication with the turbine.

The auxiliary power unit as defined in claim 14, wherein the rotor connected to the
compressor shaft defines the first compressor on one side and the second

compressor on an opposed side.

The auxiliary power unit as defined in claim 14, wherein the compressor shaft is

drivingly engaged to the turbine section.
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The auxiliary power unit as defined in claim 14, wherein the compressor shaft is
drivingly engaged to the engine shaft through a transmission defining the at least
two different alternate speed ratios between the compressor shaft and the engine

shaft, the at least two different alternate speed ratios being discrete speed ratios.

The auxiliary power unit as defined in claim 14, wherein the compressor shaft is

drivingly engaged to the engine shaft through a continuously variable transmission.

The auxiliary power unit as defined in claim 14, wherein the compressor shaft is
drivingly engaged to the engine shaft through an electrical link between an electric
motor drivingly engaged to the compressor shaft and an electric generator drivingly

engaged to the engine shaft.

The auxiliary power unit as defined in claim 14, wherein the turbine is a first stage
turbine, the auxiliary power unit further comprising a second stage turbine having
an inlet in fluid communication with an outlet of the first stage turbine, the first and

second stage turbines having different reaction ratios from one another.

The auxiliary power unit as defined in claim 14, wherein the rotary intermittent
internal combustion engine is a Wankel rotary engine including a rotor having three
apex portions mounted for eccentric revolutions within an internal cavity defined in

a housing, the internal cavity having an epitrochoid shape with two lobes.

The auxiliary power unit as defined in claim 14, wherein the inlet of at least one of

the first and second compressors includes variable inlet guide vanes.
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