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(57) A dehumidifier 14 comprises a first channel 32 for transporting air at a first pressure, a second channel 30 for
transporting air at a second pressure lower than the first pressure. A graphene oxide barrier separated the first and
second channels, and the lower pressure air in the second channel draws water vapour out of the air in the first
channel. The first and second channels may be elongate, concentric tubes within one another or may be helical.
The wall of the first channel (tube) comprises the graphene barrier and may be a membrane permeable to water
and water vapour, but impermeable to other fluids and air. The dehumidifier may be used in an inerting system of
an aircraft. The inerting system may comprise an electricity generating fuel cell 12 producing oxygen depleted air
(ODA) containing moisture that passes along the first channel. Upon moisture removal from the ODA and cooling
by air from outside the aircraft the ODA is communicated to a fuel tank 16 via a regulating valve 48 to reduce the
flammability of the fuel 18 in the fuel tank. The removed moisture from the ODA is collected in a tank 44.
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DEHUMIDIFIER
FIELD OF THE INVENTION
The invention relates to a dehumidifier, and a method of dehumidifying air.
BACKGROUND OF THE INVENTION

It is often useful or necessary to reduce the amount of water or water vapour in air to
reduce its humidity. An example of such a need is in a fuel tank, such as an aircraft
fuel tank, where it is desirable to reduce the amount of water available to mix with

fuel in the fuel tank.
SUMMARY OF THE INVENTION

A first aspect of the invention provides a dehumidifer comprising: a first channel for
transporting air at a first pressure; a second channel for transporting air at a second
pressure lower than the first pressure; and a graphene oxide barrier separating the first
channel and the second channel; wherein the relatively lower pressure of air in the

second channel causes water vapour to be drawn out of the air in the first channel.

The first channel and the second channel may be elongate. The second channel may
be formed concentrically around the first channel. The first channel and the second

channel may be helical or planar.
The graphene oxide barrier may be a graphene oxide membrane.

A second aspect of the invention provides a system for supplying inert gas to a fuel
tank, the system comprising: a dehumidifier as described above; a fuel cell configured
to generate oxygen-depleted air to be fed into the first channel of the dehumidifier, for
dehumidifying; and a fuel tank for receiving and containing the dehumidified oxygen-

depleted air. The fuel cell may be a hydrogen fuel cell.
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The system may include a vent between the dehumidifier and the fuel tank, the vent
configured to vent the dehumidified oxygen-depleted air when the flow of
dehumidified oxygen-depleted air into the fuel tank reaches a predefined level.

The system may include an air inlet for allowing the ingress of vent air into the second
channel of the dehumidifier. The vent air may be relatively colder than the oxygen-
depleted air. The vent air may be at a relatively lower pressure than the oxygen-

depleted air.

The system may include a water outlet formed at a first end of the dehumidifier,
wherein the dehumidifier is inclined such that the water outlet is lower than a second

end of the dehumidifier.

The system may include a water tank for receiving and containing the water drawn out

of, or condensed from, the air in the second channel.

A third aspect of the invention provides a vehicle comprising the system described
above. The vehicle may be an aircraft. The aircraft may have an air inlet configured

to allow the ingress of air from outside the aircraft.

A fourth aspect of the invention provides a method of dehumidifying air, the method
comprising: providing a dehumidifier having a first channel, a second channel and a
graphene oxide barrier separating the first channel and the second channel; generating
a flow of air at a first pressure in the first channel; and generating a flow of air at a
second pressure in the second channel, the second pressure being lower than the first
channel such that water is drawn out from the air in the first channel, through the
graphene oxide barrier and into the second channel. The air flowing into the first
channel may be oxygen-depleted air. The method may include: receiving, in a water

tank, the water drawn out, or condensed, from the oxygen-depleted air.

The temperature and/or pressure of air flowing in the second channel may be lower

relative to the temperature and/or pressure of air flowing in the first channel.

A fifth aspect of the invention provides a method of supplying inert gas to a fuel tank,

the method comprising: generating, in a fuel cell, oxygen-depleted air; dehumidifying
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the oxygen-depleted air as described above; and receiving, in a fuel tank, the

dehumidified oxygen-depleted air.

It will be appreciated that the features of the various aspects of the invention may be

combined with those of other aspects of the invention.
BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described with reference to the

accompanying drawings, in which:
Figure 1 is a schematic view of an inerting system;

Figures 2A and 2B are schematic partial views of a dehumidifier for removing water

vapour from a fluid;

Figure 3 is a side view of part of an aircraft incorporating the dehumidifier of Figures

2A and 2B .
DETAILED DESCRIPTION OF EMBODIMENT(S)

Referring to the drawings, Figure 1 shows a system for supplying inert gas to a fuel
tank, or inerting system 10. In this particular embodiment, the inerting system 10 is
described in the context of a system for inerting air in a fuel tank of an aircraft.
However, it will be appreciated by those skilled in the relevant field that the inerting
system 10 could alternatively be incorporated into, for example, a building or a land or

sea vehicle.

The inerting system 10 includes a fuel cell 12, a dehumidifier apparatus 14 and a fuel
tank 16 for containing fuel 18. The fuel cell 12 is in fluid communication with the
fuel tank 16 via the dehumidifier apparatus 14. The fuel cell 12 is configured to
receive hydrogen via a hydrogen input 20 and air via an air input 22. The hydrogen
supplied to the fuel cell 12 may be stored under pressure in a hydrogen canister (not
shown). The air supplied to the fuel cell 12 may be engine bleed air, directed to the
fuel cell from an engine of the aircraft, compressed air stored under pressure in an air

canister (not shown), or air pumped into the fuel cell from some other source, for
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example from outside the aircraft or from within the cabin of the aircraft. Within the
fuel cell 12, hydrogen is catalytically reacted with oxygen in the air to produce
electricity which can be provided to the aircraft via a connection 24 to be used by the
aircraft while on the ground, for example for ground propulsion, or while airborne, for

example for emergency power or lighting.

A by-product of the generation of electricity by the fuel cell 12 is oxygen-depleted air
(ODA), which typically has an oxygen concentration of less than around 10.5%. The
oxygen-depleted air is directed via the dehumidifier apparatus 14 into the fuel tank 16
in order to reduce the amount of oxygen in the fuel tank, thereby reducing the
flammability of the fuel 18 in the fuel tank. The oxygen-depleted air generated by the
fuel cell 12 typically has a temperature of around 80 degrees and typically has a
humidity of around 100% due to the catalytic process via which it is produced.
Therefore, prior to feeding the oxygen-depleted air into the fuel tank, it is
advantageous to reduce the temperature and/or the humidity of the oxygen-depleted
air. It will be appreciated that some reduction in the temperature of the oxygen-
depleted air will occur naturally as the oxygen-depleted air moves between the fuel
cell 12 and the fuel tank 16. However, it may be advantageous to further reduce the
temperature. Both the humidity and the temperature of the oxygen-depleted air may

be reduced using the dehumidifier apparatus 14 as will now be discussed.

In this embodiment, the dehumidifier apparatus 14 includes a double-walled tube 28
having a generally cylindrical shape and including an outer tube 30 and an inner tube
32. The inner tube 32 forms a first channel for transporting air, such as oxygen-
depleted air, and the outer tube 30 and the inner tube 32 define a second channel for
transporting air. In some embodiments, the outer tube 30 is formed of metal. In other
embodiments, the outer tube 30 may be formed of plastics material or any other
material suitable for transporting fluids such as water and air. The inner tube 32 is
connected to the outer tube 30 using known means, for example spokes or connectors
(not shown) extending between the inner tube and the outer tube. The inner tube 32 is
formed of graphene oxide. Graphene oxide is an oxidised form of graphene, which
typically takes the form of a sheet formed of a single atomic layer of carbon, where
each carbon atom is bonded to two oxygen atoms. Graphene oxide is permeable to

water and water vapour, but is impermeable to almost all other fluids, including air.
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In some embodiments, the graphene oxide inner tube is supported on a porous

structural former (not shown).

An inlet 34 is provided at first end 36 of the tube 28 through which oxygen-depleted
air is able to enter the dehumidifier apparatus 14 from the fuel cell 12. A second end
38 of the tube 28 is connected to the fuel tank 16. A vent air inlet 40 is formed at the
second end 38 of the tube 28, and allows air from outside the aircraft to flow into the
second channel of the tube in a direction opposite to the direction of flow of air in the
first channel. When the aircraft is in flight, the air from outside the aircraft can be
directed into the vent air inlet 40 as the aircraft moves forward. However, when the
aircraft 1s not airborne, air may be obtained via some other source, such as a fan

located within the aircraft, and pumped from the second channel of the tube.

A water outlet 42 is provided at the first end 36 of the tube 28, and connects the tube
to a water tank 44 which is configured to collect water drawn from the oxygen-
depleted air, as will be discussed below. In some embodiments, the water drawn from
the oxygen-depleted air is fed into the aircraft for use in various aircraft systems. A
vent air outlet 46 allows ambient air to exit the water tank 44, after the ambient air has
passed through the tube 28. Although not shown as such in Figure 1, the tube 28 is
inclined relative to horizontal so that the tube slopes towards the first end 36. This
allows water drawn out from the oxygen-depleted air in the first channel to flow

towards the water outlet 42 and into the water tank 44.

A regulator valve 48 is located between the dehumidifier apparatus 14 and the fuel
tank 16, and is configured to restrict the amount of oxygen-depleted air that is able to
enter the fuel tank. In some embodiments, the regulator valve 48 restricts the amount
of oxygen-depleted air entering the fuel tank when the flow of oxygen-depleted air
into the fuel tank exceeds a predefined level. Typically, when the flow of oxygen-
depleted air into the fuel tank 16 is such that the air in the fuel tank has an oxygen
content of less than about 12%, then the regulator valve 48 restricts the flow of
oxygen-depleted air into the fuel tank. The flow rate of ODA into the fuel tank 16 is
restricted to around, or slightly greater than, the rate at which the fuel 18 is burnt by
the aircraft to avoid excess fuel vapour being vented to the air outside the aircraft.

Any excess oxygen-depleted air that passes through the dehumidifier apparatus 14 and
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is restricted from entering the fuel tank 16 is ejected from the system 10 via an
exhaust 50. An atmospheric vent 52 provides a fluid communication link between the
fuel tank 16 and the air surrounding the aircraft, thereby allowing the pressure in the

fuel tank to be equalised with the air outside the aircraft.

In the embodiment described above, air from outside the aircraft flows in the second
channel in the opposite direction to the oxygen-depleted air flowing in the first
channel. In another embodiment, however, the vent air inlet 40 is located at the first
end 36 of the dehumidifier 14, and the vent air outlet 42 is located at the second end
38 of the dchumidifier. In that embodiment, the flow air from outside the aircraft
along the second channel is in the same direction as the direction of the flow of

oxygen-depleted air in the first channel.

In use, oxygen-depleted air that is output from the fuel cell 12 enters the first channel
formed by the graphene oxide inner tube 32 of the dehumidifier apparatus 14. Air
from outside the aircraft flows into the vent air inlet 40. The air is able to flow along
the length of the tube 28 in the second channel, formed between the outer tube 30 and
the inner tube 32, but is not able to pass through the impermeable wall of the inner
tube since graphene oxide is impermeable to air. The pressure of air surrounding
aircraft in flight at cruise altitude is typically around 2.7 p.s.i., which is significantly
lower than that of the oxygen-depleted air, which exits the fuel cell 12 at a pressure of
around 16 p.s.i. Thus, the pressure of fluid in the region between the graphene oxide
inner tube 32 and the outer tube 30 is significantly lower than that of the fluid within
the inner tube. The relatively lower pressure causes water vapour in the oxygen-
depleted air to be drawn out of the inner tube 32, through the graphene oxide, and into
the second channel formed in the region between the inner tube and the outer tube 30,
as depicted by arrows A. Most other liquids and gases within the inner tube 32,
including all of the constituents of oxygen-depleted air, are unable to pass through the

graphene oxide, so remain in the first channel formed by the inner tube.

While the aircraft is at cruise altitude, the ambient air surrounding the aircraft is
typically at a temperature of around minus 50 degrees centigrade, which is
significantly cooler than the oxygen-depleted air which typically has a temperature of

around 80 degrees centigrade as it exits the fuel cell 12. The relatively cooler ambient



10

15

20

25

30

7

air flowing in the second channel between the inner tube 32 and the outer tube 30
causes a decrease in the temperature of the oxygen-depleted air flowing within the
inner tube such that, when the oxygen-depleted air reaches the fuel tank 16, its
temperature has decreased sufficiently to significantly reduce the flammability of the
fuel 18. Ideally, the temperature of the oxygen-depleted air in the fuel tank is between
around 5 degrees centigrade and 40 degrees centigrade. Furthermore, the oxygen-
depleted air that reaches the fuel tank 16 is significantly less humid than the air

entering the dehumidifier apparatus 14.

The dehumidifier apparatus 14 is inclined relative to horizontal, such that water drawn
out of the oxygen-depleted air flows along the tube 28 towards the water tank 44.
More specifically, the dehumidifier apparatus 14 is arranged such that the water outlet
42 at the first end 36 of the tube 28 is lower than the second end 38 of the tube, such
that gravity causes water in the second channel to flow towards the water outlet 42
and to drip into the water tank 44. The air from outside the aircraft flowing the second
channel flows through the water tank 44 and exits the system 10 via the vent air outlet
46. In some embodiments, a fan or pump (not shown) may be provided to aid the
flow of ambient air and water along the tube 28 of the dehumidifier apparatus 14. A
fan or pump also serves to reduce the pressure of air flowing in the second channel in
the region between the inner tube 32 and the outer tube 30, thereby aiding the removal

of water from the oxygen-depleted air flowing through the inner tube 32.

So far, the dehumidifier apparatus 14 has been described as a tubular arrangement
having a generally cylindrical shape. However, in some embodiments, the
dehumidifier apparatus 14 may not have a double-tube form. In one embodiment,
shown in Figures 2A and 2B, the dehumidifier apparatus 14 includes a tube 52 having
a generally square or rectangular cross section. The tube 52 is divided along its
longitudinal axis by a horizontal or vertical graphene oxide wall 54, which forms a
first channel 56, along which oxygen-depleted air is able to flow in a first direction,
and a second channel 58, along which ambient air is able to flow in a second direction
opposite to the first direction. In embodiments having a horizontally oriented
graphene oxide wall 54, the oxygen-depleted air flows in the upper, or top channel. In
some embodiments, the oxygen-depleted air in the first channel flows in the same

direction as the air in the second direction.
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As the ambient air flows along the second channel 58 of the tube 52, it reduces the
temperature of the oxygen-depleted air flowing along the first channel 56.
Furthermore, the ambient air is at a pressure significantly lower than that of the
oxygen-depleted air and, as a consequence, water in the oxygen-depleted air is drawn
out through the graphene oxide wall 54. The drawn-out water is then urged by the
flow of ambient air along the second channel 56 towards the water tank 44. The
cooled and less humid oxygen-depleted air flows along the first channel to the fuel

tank 16.

Figure 3 shows a side view of part of an aircraft 60 having a fusclage 62, wings 64
and engines 66. Only one wing 64 and engine 66 is shown. The wing 64 has a wing
box which is bounded by front and rear spars; inboard and outboard ribs; and upper
and lower covers, none of which is shown, but which together form the walls of the
fuel tank 16. Figure 3 illustrates schematically how the inerting system 10 might be
incorporated into the aircraft 60. The inerting system 10 is not drawn to scale, and the
various components of the inerting system may be located differently to how they are

shown. In this embodiment, a hydrogen tank 68 supplies hydrogen to the fuel cell 12.

In some embodiments, a heater (not shown) is connected to the vent air inlet 40 to
raise the temperature of the ambient air entering the dehumidifier apparatus 14, to
ensure that the water drawn out through the graphene oxide inner tube does not freeze

within the tube 28.

In the embodiments described above, the tube 28 of the dehumidifier apparatus 14 has
been described as a single straight tube. However, in other embodiments, multiple
tubes may be used to transport the oxygen-depleted air from the fuel cell 12 to the fuel
tank 16.

A straight tube 28 as described above may have sufficient length between the fuel cell
12 and the fuel tank 16 for a sufficient decrease in humidity and temperature of the
oxygen-depleted air. However, in an alternative embodiment, for example when the
inerting system 10 is installed in shorter aircraft, the straight tube 28 may be replaced
by a longer tube which is helical or coiled. In such an embodiment, the distance that

the oxygen-depleted air has must travel between the fuel cell 12 and the fuel tank 16 is
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greater and, therefore, the oxygen-depleted air has longer to reduce in temperature and
humidity. Alternatively, the tube 28 forming the first and second channels may be

planar.

In another alternative embodiment, the tube 28 be comprise a single coiled tube
located within the water tank 44. Cooling air can be passed through the water tank 44
so that the water vapour drawn out from the tube 28 is delivered directly into the water

tank.

Although the invention has been described above with reference to one or more
preferred embodiments, it will be appreciated that various changes or modifications
may be made without departing from the scope of the invention as defined in the

appended claims.
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Claims

A dehumidifier comprising:
a first channel for transporting air at a first pressure;

a second channel for transporting air at a second pressure lower than the first

pressure; and
a graphene oxide barrier separating the first channel and the second channel;

wherein the relatively lower pressure of air in the second channel causes water

vapour to be drawn out of the air in the first channel.

A dehumidifier according to claim 1, wherein the first channel and the second

channel are elongate.

A dehumidifier according to claim 2, wherein the second channel is formed

concentrically around the first channel.

A dehumidifier according to claim 2 or claim 3, wherein the first channel and the

second channel are helical.

A dehumidifier according to any of the preceding claims, wherein the graphene

oxide barrier comprises a graphene oxide membrane.
A system for supplying inert gas to a fuel tank, the system comprising:
a dehumidifier according to any of the preceding claims;

a fuel cell configured to generate oxygen-depleted air to be fed into the first

channel of the dehumidifier, for dehumidifying; and
a fuel tank for receiving and containing the dehumidified oxygen-depleted air.

A system according to claim 6, wherein the fuel cell is a hydrogen fuel cell.
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A system according to claim 6 or claim 7, further comprising a vent between the
dehumidifier and the fuel tank, the vent configured to vent the dehumidified
oxygen-depleted air when the flow of dehumidified oxygen-depleted air into the
fuel tank reaches a predefined level.

A system according to any of claims 6 to 8, further comprising an air inlet for
allowing the ingress of vent air into the second channel of the dehumidifier, the

vent air being relatively colder than the oxygen-depleted air.

A system according to any of claims 6 to 9, further comprising a water outlet
formed at a first end of the dehumidifier, wherein the dehumidifier is inclined

such that the water outlet is lower than a second end of the dehumidifier.

A system according to any of claims 6 to 10, further comprising a water tank for
receiving and containing the water vapour drawn out of the air in the second

channel.
A vehicle comprising the system of any of claims 6 to 11.
A vehicle according to claim 12, wherein the vehicle is an aircraft.

A vehicle according to claim 12 when dependent on claim 9, wherein the vehicle
is an aircraft, and the air inlet is configured to allow the ingress of air from

outside the aircraft.
A method of dehumidifying air, the method comprising:

providing a dehumidifier having a first channel, a second channel and a

graphene oxide barrier separating the first channel and the second channel;
generating a flow of air at a first pressure in the first channel; and

generating a flow of air at a second pressure in the second channel, the second
pressure being lower than the first pressure, such that water vapour is drawn out
from the air in the first channel, through the graphene oxide barrier and into the

second channel.



10

16.

17.

18.

12

A method according to claim 15, wherein the air flowing in the first channel is

oxygen-depleted, and the method further comprises:

receiving, in a water tank, the water vapour drawn out from the oxygen-depleted

air.

A method according to claim 15 or claim 16, wherein the temperature of air
flowing in the second channel is lower relative to the temperature of air flowing

in the first channel.

A method of supplying inert gas to a fuel tank, the method comprising;:
generating, in a fuel cell, oxygen-depleted air;

dehumidifying the oxygen-depleted air according to any of claims 15 to 17; and

receiving, in a fuel tank, the dehumidified oxygen-depleted air.
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