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ON BOARD INERT GAS GENERATION SYSTEM

This invention relates to an on board inert gas generation system for generation of inert
gas on board an aircraft to facilitate inerting of the fuel tanks and other areas on board

the aircraft.

In this specification the widely accepted terminology is employed with the term ‘inert
gas generation’ meaning the generation of an oxygen depleted or ‘nitrogen-enriched
atmosphere’ (NEA). In recent years the move towards the use of composites in the
construction of aircraft wings has meant that the temperatures within the fuel tanks is
greater than that of wings of conventional material due to the lower thermal conduction
of the composite. Thus there is an even greater need for effective inerting of the aircraft
fuel tanks in composite wings due to the greater temperatures experienced. It is well
known to use one or more filters or ‘air separation modules’ (ASMs) which allow
separation of a supply of inlet air into a nitrogen-enriched air portion (NEA) and an
oxygen-enriched air portion (OEA). In order to run air separation modules efficiently,
they need to be supplied with inlet air at a relatively high pressure (typically 40psig
(2.76 x 10° Pag) or more). It is possible to operate at lower pressures but this would
mean that more air separation modules would be required with the consequent increase
in weight and complexity, which is undesirable. By way of illustration if the air supplied
to an ASM is at 15 psig, then ten ASMs would be required each weighing approximately
27kg. But if the inlet air is at 56 psig only two ASMs are required to provide the required
NEA capacity. In the past, the air separation modules have been supplied with high
pressure bleed air from the main aircraft power plant. This has been bled off the
compressor, cooled, filtered and then supplied to the ASM or ASMs. This system works
well but there is an increasing demand on aircraft manufacturers to reduce the specific
fuel consumption (SFC) of the aircraft. It is known that bleeding high pressure air from

the compressor has an adverse effect on SFC and so there is now a trend to cease use of
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high pressure bleed air so that the engine performance can be optimised. This means that
an alternative source of fluid for supply to the air separation module needs to be found

and at an elevated pressure for the reasons given above.

US2006/0117956 describes an on board inert gas generation system which uses two
compressors or stages arranged in series to provide compressed air to the air separation
module. In order to provide high pressures to the air separation module, whilst coping
with the severe strictures imposed by compressor rotor blade design limitations,
US2006/0117956 provides a system in which two centrifugal compressors are run in
series. The compressed air from the second stage is passed to an air separation module,
but a vent is provided between the second stage compressor and the air separation
module to enable the flow from the second compressor to be increased, which results in
the second compressor having an increased output pressure whilst using the same
compressor rotor blade design. Although this provides the centrifugal compressor with a
wider operating range of output flows, it does mean that the operating efficiency is very
poor at low flow rates. Since the aircraft operates at cruise during the major part of its
operation, this means that for the majority of the time the centrifugal compressor
arrangement 1is operating at well below its optimal operating efficiency. Thus the
inherent characteristics of a centrifugal compressor are ill-adapted for the operating
regime and variations in the flow rates and pressures required during the cycle of ascent,
cruise and descent of an aircraft and have resulted in unnecessarily complex solutions
such as those set out above, which only partly tackle the issues. As noted, the ASM
operates effectively at pressures above 40 psig (2.76 x 10° Pag). Lower pressures require
a larger ASM or several ASMs (and therefore increase weight) for a given duty, whilst
higher pressures may exceed the maximum working pressure of the ASM. The flow
requirement for an inerting system varies with flight phase. Descent requires the
maximum NEA flow-rate as the inerting system is required to re-pressurise the fuel
tanks to equalize the tank and ambient pressures. Cruise requires minimum flow-rate as
the NEA flow-rate is only required to make up the increase in ullage volume created by
fuel burn. The ratio between maximum descent flow and cruise flow is typically up to
6:1 depending on aircraft type, cruise altitude and descent rate. This does not fit well

with typical centrifugal compressor characteristics which have a very narrow flow range
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bounded by the surge limit and the diffuser ‘choking’ limit. In a centrifugal compressor
flow can be increased by increasing speed but the pressure generated increases as the
square of the speed, and the power required increases by the cube of the speed. The
additional pressure must be regulated to avoid damage to the ASM. This makes it very

inefficient over the flow range required by an inerting system.

By contrast, we have found that the characteristics of a positive displacement type
compressor are very well suited to provide the large variations in flow, because they
provide a flow rate generally proportional to speed, at a pressure sufficient to supply the
pressure required by the ASM and without the substantial pressure increases at higher
flow rates, which can reduce ASM life. Therefore we have designed an on board inert
gas generation system which is intended to obviate some of the problems encountered

with centrifugal compressor based systems.

Accordingly, in one aspect, this invention provides an on board inert gas generation
system for use in an aircraft having a source of low pressure air, said gas generation
system including a positive displacement compressor having an inlet for receiving a
portion of said low pressure air, and an outlet in flow communication with an air
separation module, the positive displacement compressor further including an integrated

cooling means for cooling the compressed air delivered by said compressor.

Preferably the positive displacement compressor is a rotary device providing a

substantially constant and continuous flow in use.

Preferably the cooling means is disposed internally of the compressor. Preferably a

portion of the output of the compressor is passed to the inlet thereof.

The term ‘low pressure air’ used herein means air which is below the inlet pressure
required by the air separation module,is generally at a pressure less than 40psig and
typically in the range of from 20psig to 30psig,. In one scheme the low pressure air may

be low pressure engine bleed air. In another scheme the low pressure air may be ram air.
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In one arrangement, in order to provide at least some of the power to drive the
compressor, the gas generation system may include a turbine for receiving and
expanding a portion of cabin air. The turbine may be drivably connected to said positive
displacement compressor to provide direct mechanical drive. Instead, or additionally, the

turbine may be drivably connected to an electrical generator.

In a motor-driven configuration, an electric motor may be drivably connected to said
positive displacement compressor, which conveniently receives electrical energy from
said generator or an energy storage arrangement associated therewith. Furthermore, said
electric motor may be connectable to receive electrical energy from an aircraft electrical
supply. The motor may provide all the power required, or a portion thereof, with the

balance being provided by shaft power, for example from a turbine as above.

A power controller may be conveniently provided for selectively receiving electrical
energy from said generator (or an electrical storage arrangement associated therewith),
and electrical energy from the aircraft electrical supply, and for controllably supplying

electrical energy to said electric motor.

The inert gas generation system may include a heat exchanger in the flow path between
said positive displacement compressor and said air separation module, the heat
exchanger having heating and cooling passes for fluid, with the air from said positive
displacement compressor being passed along said cooling pass thereby to reduce the
temperature of air supplied to said air separation module. The heat exchanger may
receive relatively cool ram air from a ram air duct. The system may include a duct for
supplying cabin air to the heating pass of said heat exchanger and a duct for supplying
said heated air from the heating pass of the heat exchanger to the input of said turbine. In
this case a valve may be provided for selectively supplying relatively cool ram air or

cabin air to said heat exchanger.

In another aspect, this invention provides an on board inert gas generation system for use
in an aircraft having a source of low pressure air, said inert gas generation system

including a compressor having an inlet for receiving a portion of low pressure air and an
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outlet in flow communication with an air separation module, and a further portion of low
pressure air to a turbine for receiving and for extracting therefrom at least a proportion of
the energy required for driving the compressor. The low pressure air may be ram air or

low pressure bleed air from the aircraft power plant.

In yet another aspect, this invention provides a method for operating an on board inert
gas generation system in an aircraft having a source of low pressure air (e.g. ram air or
low pressure engine bleed air), which comprises the steps of:

supplying a portion of said low pressure air to a positive displacement compressor
having an integrated cooling means, and

supplying compressed and cooled air from said positive displacement compressor to an

air separation module.

The invention also extends to an aircraft incorporating an on board inert gas generating

system as set out above.

Whilst the invention has been described above, it extends to any inventive combination

or sub-combination of any of the features disclosed herein alone or jointly with others.

By way of example only, certain specific embodiments of the invention will now be
described, reference being made to the accompanying drawings, in which:

Figure 1 is a block diagram of a first embodiment of on board inert gas generation
system in accordance with this invention;

Figure 2 is a block diagram of a second embodiment of on board inert gas generation
system in accordance with this invention,

Figure 3 is a block diagram of a third embodiment of on board inert gas generation
system in accordance with this invention;

Figures 4 and 5 are block diagrams of a fourth embodiment of on board inert gas
generation system in accordance with this invention;

Figure 6 is an overview of a fifth embodiment of on board inert gas generation system in
accordance with this invention incorporating use of a high pressure supercharger with an

internal cooling arrangement;
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Figure 7 is a more detailed view of the fifth embodiment of Figure 6, and
Figure 8 is a block diagram of a sixth embodiment of on board inert gas generation

system in accordance with this invention.

The embodiments described below employ a variable speed mechanically and/or
electrically driven positive displacement boost compressor to supply air at suitable
pressure and flow to an air separation module to inert the fuel tanks of aircraft. An
energy recovery turbine is combined with the compressor to reduce electrical power

drain by using cabin air supply for both compressor and turbine.

The embodiments make use of passenger cabin air which is provided by the aircraft
Environmental Control System (ECS) which requires power from the propulsion engines
and increases engine specific fuel consumption. Having circulated through the cabin the
air is then vented to atmosphere through overboard vent valves as a waste product. Using
this air for fuel tank inerting purposes incurs no additional increase in Specific Fuel
Consumption (SFC) as this has been paid for by the ECS. Cabin pressure is typically 11
or 12 psia at cruise altitude, which is too low for the air separation module (ASM) which
separates the air into Nitrogen Enriched Air (NEA) and Oxygen Enriched Air (OEA) and
which as noted typically operates at pressures in excess of 40psig. From the ASM the
OEA is vented overboard as a waste product and the NEA is passed to the fuel tanks to
provide an inert ullage atmosphere. The embodiments below use a turbine to generate
power during the cruise phase by using ‘free’ cabin air to provide power to a variable

speed positive displacement compressor.

In the first embodiment, illustrated in Figure 1, cabin air (typically at 11Psia) (0.76X10°
Pa)) is supplied to a turbo compressor module 10 with a portion of the cabin air being
supplied to an energy recovery turbine 12, with the outlet of the turbine 12 being vented
overboard. The output shaft 14 of the turbine is connected either directly or via a
gearbox or motor 16 to the input shaft 18 of a compressor 20. The compressed cabin air
portion supplied from the compressor is passed to the cooling pass of a heat exchanger
22 and thence to an air separation module 24. The NEA from the air separator module 24

is then supplied to the aircraft fuel tanks for inerting. The OEA is vented overboard. The



10

15

20

25

30

heat exchanger 22 receives relatively cold ram air which passes along the heating pass of
the heat exchanger and then is vented overboard. The compressor 20 is a positive
displacement compressor or pump designed to have a pressure ratio of between 2 and 4.
Any suitable form of positive displacement compressor or pump may be used, similar to
those used as superchargers for internal combustion engines and which may typically be
based on a modified Roots-type positive displacement pump of a type which does not
include internal pressure generation. The positive displacement compressor may be a
single stage or multistage device. An example of a suitable device is a Twin Vortex
System (TVS) Roots-type supercharger available from Eaton Corporation. In this
embodiment, the use of a positive displacement compressor is capable of providing the
high flow rates required for descent, without the substantial increase in output pressure
that is inherent in a centrifugal compressor. Moreover, in some embodiments the power
for the compressor may at least partially supplied by ‘free’ energy from discharging the

cabin air which will be discharged anyway by the cabin environmental control system.

Referring to Figure 2, the second embodiment is closely similar to the first embodiment
and similar references will be used. Here the output drive of the energy recovery turbine
12 is supplied to a generator 26 which supplies electrical power to a controller 28 which
is also capable of receiving electrical power from the aircraft power supply. The
controller 28 supplies electrical power to a motor 30 which drives the drive shaft 18 of
the positive displacement compressor 20. The electrical power controller combines and
conditions the power produced by the turbine generator 26 with that from the aircraft’s
supply and controls the speed of the compressor as required for the requirements of

cruise and descent.

Referring now to Figure 3, the third embodiment is generally similar to the second
embodiment in several respects and similar references will be used. As previously, cabin
air is used to drive an energy recovery turbine 12 which drives the generator 26 which
supplies electrical power to the controller 28. A further portion of the cabin air is
supplied to the positive displacement compressor 20. In the third embodiment, however,
the portion of cabin air to be supplied to the turbine is initially passed through the heat

exchanger 22, instead of ram air. This increases the temperature and thus the enthalpy of
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the cabin air portion supplied to the turbine and improves power extraction for a given
turbine exit temperature, whilst cooling the portion supplied to the air separator module
24. The increased inlet temperature of the cabin air supplied to the turbine can also
mitigate against icing of the turbine. As the aircraft descends the pressure ratio between
the cabin and the atmosphere reduces with reducing altitude. This results in reduced
turbine power and, via the controller 28, the compressor 20 takes an increasing amount
of power from the aircraft electrical supply. On the ground the cabin/ambient pressure
difference is zero so all the power required by the compressor must be supplied by the
aircraft electrical supply. A valve 32 is provided upstream of the heat exchanger so that
during descent, and on the ground, the valve 32 may be operated to switch the cooling
air for the heating pass from cabin air to ram air. Alternatively, a fan (not shown) may be
incorporated in the system to boost the flow rate of the cabin air portion to the heat
exchanger when the cabin differential pressure is insufficient to provide the required

cooling flow.

An important benefit of the various embodiments described herein is that they reduce
SFC at cruise altitude, where aircraft economics are most critical. Descent is a relatively
short period where power consumption is less critical and, in any event, sufficient power
may be available as large electrical loads (e.g. galley ovens) are not in demand in the
descent phase, so the use of electrical power to drive the compressor does not impose

constraints on aircraft electrical generator sizing.

Referring now to Figure 4, there is shown in schematic form a further embodiment in
accordance with this invention in which the cabin waste air, following screening, is
passed to a multiple stage positive displacement compressor arrangement comprising a
first stage positive displacement compressor 40 which receives a portion of the cabin air
and compresses it before it passes via an intercooler 42 to a second stage positive
displacement compressor 44. The typical pressure ratio across ecach positive
displacement compressor is in the range of from 1:4 to 1:6 for cabin air. The compressed
cabin air from the second stage compressor 44 is then passed via a post-cooler 46 to the
air separation module 48. The NEA fraction passes via a flow control valve 50 to the
fuel tank 52.
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Referring now to Figure 5, there is shown a more detailed arrangement of the
arrangement of Figure 4, in which similar components will be given similar reference
numerals. The cabin waste air passes via a screening module 54 and a supply isolation
valve 56 to a positive displacement compressor 40 which as previously may comprise a
single or multi stage positive displacement compressor. The compressor is shown as
being driven by a motor 58 but it may equally be driven at least partially or wholly by
shaft power supplied e.g. from an expansion turbine (not shown). From the positive
displacement compressor 40 the compressed cabin air passes via a supply check valve 60
into a heat exchanger 46 to pass along the cooling pass thereof. A temperature sensor 62
monitors the temperature of the air at the outlet of the heat exchanger 46 before it passes
into a particulate filter 64, an ozone converter 66 and thence the air separation module
48. At the outlet of the air separation module 48 is a flow control valve 68 which
controls flow of the NEA fraction into the fuel tank 52. The oxygen content, pressure

and flow rate are detected by respective sensors 70, 72, 74.

In some situations such as where the aircraft is on the ground or low speed flight the ram
air pressure may be insufficient to drive flow through the heat exchanger and in such
conditions an ¢jector may be used. Thus a portion of the air from the compressor 40 may
be tapped from the path between the supply check valve 60 and the heat exchanger 46.
The tapped flow passes to an ejector 76 which operates to draw a cooling stream of ram
air through the heat exchanger 46 via a control valve 78 and then exhausts the flow
overboard via a ram ejector control valve 80. Alternatively a fan may be provided to

draw the stream ram air through the heat exchanger 46.

Referring now to the embodiments illustrated in Figures 6 to 8, in these arrangements, a
high pressure supercharger with an internal cooling arrangement is provided to ensure
that, although a single stage compressor or supercharger is used, the temperature of the
compressed air delivered thereby does not exceed the maximum allowed inlet
temperature to the ASM. With current technology, the typical maximum inlet
temperature is in the region of 77°C, although this figure may rise as ASM technology

develops. In the embodiments below, similar components are given similar reference
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numerals and will not be described in detail again.

Referring to Figure 6, low pressure air in the form of one or more of screened cabin
waste air, ram air or low pressure bleed air is supplied to a single stage compressor 40
having an internal cooling arrangement comprising a heat exchanger cooled by cabin
waste air, ram air or other available fluids, to provide compressed air at a temperature
below the maximum inlet temperature of the ASM 48. The NEA fraction from the ASM
passes through a flow control valve 50 to the fuel tank 52.

Referring now to Figure 7, the compressor 40 is driven by a motor 58 as previously.
When the inert gas concentration in the fuel tank is high and the inerting system is on
idle, the compressed air output from the compressor 40 may be diverted and used for
other applications including, but not limited to, pressurisation of an on board water
compartment; pneumatic applications such as operation of a thrust reverser, and

providing high pressure air for engine start.

Referring now to the embodiment of Figure §, this is broadly similar to the embodiment
of Figure 7 but includes a feedback path which recycles cooled air from the compressor
40 back to its inlet to cool the flow. In this scheme the cold gas recirculation involves
tapping off delivery flow, cooling it and then injecting it at delivery pressure into the

machine delivery chamber to reduce the heat of compression.
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1. An on board inert gas generation system for use in an aircraft having an
on board source of low pressure air, said gas generation system including a
positive displacement compressor (20) having an inlet for receiving a portion
of said low pressure air, and an outlet in flow communication with an air
separation module (24), the positive displacement compressor further
including an integrated cooling means for cooling the compressed air

delivered by said compressor.

2. An on board inert gas generation system according to Claim 1, wherein

said positive displacement compressor is a single stage compressor.

3. An on board inert gas generation system according to Claim 1 or Claim 2,
wherein said integral cooling means comprises a heat exchanger cooled by

cabin waste air, ram air or other available fluids.

4. An on board inert gas generation system according to any preceding

Claims, wherein the cooling means is provided internally of the compressor.

5. An on board inert gas generation system according to any of the
preceding Claims, wherein a portion of the cooled output from said

compressor is passed to the inlet thereof.

6. An on board inert gas generation system according to any of the
preceding Claims, wherein the output from said air separation module may be
directed to supply power and/or pressure to one or more other aircraft

components.
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7. A method of operating an on board inert gas generation system in an
aircraft having an source of low pressure air, which comprises the steps of:
supplying a portion of said low pressure air to a positive displacement
compressor (20), having an integrated cooling means, and
supplying compressed and cooled air from said positive displacement

compressor (20) to an air separation module (24).
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