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(57) Abstract: Disclosed is an apparatus for dissipating braking energy generated by the operation of a vehicle brake. The apparatus
comprises a heating element contigured to receive electric current generated by operation of the vehicle brake, the heating element
arranged in a chamber for containing liquid. The apparatus is contigured such that liquid contained in the chamber is heated in response
to operation of the vehicle brake.
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BRAKING ENERGY DISSIPATION

TECHNICAL FIELD

[0001] The present invention relates to an apparatus and method for dissipating
braking energy generated by operation of a vehicle brake, and in particular to an apparatus

and method for dissipating braking energy generated by operation of an aircraft brake,

during taxi.
BACKGROUND
[0002] Vehicle braking can generate a large amount of energy in a non-useful form.

In many applications, kinetic energy of the vehicle is converted to another, non-useful form
of energy, often thermal energy, to effect braking. In some applications, the non-useful
energy is converted into a form which can be either used immediately or stored until needed.
For example, the non-useful energy may be converted to electrical energy and stored in a
battery. Vehicle braking can generate enough energy to cause overheating of components
located near the brakes, so it may be necessary to remove the non-useful energy from a

brake location.

[0003] Some vehicles employ electric motors, which may be AC or DC motors. For
example, electric motors can be used to drive wheels of an aircraft during taxi. It has been
proposed to use these electric motors for braking the vehicle. This can be achieved, for
example, by using the electric motors as generators driven by spinning of the vehicle
wheels, to generate an electrical current. This conversion of kinetic energy into electrical
energy removes kinetic energy from the wheels and slows their rotation. The use of electric
motors in this way can reduce the wear on consumable braking components and therefore

increase the life span of these components.

[0004] The electrical current generated by electric braking can be relatively large, yet
infrequent. There is a need to safely handle and dissipate the electrical energy generated by

electric braking.
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[0005] The present invention seeks to overcome the aforementioned shortcomings and
provide an apparatus and method for dissipating braking energy generated by a vehicle

brake.

SUMMARY

[0006] A first aspect of the present invention provides an apparatus for dissipating
braking energy generated by the operation of a vehicle brake. The apparatus comprises a
heating element configured to receive electric current generated by operation of the vehicle
brake, the heating element arranged in a chamber for containing liquid. The apparatus is
configured such that liquid contained in the chamber is heated in response to operation of

the vehicle brake.

[0007] Optionally, the apparatus is configured such that liquid contained in the

chamber is boiled in response to operation of the vehicle brake.

[0008] Optionally, the apparatus comprises an outlet for releasing vapour from the
chamber.
[0009] Optionally, the apparatus comprises an inlet for receiving liquid into the
chamber.
[0010] Optionally, the apparatus comprises a liquid sensor to measure an amount of

liquid in the chamber. A flow of liquid through the inlet is controlled based on the

measured amount of liquid in the chamber.

[0011] Optionally, the apparatus comprises a pressure regulator configured to prevent
the pressure in the chamber from exceeding a predetermined pressure during operation of

the apparatus. The predetermined pressure may be in the range 2 bar to 10 bar.
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[0012] Optionally, the apparatus comprises a temperature sensor to sense the
temperature of liquid in the chamber. The apparatus may be configured to control a flow of

liquid through the inlet in dependence on the temperature of liquid in the chamber.

[0013] Optionally, the apparatus is configured to control a flow of liquid through the

inlet in dependence on a level of the received electric current.

[0014] Optionally, the apparatus comprises a pump to control a flow of liquid to the
inlet.
[0015] Optionally, the apparatus comprises a comprising a controller configured to

receive a signal and to control a flow of liquid in to the chamber based on the received
signal. The received signal may comprise measurement data generated by a sensor
comprised in the apparatus. The received signal may comprise an amount of liquid in the
chamber measured by the liquid sensor. The received signal may comprise a temperature in
the chamber measured by the temperature sensor. The received signal may comprise a
pressure in the chamber measured by a pressure sensor. The received signal may comprise
data received from a user interface. The received signal may comprise information relating

to an operational parameter of the vehicle brake.

[0016] Optionally, the controller is configured to alter the flow of liquid in to the
chamber if the received signal meets a predetermined criterion. The predetermined criterion
may be defined such that the predetermined criterion is met if a measured amount of liquid
in the chamber is less than a predetermined minimum amount and the controller may be
configured to increase the flow of liquid in to the chamber if the received signal meets the

predetermined criterion.

[0017] Optionally, the predetermined criterion is defined such that the predetermined
criterion is met if a temperature in the chamber is outside of a predetermined temperature
range. The controller may be configured to decrease the flow of liquid into the chamber if
the received signal indicates that the temperature in the chamber is less than a lower limit of

the predetermined temperature range, and to increase the flow of liquid into the chamber if
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the received signal indicates that the temperature in the chamber is greater than an upper

limit of the predetermined temperature range.

[0018] Optionally, the predetermined criterion is defined such that the predetermined
criterion is met if a pressure in the chamber is outside of a predetermined pressure range.
The controller may be configured to increase the flow of liquid into the chamber if the
received signal indicates that the pressure in the chamber is less than a lower limit of the
predetermined pressure range, and to decrease the flow of liquid into the chamber if the
received signal indicates that the pressure in the chamber is greater than an upper limit of

the predetermined pressure range.

[0019] Optionally, the vehicle is an aircraft.
[0020] Optionally, the vehicle brake is an electromagnetic brake.
[0021] A second aspect of the present invention provides an aircraft comprising an

apparatus according to the first aspect of the present invention. The aircraft may comprise
an electronic braking system. A controller of the first aspect of the present invention may

be comprised in an avionics system of the aircraft.

[0022] A third aspect of the present invention provides a method of dissipating
braking energy generated by the operation of a vehicle brake. The method comprises
converting braking energy generated by the operation of a vehicle brake into an electric
current, supplying the electric current to a heating element arranged in a chamber containing
a liquid, heating the liquid to generate vapour, and releasing the generated vapour from the

chamber.

[0023] Optionally, the method comprises supplying a flow of liquid to the chamber
and regulating the flow of liquid to the chamber. The regulating may be based on one or
more of: a liquid volume in the chamber, a temperature in the chamber, and a level of the

electric current supplied to the heating element.
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[0024] Further features and advantages of the invention will become apparent from
the following description of preferred embodiments of the invention, given by way of

example only, which is made with reference to the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Embodiments of the invention will now be described, by way of example only,

with reference to the accompanying drawings, in which:

[0026] Figure 1 is a schematic view of an apparatus for dissipating braking energy

generated by operation of a vehicle brake, according to an embodiment.

[0027] Figure 2 is a Temperature-entropy diagram for water (source: Kaboldy / CC-
BY-SA-3.0);
[0028] Figure 3 is a schematic view of an apparatus for dissipating braking energy

generated by operation of a vehicle brake, according to an embodiment;

[0029] Figure 4 is a schematic view of an apparatus for dissipating braking energy

generated by operation of a vehicle brake, according to an embodiment;

[0030] Figure 5 is a schematic view of an apparatus for dissipating braking energy

generated by operation of a vehicle brake, according to an embodiment;

[0031] Figure 6 is a top view of part of an apparatus for dissipating braking energy

generated by operation of a vehicle brake, according to an embodiment;

[0032] Figure 7 is a top view of part of an apparatus for dissipating braking energy

generated by operation of a vehicle brake, according to an embodiment;

[0033] Figure 8 is a flow chart illustrating a process for dissipating braking energy

from generated by operation of a vehicle brake, according to an embodiment; and

[0034] Figure 9 is a schematic view of an aircraft comprising an apparatus for

dissipating braking energy generated by operation of an aircraft brake.
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DETAILED DESCRIPTION

[0035] The following description relates to apparatus and methods for dissipating
braking energy generated by operation of a vehicle brake. For example, the vehicle brake
may be an electric brake of an aircraft. Such apparatus and methods can reduce the size,

weight and complexity of apparatus for dissipating braking energy.

[0036] In existing systems, electric current generated by electrical braking is dumped
into a resistive load, or a capacitor, situated away from the braking site. This can help to
reduce damage to components at or near the braking site, in particular electronic
components, due to overheating of those components. The resistive loads can be relatively

large and heavy, resulting in a larger and heavier vehicle.

[0037] Figure 1 shows a schematic diagram of an energy dissipation apparatus 100 for
dissipating energy generated by operation of a vehicle brake 102. The apparatus comprises
a chamber 110 for containing liquid and a heating element 120. The heating element 120 is
arranged in the chamber 110 and is configured to receive electric current generated by
operation of a vehicle brake 102 via an electrical connection 122. The electric current is
generated by operation of the vehicle brake 102. The apparatus 100 is configured such that
liquid contained in the chamber 110 is heated in response to operation of the vehicle brake
102. In some examples, the apparatus 100 is configured such that liquid contained in the

chamber 110 is boiled in response to operation of the vehicle brake 102.

[0038] In some examples, the apparatus 100 may further comprise an inlet (not
shown) for receiving liquid into the chamber 110, and an outlet (not shown) for releasing

vapour from the chamber 110.

[0039] The inlet may comprise an opening through which liquid may flow into the
chamber 110, e.g. from a liquid source such as a storage tank. In some examples the inlet
may be configured to be connectable to a liquid source, e.g. via a hose, tube or any other

component suitable for carrying a flow of liquid. In some examples, the inlet comprises an
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inlet valve (not shown) configured to control a flow of liquid into the chamber 110. In some

examples, the inlet connects a supply of liquid to the chamber 110.

[0040] The outlet may comprise an opening through which vapour may exit the
chamber 110, e.g. to atmosphere, or to a vapour collection system. In some examples,
apparatus, the outlet may be configured to permit vapour to exit at a sufficient rate to ensure
that pressure within the chamber 110 does not increase during operation of the apparatus
100. In some examples the chamber 110 may have an open top, in which case the outlet may
comprise the open top of the chamber 110. In some examples, the outlet comprises an outlet

valve (not shown) configured to control a flow of vapour out of the chamber 110.

[0041] In some examples, the apparatus 100 may further comprise one or more
sensors (not shown), for example, to measure one or more parameters relating to the
operation of the apparatus 100. Such sensors may include, for example, one or more of: a
liquid sensor for measuring a parameter relating to an amount of liquid in the chamber 110;
a temperature sensor for measuring a parameter relating to a temperature within the chamber
110; a pressure sensor for measuring a parameter relating to a pressure within the chamber
110 and a current sensor for measuring a parameter relating to a current received by the

heating element 120.

[0042] In some examples, a temperature sensor comprised in the apparatus 100
comprises a thermometer. In other examples, a temperature sensor in the apparatus 100
comprises a sensor to measure a parameter indicative of the temperature of liquid in the
chamber 110. For example, the temperature sensor may be arranged to sense a different
temperature in the apparatus 100 that is then used to determine (e.g. by a controller of the
apparatus 100) the liquid temperature based on the measured different temperature, for
example using a correlation or scale factor. The temperature sensor may be connected (by a
wired or wireless communications link) to a controller, and may be configured to thereby
send temperature measurements to the controller and/or receive control signals from the
controller. It should be noted that other examples are possible in which the apparatus 100

does not comprise a temperature sensor.
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[0043] In some examples, a pressure sensor comprised in the apparatus 100 measures
a pressure in the chamber 100. Alternatively, the pressure sensor may be arranged to sense
a different pressure in the apparatus 100 that is then used to determine (e.g. by a controller
of the apparatus 100) the pressure in the chamber 100 based on the measured different
pressure, for example using a correlation or scale factor. The pressure sensor may be
located at or near an inlet to the chamber 110. Alternatively, a pressure sensor may be
located at or near an outlet of the chamber 110, or at any other suitable location. The
pressure sensor may be of any suitable type known in the art. The pressure sensor may be
connected (by a wired or wireless communications link) to a controller of the apparatus 100,
and may be configured to thereby send pressure measurements to the controller and/or
receive control signals from the controller. It should be noted that other examples are

possible in which the apparatus 100 does not comprise a pressure sensor.

[0044] In some examples, a current sensor comprised in the apparatus 100 measures a
current received by the heating element 120. In some examples, the current sensor
comprises an Ammeter. In other examples, the current sensor comprises a sensor to
measure a parameter indicative of the current received by the heating element 120. For
example, the current sensor may be arranged to sense a different current in the apparatus
100 that is then used to determine (e.g. by a controller of the apparatus 100) the current
received by the heating element 120 based on the measured different current, for example
using a correlation or scale factor. The current sensor 390 may be connected (by a wired or
wireless communications link) to the controller 304, and may be configured to thereby send
current measurements to the controller 304 and/or receive control signals from the controller
304. The current sensor may be provided in addition to one or both of the temperature
sensor and the pressure sensor. It should be noted that other examples are possible in which

the apparatus 100 does not comprise a current sensor.

[0045] In some examples, the apparatus 100 may further comprise a pump to control a
flow of liquid into the chamber 110. For example, through an inlet of the apparatus. The
pump is configured to deliver liquid from a supply of liquid to the chamber 110. The pump
may be configured to alter a flow of liquid to the chamber 110 in dependence on one of

more of: a temperature of the liquid in the chamber 110, a pressure in the chamber 110 and a
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level of electric current received by the heating element 120 from the vehicle brake 102.
The pump may be connected (by a wired or wireless communications link) to a controller of
the apparatus 100, and may be configured to thereby receive control signals from the
controller and/or to send state information to the controller. In some examples the pump
may be configured to alter a flow of liquid in to the chamber 110 in response to a control
signal received from the controller. For example, a control signal from the controller may

be based on a measured operational parameter of the apparatus 100.

[0046] In some examples, the apparatus 100 may further comprise a controller (not
shown) to control one or more aspects of the operation of the apparatus 100, as will be
described in more detail below. In some examples, the controller may be comprised in a
control system of the vehicle. The controller 304 may comprise any suitable type of

controller known in the art. For example, the controller 304 may comprise a processor.

[0047] In this example, the chamber 110 is for containing water and the liquid may
comprise water. In yet other examples, the liquid may be a liquid other than water and the

chamber may be configured to contain such a liquid other than water.

[0048] In some examples, the electrical connection 102 comprises a one or more low
resistance wires that form a connection between the vehicle brake 102 and the heating

element 120. However, any other suitable electrical connection may be used.

[0049] In any given example, the chamber 110 is formed from any materials suitable
for containing the liquid to be used in that example at the boiling temperature of that liquid.
In some examples, the chamber 110 comprises stainless steel. In other example, the

chamber 110 is formed from any other suitable materials, as known in the art.

[0050] The shape of the chamber 110 may be selected in dependence on the shape of
the heating element. For example, the shape of the chamber 110 may closely conform to the
shape of the heating element 120 to maximise energy transfer from the heating element 120
to the liquid in the chamber 110. The shape of the chamber 110 may be selected to reduce or

minimize the amount of liquid contained in the chamber 110, so that the transition from

10
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heating water to steam production is reduced or minimized. In some examples, the chamber
110 is generally cylindrical in shape. In an example in which the heating element 120
comprises a coil, the shape of the chamber 110 is such that it substantially fills the void

inside the coil.

[0051] The dimensions of the chamber 110 may be selected such that the volume and
weight of the chamber 110 are within certain parameters. For example, for some
applications it may be desirable to minimise the volume and weight of the chamber 110.
This offers the advantage of helping to reduce the weight and size of the overall apparatus
100, thus reducing the load to be carried by the vehicle. The amount of liquid that can be
contained in the chamber 110 is also minimised in such examples, thus boiling of the liquid
contained in the chamber 110 is achieved faster. The volume of the chamber 110 will be
dependent at least on an operating pressure of the apparatus 100 and the amount of braking
energy to be dissipated by the apparatus 100. The volume of the chamber 110 may be
determined based on the anticipated energy to be dissipated by the apparatus 100 during a
braking event. In some examples, e.g. examples in which the brake is an aircraft brake, the
volume of the chamber 110 is between 1.0L and 2.0L. In some examples, the volume of the
chamber 110 is between 1.5L and 1.7L. In other examples, the chamber 110 may have a
volume less than 1.0L or greater than 2.0L. There is a need to balance the advantages of a
pressurised apparatus with keeping the equipment required for the apparatus 100

manageable.

[0052] The operating pressure of the apparatus 100 will influence the amount of
energy required to boil the liquid in the chamber 110. As such, as pressure in the chamber
110 increases, a smaller amount of liquid is required to dissipate the same amount of energy
because it takes longer to boil and turn to vapour. The amount of braking energy to be
dissipated by the apparatus 100 will influence how quickly vapour will be formed from the
liquid in the chamber 110. As such, for applications where a greater amount of braking
energy is to be dissipated by the apparatus 100, it may be beneficial to increase the volume

of the chamber 110 so that it can contain a greater amount of liquid.

11
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[0053] Figure 6 shows a top view of an example chamber 510 (which may have any
of the features of the chamber 110, as described herein) for use with the apparatus 100. In
this example, the heating element 520 (which may have any of the features of the heating
element 120, as described herein) comprises a plurality of tubes around the circumference of
the chamber 510, which extend from the top of the chamber 510 towards the bottom of the
chamber 510. In other examples, the plurality of tubes extend from the bottom of the

chamber 510 towards the top of the chamber 510.

[0054] Figure 7 shows a top view of an example chamber 610 (which may have any
of the features of the chamber 110, as described herein) for use with the apparatus 100. In
this example, the heating element 620 (which may have any of the features of the heating
element 120, as described herein) comprises a first coil 621 and a second coil 622 arranged
adjacent to one another, which extend from the top of the chamber 610 towards the bottom
of the chamber 610. The chamber 610 is shaped to closely conform to the curvature of the
first and second coils 621, 622 so that the volume of the chamber 610 is minimised. Liquid
in the chamber 610 fills the void 623, 624 in the centre of each of the first and second coils
621, 622 to maximise the surface area of the heating element 620 that is in contact with
liquid in the chamber 610. In other examples, the void 623, 624 in the centre of each of the
first and second coils 621, 622 may be smaller relative to the thickness of the first and

second coils 621, 622 than shown in Figure 7.

[0055] The arrangements of the heating elements 520, 620 described with reference to
Figures 6 and 7 are provided by way of example only, and it is to be understood that various

other arrangements of heating elements chambers could alternatively be used.

[0056] The heating element 120 may be formed from any suitable thermal conductor.
In some examples, in particular if the liquid contained in the chamber 110 is water, the
heating element 120 comprises copper. In some examples, the heating element 120
comprises nichrome 80/20. In other examples, the heating element 120 comprises other
materials, as known in the art. The heating element 120 may be shaped so as to increase
(relative to other possible shapes) or maximise the surface area of the heating element 120

and thereby increase or maximise heat transfer to the liquid contained in the chamber 110.

12
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For example, the heating element 120 may comprise tubes and these tubes may be in any
suitable configuration. A tubular form may provide the heating element 120 with a large
surface area within the chamber 110, which helps to facilitate the transfer of thermal energy
from the heating element 120 to liquid in the chamber 110. In some examples, a larger
surface area of the heating element 120 is advantageous compared to a smaller surface area
of the heating element 120. An increased surface area will help to increase the transfer of
heat to the liquid in the chamber 110 from the heating element 120 and thus greater
conduction of heat and a more efficient energy dissipation apparatus. The heating element

120 may be configured to resist deformation when subjected to high pressure.

[0057] The design of the heating element 120 may be dependent on the nature of an
anticipated braking event for which heat is to be dissipated by the apparatus 100, and thus
the anticipated boiling regime of the liquid in the chamber 110. For example, the heating
element may be designed such that the critical heat flux is not exceeded. Beyond the critical
heat flux, heat transfer is greatly reduced. Therefore, exceeding this point will result in
reduce dissipation of energy compares to before the critical heat flux, which may in turn

cause spikes in the temperature and pressure in the chamber 110.

[0058] The size of the heating element 120 is dependent on the volume of liquid that
the chamber 110 can contain and the shape of the chamber 110. For example, the diameter
of the tube(s) of the heating element 120 may be dependent on the dimensions of the
chamber 110 and the amount of electrical current that the heating element 120 will receive.
An increasing in the dimensions of the chamber 110 may require an increase in the size of
the heating element 120 so that there is a greater surface area of the heating element 120 in

contact with the liquid contained in the chamber 110.

[0059] Some examples of the present invention comprise an ‘open’ apparatus, in
which the chamber 110 is at atmospheric pressure, as shown for example in Figure 3. The
term “open” is used to indicate that the chamber is in equilibrium with the surrounding
environment, and is therefore at the same pressure as the surrounding environment. Other
examples of the present invention comprise a ‘pressurised’ apparatus, in which the chamber

110 is as shown for example in Figure 4. The term “pressurised” is used to indicate that, for

13
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at least some time during operation of the apparatus, the apparatus is configured to maintain
a pressure within the chamber that is greater than the pressure of the surrounding
environment. An open apparatus may be simpler than an equivalent pressurised apparatus,
whereas a pressurised apparatus may be able to dissipate more energy for an equivalent size
of apparatus (because a higher temperature is required to boil the liquid in the chamber).
However, as pressure increases, the size, complexity and cost of the chamber 110 and

associated pressure valve increase.

[0060] The apparatus 100 may be used with an electric vehicle brake 102. In this
example, the vehicle is an aircraft and the apparatus 100 is configured to dissipate braking
energy generated by operation of an electric brake of the aircraft, during taxi. In other
examples, the vehicle may be a train, an automobile or any other type of vehicle that

employs an electric vehicle brake 102.

[0061] Figure 3 shows an example of an open apparatus 200 for dissipating energy
generated by operation of a vehicle brake 202. The apparatus 200 comprises a chamber
210, a heating element 220 and an electrical connection 222, which may have any of the
features of the corresponding components of the apparatus 100 shown in Figure 1. The
apparatus 200 further comprises an inlet 230 for receiving liquid into the chamber 210 and
an outlet 240 for releasing vapour from the chamber 210. The inlet 230 and the outlet 240
may have any of the features of the inlet and outlet, respectively, of the apparatus 100
described above. The apparatus 200 further comprises a liquid sensor 250 to measure an
amount of liquid in the chamber. The liquid sensor 250 may comprise, for example, a float
sensor to measure a height level of liquid in the chamber 210. In other examples, the liquid
sensor 250 may be any other type of suitable sensor known in the art. It should be noted
that other examples are possible in which the apparatus 200 does not comprise a liquid
sensor 250. The apparatus 200 may further comprise a controller (not shown). Components
of the apparatus 200 may have any of the features of corresponding components of the

apparatus 100 described above.

[0062] Figure 4 shows an example of a ‘pressurised’ apparatus 300 for dissipating

energy generated by operation of a vehicle brake 302. The apparatus 300 comprises a

14
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chamber 310, a heating element 320 and an electrical connection 322, which may have any
of the features of the corresponding components of the apparatus 100 shown in Figure 1.
The apparatus 300 further comprises an inlet 330 for receiving liquid into the chamber 310
and an outlet 340 for releasing vapour from the chamber 310, as described with reference to
apparatus 200 shown in Figure 3. The inlet 330 may have any of the features of the inlet of
the apparatus 100 described above. The apparatus further comprises a controller 304, which
in this example is a microcontroller. The apparatus 300 further comprises a temperature
sensor 360 to sense the temperature of liquid in the chamber 310. In some examples, the
apparatus 300 comprises a pump 370 to control a flow of liquid to the inlet 330. The pump
may deliver liquid from a supply 372 to the chamber 310. The pump 370 may have any of
the features of the pump described in relation to the apparatus 100. The apparatus 300
further comprises a pressure regulator 380, which may be located at or near the outlet 340 of
the chamber 310. In some examples, the apparatus 300 further comprises a safety valve
382. Components of the apparatus 300 may have any of the features of corresponding

components of the apparatus 100 described above.

[0063] The pressure regulator 380 is configured to prevent the pressure in the
chamber 310 from exceeding a predetermined pressure during operation of the apparatus
300, e.g. by controlling a rate of release of vapour from the chamber 310. The pressure
regulator 380 may be a mechanical, electrical or electro-mechanical regulator. For example,
the pressure regulator 380 may be a valve, the valve configured to release vapour from the
chamber 310 through the outlet 340 when the pressure in the chamber 310 reaches the
predetermined pressure. In some examples, the pressure regulator is controlled by a control
system (not shown) of the apparatus 300. The pressure regulator 380 may be connected (by
a wired or wireless communications link) to the controller 304, and may be configured to
thereby receive control signals from the controller 304, and/or to send state information to

the controller 304.

[0064] The predetermined pressure may be in the range 2 bar to 10 bar. The
predetermined pressure may be in the range 6 bar to 9 bar. In some examples, the
predetermined pressure is selectable. For example, the predetermined pressure may be

selected (manually by a human operator, or by the controller 304 of the apparatus 300)
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based on an operating parameter of the apparatus 300, the vehicle and/or the vehicle brake
302. Such an operating parameter may include, for example, the altitude of the vehicle or
the atmospheric temperature. However; the effects of such operating parameters will
typically be small, so that a particular predetermined pressure will be suitable across a range
of operating parameters and may generally not need to be altered during operation of a

particular vehicle.

[0065] In examples comprising a safety valve 382, the safety valve 382 is configured
to prevent the pressure in the chamber 310 from exceeding a safety pressure during
operation of the apparatus 300. The safety pressure may be higher than the predetermined
pressure. The safety valve is configured to provide a backup in the event that the pressure
regulator 380 fails, to prevent pressure in the chamber 310 reaching a level which could
damage the apparatus 300. The safety valve may, in some examples, have a simpler design
than the pressure regulator 380. The safety valve may, but need not, have a communications

link with the controller 304.

[0066] Operation of example apparatus according to the invention will now be
discussed. During operation of an apparatus for dissipating energy generated by operation
of a vehicle brake (e.g. the apparatus 100, 200 or 300), the heating element receives electric
current generated by operation of the vehicle brake via the electrical connection, causing the
temperature of the heating element to increase. This, in turn, causes the temperature of the
liquid in the chamber to increase by conduction of thermal energy from the heating element
to the liquid. In some instances, the liquid in the chamber boils as a result of the conduction
and the resultant vapour is released from the chamber, for example, through an outlet. The
vapour may be released to atmosphere, or alternatively may be collected and condensed, for

example, to re-supply the chamber.

[0067] Figure 2 shows a Temperature-entropy (T-s) diagram for water, which
demonstrates how the characteristics an example apparatus according to the invention (e.g.
the apparatus 100, 200, 300, 400) may change in dependence on the pressure in the chamber
110. The saturation curve 150 denotes the point at which saturation occurs at different

pressures. For example, the diagram shows that, for a pressure of lbar (0.1MPa), the
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saturation point (on the saturation curve 150) of the liquid is at 100°C, whereas at 8bar
(0.8MPa), the saturation point is at approximately 170°C. This means that, at 8 bar, the
liquid in the chamber must be heated to 170°C before it boils and becomes vapour (steam).
Therefore, a pressurised apparatus will vaporise less liquid to dissipate the same amount of
energy as compared to an open apparatus because it will take more energy to heat the liquid
to boiling, and the liquid is converted to vapour at a higher value of enthalpy (h). The T-s

diagram would be different for other liquids.

[0068] Figure 2 shows that increasing pressure above approximately 20 bar does not
increase enthalpy. It can also be seen from Figure 2 that increasing pressure above
approximately 10 bar does not significantly increase enthalpy. It may therefore be
advantageous, in examples in which the liquid comprises water, to configure an apparatus
according to the invention to operate at a pressure of around 8§ bar in order to achieve a

useful amount of energy dissipation with a relatively simple pressure chamber and valve.

[0069] In the example open apparatus of Figure 3, a flow of liquid through the inlet
230 is controlled (e.g. by a controller) based on the amount of liquid in the chamber 210
measured by the liquid sensor 250, thereby ensuring that the chamber 210 always contains a
sufficient amount of liquid during operation of the apparatus 200. As an example, if the
liquid sensor 250 comprises a float sensor to measure a height level of liquid in the chamber
210, when the height drops below a predetermined level, a flow of liquid through the inlet
230 is increased (increasing the flow may comprise starting a flow if no flow currently
exists, or increasing a flow rate) to increase the height of liquid in the chamber 110 above
the predetermined level. As another example, if the liquid sensor 250 measures a mass of
liquid in the chamber 210, and the controller is configured to determine an amount of liquid
in the chamber 210 based on the measured mass, when the determined amount drops below

a predetermined value, a flow of liquid through the inlet 230 may be increased.

[0070] A pressurised apparatus, such as the apparatus 300 shown in Figure 4, may be
configured to control a flow of liquid into the chamber in dependence on one or more of: a
temperature in the chamber measured by a temperature sensor; a pressure in the chamber

measured by a pressure sensor; an amount of liquid in the chamber measured by a liquid
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sensor; data received from a user interface and information relating to an operational

parameter of the vehicle brake.

[0071] In examples in which the apparatus comprises a pressure sensor (not shown), a
controller of the apparatus may be configured to control a flow of liquid into the chamber
based on a measured pressure in the chamber (e.g. measured by the pressure sensor). Such
pressure-based control may be provided alongside or instead of liquid amount-based control,

and/or temperature-based control.

[0072] In examples in which the apparatus comprises a current sensor configured to
measure an electrical current received from the vehicle brake by the heating element, a
controller of the apparatus is configured to control a flow of liquid in to the chamber based
on the current measured by the current sensor. For example, a flow of liquid in to the
chamber may be controlled to follow a profile based on the profile of the electrical current
received from the vehicle brake. In some examples, the apparatus may comprise a
temperature sensor, pressure sensor and current sensor and be configured to control a flow
of liquid through in to the chamber based measurements from more than one of the

temperature sensor, pressure sensor and current sensor.

[0073] The configuration and operation of example controllers for the apparatus
described herein will now be described. In general, an example controller (e.g. the
controller 304, or a controller of the apparatus 100) is configured to receive a signal and to

control a flow of liquid in to the chamber based on the received signal.

[0074] The signal received by the controller may be used to calculate or predict a rate
at which liquid in the chamber may be released from the chamber as vapour (e.g. via a
pressure regulator) and therefore a rate at which liquid is to be supplied the chamber (e.g. by
a pump). The controller may be configured to control a pump based on the received signal
(e.g. by activating, deactivating, or altering an operational parameter of the pump). The
received signal may comprise measurement data generated by a sensor comprised in the
apparatus. For example, the sensor may be a temperature sensor or a current sensor or a

liquid sensor 250.
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[0075] The controller may be configured to alter the flow of liquid in to the chamber
if the received signal meets a predetermined criterion. The predetermined criterion may be
selectable in dependence on the operating parameters of the apparatus 300. Alternatively,
the predetermined criterion may be selectable in dependence on, by way of example only,
one or more of: the type of vehicle the apparatus 300 is installed in, the environmental
conditions during operation of the apparatus 300, the amount of braking energy to be

dissipated by the apparatus 300 and input by a user.

[0076] In some examples, the received signal comprises an amount of liquid in the
chamber measured by a liquid sensor. In such examples, the predetermined criterion may be
defined such that the predetermined criterion is met if a measured amount of liquid in the
chamber is less than a predetermined minimum amount. The controller may be configured
to increase the flow of liquid in to the chamber if the received signal meets the
predetermined criterion. A controller configures to control the flow of liquid in to the
chamber based on an amount of liquid in the chamber may be particularly suitable for an

open apparatus.

[0077] In some examples, the received signal comprises a temperature in the chamber
measured by a temperature sensor. In such examples, the predetermined criterion may be
defined such that the predetermined criterion is met if a temperature in the chamber is
outside of a predetermined temperature range. The controller may be configured to decrease
the flow of liquid into the chamber if the received signal indicates that the temperature in the
chamber is less than a lower limit of the predetermined temperature range, and to increase
the flow of liquid into the chamber if the received signal indicates that the temperature in the

chamber is greater than an upper limit of the predetermined temperature range.

[0078] In some examples, the received signal comprises a pressure in the chamber
measured by the pressure sensor. In such examples, the predetermined criterion may be
defined such that the predetermined criterion is met if a pressure in the chamber is outside of
a predetermined pressure range. The controller may be configured to increase the flow of

liquid into the chamber if the received signal indicates that the pressure in the chamber is
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less than a lower limit of the predetermined pressure range, and to decrease the flow of
liquid into the chamber if the received signal indicates that the pressure in the chamber is

greater than an upper limit of the predetermined pressure range.

[0079] The controller may be configured to receive signals from a pressure regulator
and/or safety valve and may alter operation of the apparatus in dependence on a state of the

pressure regulator and/or safety valve.

[0080] In some examples, the received signal comprises a current received by the
heating element measured by the current sensor. In such examples, the predetermined
criterion may be defined such that the predetermined criterion is met if the current received
by the heating element is outside of a predetermined current range. The controller may be
configured to decrease the flow of liquid into the chamber if the received signal indicates
that the current is less than a lower limit of the predetermined current range, and to increase
the flow of liquid into the chamber if the received signal indicates that the current is greater

than an upper limit of the predetermined current range.

[0081] In some examples, the received signal comprises data received from a user
interface. In such examples, the signal from the user interface may be input manually or by
other control systems in the vehicle. As an example, the user interface may be in the
cockpit of the vehicle. The user interface may be used to control parameters of the system
or to input other data, for example environmental information such as the weather, which

may be used by the controller to influence operation of the system.

[0082] In some examples, the received signal comprises information relating to an
operational parameter of the vehicle brake 402. The operational parameter may be, for
example, an angular velocity of the wheels of the vehicle as measured by one or more speed
sensors. Alternatively the signal may represent an intensity and/or duration of brake
application. As an example, the operational parameter may be a braking demand input. In
such examples, the braking demand input may be a signal that is used to indicate a braking
force to be applied by the vehicle brake on to the wheel(s) of the vehicle. The braking

demand input may be received from a user input, for example from a driver/pilot of the
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vehicle pressing a brake pedal. In another example, the braking demand input may be
received from another system in the vehicle, for example an automatic braking system

(autobrake).

[0083] The controller 404 may be configured to receive a first signal from sensors in
the apparatus 400 comprising information relating to one or more of: the temperature of
liquid entering the chamber 410, the pressure in the chamber 410, the temperature in the
chamber 410, the temperature of the heating element 420 and the liquid level in the chamber
410. The controller may be configured to receive a second signal from the electrical system
40 comprising information relating to one or more of: the temperature of the motor 42, the
rotational speed of the motor 42, the temperature of the power transistor(s) 48 and the
current transferred between the electrical system 40 and the heating element 420. The
controller 404 may be configured to receive a third signal from sensors in the vehicle
comprising information relating to one or more of: vehicle speed, vehicle deceleration,
brake pedal deflection or equivalent manual input parameter and automatic system braking
demand (analogue or digital form). The monitoring by the controller 404 may be via one or
more sensors, as described above or in addition to the above. One or more of the first,

second and third signals may be received by the controller 404 as a single signal.

[0084] Figure 5 shows a schematic view of a braking system 500. The system 500
comprises an apparatus 400 for dissipating braking energy generated by operation of a
vehicle brake and an electric brake assembly 50, including a brake 402. The apparatus 400
may comprise any of the features described herein with reference to apparatus 100. In the
example shown in Figure 5, the apparatus 400 comprises a chamber 410, a heating element
420, an electrical connection 22, a controller 404, a temperature sensor 460, a pump 470 for
supplying liquid from a liquid supply 472, a pressure regulator 480 and a safety valve 482.
In other examples, one or more of these components may be omitted. The system 500
further comprises an electrical system 40 for converting vehicle braking energy generated
by operation of the vehicle brake 402 into an electric current. The electrical system 40 may
be comprised in the electric brake assembly 50, in the apparatus 400, or may comprise a

separate system.
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[0085] The apparatus 400 is in communication various other components of a vehicle.
The other components shown are: an input from a user interface 405, an input 406 via which
information relating to an operational parameter of the vehicle brake 402 may be received, a

motor 42 and a braking system 50.

[0086] The braking system 50 comprises a vehicle brake 402, a coupling 52 to couple
the vehicle brake 402 to the motor 42, and one or more speed sensors 54. In this example,

the braking system 50 is an electrical braking system.

[0087] The electrical system 40 is configured to receive an electrical current from the
motor 42. The motor 42 is used as a generator for electric braking of the vehicle brake 402.
In this example, the motor 42 is a three phase AC electrical motor. However, in other
examples, any suitable alternative type of motor known in the art may be used. The
electrical system 40 comprises a rectifier 44 for converting an AC current received by the
electrical system 40 from the motor 42 into a DC current. The electrical system further
comprises a voltage transient suppressor (TVS) 46 to protect electronic devices in the

system 400 from damage due to the voltage spikes associated with electric braking.

[0088] The electrical system 40 also comprises one or more power transistors 48, for
example an insulated-gate bipolar transistor, through which electric current from the VTS
46 is passed before being received by the heating element 420. The power transistor 48 is in
communication with the controller 404 and is configured to thereby receive a signal from
the controller 404. The controller 404 is configured to modulate the amount of current
transferred to the heating element 420 via the electrical system 40. In some examples, the
current is modulated by pulse width modulation. In these examples, the power transistor 48
is in its saturated region in use. This reduces the power dissipation of the power transistor
48 and therefore the size of its associated heatsink. The system 500 is configured such that
the signal sent by the controller 404 to the power transistor 48 causes the power transistor 48
to turn fully on or fully off. In summary, the controller 404 is configured to receive a brake
demand input 406 and to regulate deceleration of the vehicle by monitoring parameters of
the system 500 and controlling the overall energy transfer to the liquid in the chamber 410

by varying the one/off signal to the power transistor 48.
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[0089] The electrical system 40 comprises a current sensor 45 configured to measure
current flowing through the heating element 420. The current sensor 45 may be connected
(by a wired or wireless communications link) to the controller 404, and may be configured
to thereby receive control signals from the controller 404 and/or to send state information to
the controller 404. Since the resistance of the heating element 420 is fixed, the amount of
power transferred to the heating element 420 can be determined my measuring the current

transferred to the heating element 420 with the current sensor 45.

[0090] In some examples, the electrical system 40 comprises a temperature sensor 49
configured to measure a temperature of the power transistor 48. A signal comprising the

measured temperature data may be sent to the controller 404 by the electrical system 40.

[0091] The temperature sensor 49 may be connected (by a wired or wireless
communications link) to the controller 404, and may be configured to thereby receive

control signals from the controller 404 and/or to send state information to the controller 404.

[0092] In some examples, electrical signals are transferred from the controller 404 to
the electrical system 40, or vice versa, via one or more couplings. In some examples, the
one or more couplings may comprise an optocouple to isolate and protect the controller 404

from high voltages.

[0093] The one or more speed sensors 54 comprised in the braking system 50 may be
connected (by a wired or wireless communications link) to the controller 404, and may be
configured to thereby receive control signals from the controller 404 and/or to send state

information to the controller 404.

[0094] The controller 404 may be comprised in a control system on the vehicle. The
control system may comprise one or more signal acquisition devices to convert signals
received by the control system in to a form that can be processed by the controller 404. The
one or more signal acquisition devices may comprise a digital signal acquisition device

and/or an analogue signal acquisition device. The signal acquisition devices may receive
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signals from the temperature sensor 460, the speed sensor 54, the user interface 405, the

input 406 and any other signals relevant to the operation of the apparatus 400.

[0095] The control system may be configured to receive a signal from a user interface
405 and send that signal to the controller 404. In some examples, the user interface 405 is
configured to display parameters of the system 500, for example operational parameters.
The control system may further be configured to receive an input 406 (e.g. a braking
demand input) and send that as a signal to the controller 404. In some examples, the

braking demand input 406 in received from a potentiometer.

[0096] In some examples according to the present invention, the apparatus 100, 200,

300, 400 is for use with an electromagnetic vehicle brake.

[0097] Examples of the present invention comprise a method of dissipating braking
energy generated by the operation of a vehicle brake. Figure 8 shows a method 700
according to the present invention. The method 700 may, for example, be implemented

using an example apparatus discussed above, such as the apparatus 100, 200, 300 or 400.

[0098] The method 700 comprises converting 710 braking energy generated by the
operation of a vehicle brake into an electric current, supplying 720 the electric current to a
heating element arranged in a chamber containing a liquid, heating 730 the liquid to
generate vapour and releasing 740 the generated vapour from the chamber. In the event that
the vehicle brake is an electric brake, the braking energy generated by the operation of the

electric brake will be converted to electric energy by the electric brake.

[0099] Heating of the liquid to generate vapour is caused by the heating element
increasing in temperature when the electric current is supplied to it. The resistance of the
heating element turns the electrical energy in the electric current into heat. Direct contact of
the heating element with the liquid in the chamber causes the heat to pass to the liquid from

the heating element by conduction. The liquid may be water, or may comprise water.
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[0100] The releasing of the generated vapour from the chamber may be to the
atmosphere. Alternatively, the vapour may be released to a different part of the apparatus,
for example, for condensation and recycling. The method may therefore be a clean way of
dissipating energy, particularly if the liquid is water, only vapour is released into the

atmosphere.

[0101] In some examples, the method 700 comprises an optional step of supplying
750 a flow of liquid to the chamber. Liquid may be supplied via a pump from a liquid
supply. In some examples, the method 700 comprises an optional step of regulating 760 the
flow of liquid to the chamber based on one or more of: a liquid volume in the chamber, a
temperature in the chamber and a level of the electric current supplied to the heating

element. The regulating may be performed by an inlet valve controlled by a controller.

[0102] Fig. 9 shows an aircraft 800 on which an apparatus according to the examples
(e.g. the apparatus 100) is installed. The aircraft comprises a fuselage 801, wings 802, a
main landing gear 804 and a nose landing gear 805. In the particular example, two wheels
are attached to each main landing gear 804. The aircraft 800 further comprises an electrical
braking system for each wheel 803 of the main landing gear §04. The aircraft 800 further
comprises one or more apparatus 807 for dissipating braking energy of an aircraft brake.
The, or each, apparatus 807 may comprise any of the example apparatus 100, 200, 300, 400
described above. In this example, the aircraft 800 comprises one apparatus 807 per main
landing gear 804. In other examples, the aircraft 800 comprises one apparatus 807 per each
electrical braking system. In yet other examples, the aircraft comprises a single apparatus
807, which receives electrical current from all of the electrical braking systems comprised in

the aircraft 800.

[0103] The aircraft 800 further comprises an avionics system 806. The avionics
system 806 is located in an avionics bay or compartment. In the particular example, the
avionics bay is in the nose of the aircraft below the cockpit, but it may be in a different
location depending on the type of aircraft. The avionics system 806 comprises the electronic

systems associated with flying the aircraft, including airborne communication and
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navigation systems and flight control systems. The avionics system 806 may comprise all of

the electronics associated with communicating information to other parts of the aircraft §00.

[0104] In some examples, the avionics system 806 is in communication with the one
or more controllers of the one or more respective apparatus’ 807. In some examples, the

avionics system comprises the one or more controllers of the one or more apparatus’ 807.

[0105] The above examples are to be understood as illustrative examples of the
invention. Further examples of the invention are envisaged. For example, an apparatus
according to the present invention may be configured such that the heating element receives
an electric current from a plurality of vehicle brakes, or the apparatus may be for dissipating
braking energy generated by a brake for machinery, rather than a vehicle. It is to be
understood that any feature described in relation to any one example may be used alone, or
in combination with other features described, and may also be used in combination with one
or more features of any other of the examples, or any combination of any other of the
examples. Furthermore, equivalents and modifications not described above may also be
employed without departing from the scope of the invention, which is defined in the

accompanying claims.
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CLAIMS:

1. Apparatus for dissipating braking energy generated by the operation of a vehicle
brake, comprising:

a heating element configured to receive electric current generated by operation of the
vehicle brake, the heating element arranged in a chamber for containing liquid,

wherein the apparatus is configured such that liquid contained in the chamber is

heated in response to operation of the vehicle brake.

2. An apparatus according to claim 1, wherein the apparatus is configured such that

liquid contained in the chamber is boiled in response to operation of the vehicle brake.

3.  An apparatus according to claim 1 or claim 2, comprising an outlet for releasing

vapour from the chamber;

4.  An apparatus according to any preceding claim, comprising a pressure regulator
configured to prevent the pressure in the chamber from exceeding a predetermined pressure

during operation of the apparatus.

5. An apparatus according to claim 4, wherein the predetermined pressure is in the range

2 bar to 10 bar.

6.  An apparatus according to any preceding claim, comprising an inlet for receiving

liquid into the chamber.

7. An apparatus according to claim 6, comprising a liquid sensor to measure an amount
of liquid in the chamber, wherein a flow of liquid through the inlet is controlled based on the

measured amount of liquid in the chamber.

8.  An apparatus according to claim 6 or claim 7, comprising a temperature sensor to

sense the temperature of liquid in the chamber, wherein the apparatus is configured to
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control a flow of liquid through the inlet in dependence on the temperature of liquid in the

chamber.

9.  An apparatus according to any of claims 6 to 8, wherein the apparatus is configured to
control a flow of liquid through the inlet in dependence on a level of the received electric

current.

10.  An apparatus according to any of claims 6 to 9, comprising a pump to control a flow

of liquid to the inlet.

11. An apparatus according to any of claims 6 to 10, comprising a controller configured to
receive a signal and to control a flow of liquid in to the chamber based on the received

signal.

12.  An apparatus according to claim 11, wherein the controller is configured to alter the

flow of liquid in to the chamber if the received signal meets a predetermined criterion.

13.  An apparatus according to claim 12 when dependent on claim 7, wherein the received
signal comprises an amount of liquid in the chamber measured by the liquid sensor;

the predetermined criterion is defined such that the predetermined criterion is met if a
measured amount of liquid in the chamber is less than a predetermined minimum amount;
and

the controller is configured to increase the flow of liquid in to the chamber if the

received signal meets the predetermined criterion.

14.  An apparatus according to claim 12 or claim 13 when dependent on claim 8, wherein
the received signal comprises a temperature in the chamber measured by the temperature
sensor; and

the predetermined criterion is defined such that the predetermined criterion is met if a

temperature in the chamber is outside of a predetermined temperature range.
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15. An apparatus according to claim 14, wherein the controller is configured to decrease
the flow of liquid into the chamber if the received signal indicates that the temperature in the
chamber is less than a lower limit of the predetermined temperature range, and to increase
the flow of liquid into the chamber if the received signal indicates that the temperature in the

chamber is greater than an upper limit of the predetermined temperature range.

16.  An apparatus according to any one of claims 12 to 15, wherein the received signal
comprises a pressure in the chamber measured by a pressure sensor; and the predetermined
criterion is defined such that the predetermined criterion is met if a pressure in the chamber

is outside of a predetermined pressure range.

17. An apparatus according to claim 16, wherein the controller is configured to increase
the flow of liquid into the chamber if the received signal indicates that the pressure in the
chamber is less than a lower limit of the predetermined pressure range, and to decrease the
flow of liquid into the chamber if the received signal indicates that the pressure in the

chamber is greater than an upper limit of the predetermined pressure range.
18. An apparatus according to any one of claims 11 to 17, wherein the received signal
comprises one or more of: data received from a user interface; and information relating to an

operational parameter of the vehicle brake.

19.  An apparatus according to any preceding claim, wherein the vehicle brake is an

electromagnetic brake.

20.  An aircraft comprising an apparatus according to any preceding claim.

21.  An aircraft according to claim 20, comprising an electronic braking system.

22.  An aircraft according to claim 20 or claim 21 when dependent on claim 11, wherein

the controller is comprised in an avionics system of the aircraft.
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23. A method of dissipating braking energy generated by the operation of a vehicle brake,
the method comprising:

converting braking energy generated by the operation of a vehicle brake into an
electric current;

supplying the electric current to a heating element arranged in a chamber containing a
liquid;

heating the liquid to generate vapour; and

releasing the generated vapour from the chamber.

24. A method according to claim 23, comprising:
supplying a flow of liquid to the chamber; and
regulating the flow of liquid to the chamber based on one or more of:
a liquid volume in the chamber;
a temperature in the chamber; and

a level of the electric current supplied to the heating element.
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