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Abstract

An internal combustion engine 10 includes a combustion chamber 12.
The chamber includes a body 18 that is movable in the chamber to vary the
chamber volume and contains a catalyst 50. First valving 24 is operable to admit
an intake gas into the chamber and second valving 30 connected with an
aqueous fluid supply system 32 is operable to admit an aqueous fluid and a
steam reforming fuel into the chamber. A controller 48 is configured to cause the
second valving 30 to admit a aqueous fluid and an amount of the steam
reforming fuel into the chamber and when a predetermined condition exists in the
chamber during compression of the intake gas to absorb heat generated by the
compression of the intake gas in the presence of the catalyst to promote a steam
reformation process to separate hydrogen from the steam reforming fuel or said

aqueous fluid.
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INTERNAL COMBUSTION ENGINES

Field of the Invention

The invention relates to internal combustion engines and particularly, but not

exclusively, to internal combustion engines for powering automotive vehicles.

Backeround to the Invention

The reciprocating piston spark ignition engine is one known form of internal
combustion engine used to power automotive vehicles. Reciprocating piston spark
ignition engines comprise a number of pistons arranged to reciprocate in respective
cylinders and each connected to a crankshaft. Each of the cylinders is provided with
inlet valving for controlling the inflow of air and fuel, exhaust valving for controlling
the exhaust of the products of combustion and a spark plug for igniting the air fuel
mixture. Where the supply of fuel to the engine is controlled by a carburcttor, the air
and fuel are mixed in an intake manifold upstream of the cylinders and the inlet
valving comprises an intake valve that controls the intake of the fuel-air mixture into
the cylinder. If the fuel supply to the cylinders is by fuel injection, the inlet valving
comprises two valves. One of the valves is a fuel injector and the other is an air
intake valve. The fuel injector may be arranged to inject fuel directly into the cylinder

or may inject it into an air intake duct just upstream of the air intake valve.

Typically, reciprocating spark ignition engines operate a four-stroke cycle. Each
movement of a piston up or down its cylinder comprises one stroke of the four-stroke
cycle. The four-stroke cycle consists of:

an induction stroke during which the inlet valving opens and air and fuel are taken
into the engine as the piston moves towards the crankshaft;

a compression stroke during which the inlet and exhaust valving are closed and the air
fuel mixture is compressed while the piston moves away from the crankshaft;

a power, or working, stroke during which the compressed mixture is ignited and the
rapid expansion caused by combustion of the mixture forces the piston back towards
the crankshaft; and

an exhaust stroke during which the exhaust valving is open and the exhaust gases are

forced out of the cylinder as the piston moves away from the crankshaft again.
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Some reciprocating piston spark ignition engines operate a two-stroke cycle, which is
a variant of the four-stroke cycle. Such engines are usually of smaller capacity than
four-stroke engines and in terms of passenger vehicles tend to be used for two-
wheeled vehicles. Two stroke engines use ports located along the side of the cylinder
istead of valves. As the piston moves up and down the cylinder, the ports are
covered and uncovered depending on where the piston is in the cylinder. In essence,
in a two-stroke engine the induction and compression processes take place during the
first stroke and the combustion and exhaust processes take place during the second

stroke.

The reciprocating piston compression ignition internal combustion engine is another
form of engine commonly used to power automotive vehicles. Reciprocating piston
compression ignition engines use a fuel having a higher auto-ignition temperature
than the fuels used by spark ignition engines and operate a modified version of the
four-stroke cycle described above. Specifically, during the induction stroke air is
drawn into the cylinder and that air is compressed to a high pressure and temperature
during the compression stroke. Fuel is then injected directly into the cylinder (or into
a mixing chamber that leads into the cylinder) and combustion takes place as the fuel
mixes with the high temperature compressed air in the cylinder. Historically,
reciprocating piston compression ignition engines were considered noisy and slow
and in the automotive field were used mainly for trucks and other commercial
vehicles such as buses. However in more recent times, high performance
reciprocating piston compression ignition engines have been developed and now
reciprocating piston compression ignition engines are commonly used in small

passenger vehicles such as saloon cars (sedans).

The Wankel engine is another form of spark ignition engine that has been used to
power automotive vehicles. The Wankel engine employs a four ‘stroke” cycle similar
to the four-stroke cycle employed by the reciprocating piston spark ignition internal
combustion engine. However, instead of reciprocating pistons, the Wankel engine has
a roughly triangular rotor that is mounted on an eccentric shaft for rotation in an
approximately oval (epitrochoid-shaped) chamber. The ‘four strokes’ take place in

the spaces between the rotor and the chamber wall.
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A common feature of these known internal combustion engines is that the fuel air mixture
is input to a chamber in which it is combusted so that the rapid expansion of the mixture
caused by the combustion acts directly on a body (piston or rotor) that is connected to an
output shaft so as to cause rotation of the shaft; the output of the engine being the rotation
of the shaft.

An engine in which a body of liquid acts as the reciprocating piston has also been

proposed.

Summary of the Invention

One embodiment of the invention provides a method of operating an internal combustion
engine that comprises a variable volume combustion chamber containing a catalyst, said
method comprising: at a first pressure in said combustion chamber admitting an intake
gas comprising an aspirant into said combustion chamber; reducing the volume of said
combustion chamber to compress said intake gas to raise the pressure in said combustion
chamber from said first pressure to a second pressure that is greater than said first
pressure; admitting an aqueous fluid and a steam reforming fuel into said combustion
chamber when the pressure in said combustion chamber reaches a predetermined pressure
intermediate said first and second pressures so that said aqueous fluid and steam
reforming fuel absorb heat gencrated by said compression of said intake gas and said
catalyst promotes a steam reformation process by which hydrogen is separated from said
steam reforming fuel or said aqueous fluid; and when the pressure in said combustion
chamber is at least at said second pressure, admitting a combustible fuel into said
chamber and combusting said combustible fuel and hydrogen, wherein the volume of said
combustion chamber is varied by moving a body in said combustion chamber and
combustion of said fuel and hydrogen causes movement of said body to increase the
volume of said combustion chamber and said movement of said body provides an energy

output of said combustion chamber.

In another embodiment, the invention also provides a internal combustion engine
comprising: a housing and a body movable in said housing to define a variable volume
combustion chamber; at least one mounting to mount a catalyst in said combustion
chamber; first valving to admit an intake gas into said combustion chamber; an aqueous
fluid supply system; second valving connected with said aqueous fluid supply system and

operable to admit aqueous fluid from said aqueous fluid supply system and a steam
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reforming fuel into said combustion chamber; and a controller configured to 1) cause said
first valving to admit a charge of intake gas into said combustion chamber and ii) when a
predetermined condition exists in said combustion chamber during movement of said
body to reduce the volume of said combustion chamber so as to compress said intake gas
to raise pressure of said intake gas from a first pressure to a second pressure cause said
second valving to admit aqueous fluid from said aqueous fluid supply system and an
amount of said steam reforming fuel into said chamber so that said aqueous fluid and
steam reforming fuel absorb heat generated by said compression of said intake gas in a
presence of a catalyst mounted in said combustion chamber by said at least one mounting,
with said catalyst promoting a stcam rcformation proccess by which hydrogen is scparated
from said steam reforming fuel or said aqueous fluid; and wherein said combustion of
said fuel and hydrocarbon causes movement of said body and said movement of said

body provides an energy output of said combustion chamber.

Brief Description of the Drawings

In the disclosure that follows, reference will be made to the drawings in which:

Figure 1 is a schematic representation of an internal combustion engine;

Figure 2 is a schematic representation of an example of valving for the internal

combustion engine of Figure 1;

Figure 3 is a schematic representation of another example of valving for the internal

combustion engine of Figure 1;

Figure 4 is a schematic representation of an example of a controller for the internal

combustion engine;

Figure 5 is a pressure-volume diagram illustrating a cycle of the internal combustion

engine of Figure 1;

Figure 6 is a temperature-entropy diagram illustrating the cycle of Figure 4;

3a
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Figure 7 is a schematic representation of a modification of a part of the internal

combustion engine of Figure 1;

Figure 8 is a schematic representation of another internal combustion engine;

Figure 9 is a schematic representation of an injector valve of the internal combustion

engine of Figure 8; and

Figure 10 is a schematic representation of a combustion initiator for the internal

combustion engines of Figures 1 to 4, 7 and 8.

Detailed Description

Referring to Figure 1, an internal combustion engine 10 comprises a variable volume
combustion chamber 12 defined by a housing, or cylinder, having walls 14, 16, and a
body that is movable in the chamber. In the illustrated example, the body is a

reciprocating piston 18 that is connected with a crankshaft 20 by a connecting rod 22.

The intemal combustion engine 10 comprises first valving 24 operable to admit an
intake gas comprising an aspirant into the combustion chamber 12. In the illustrated
example, the intake gas is air received from an air supply system 26 connected with
the first valving 24. The air supply system 26 may comprise a manifold configured to
receive ambient air and conduct the air to the first valving 24. The first valving 24
may comprise one or a plurality of valves connected with the air supply system 26.

The air supply system 26 may comprise suitable filters to clean the air.

The intemal combustion engine 10 comprises second valving 30 that is connected
with a steam supply system 32 and a reservoir 34 containing a fuel for the internal
combustion engine. The second valving 30 is operable to admit steam from the steam
supply system 32 and fuel from the reservoir 34 into the combustion chamber 12 as a
mixture. As shown in Figure 2, the second valving 30 may comprise one or a
plurality of first valves 36 that open into the combustion chamber 12 and one or more
second valves 38 disposed between the steam supply system 32 and the first valve(s)
36 so as to isolate the first valves from the steam supply system and permit it/them to

admit fuel alone into the combustion chamber. In another example shown in Figure 3,
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the second valving 30 comprises one or a plurality of first valves 36 that open into the
combustion chamber 12 and are connected with the steam supply system 32 and the
reservoir 34 to admit the fuel-steam mixture into the combustion chamber and one or
plurality of second valves 38 that open into the combustion chamber 12 and are
separately connected to the reservoir 34 and isolated from the steam supply system to
allow it/them to admit fuel into the combustion chamber independently of the first

valve(s).

The internal combustion engine 10 is provided with an exhaust system 40 and exhaust
valving 42 comprising at least one exhaust valve that is operable to release exhaust
gases from the combustion chamber 12 into the exhaust system. In the illustrated
example, the exhaust system 40 is cooperable with the stcam supply system 32 to
extract heat from exhaust gases flowing in the exhaust system to provide at least a part
of the heat used to produce the steam. This may, for example, be achieved by having
piping through which the exhaust gases flow winding around a pipe or a vessel in
which the steam is produced or flowing the exhaust gases through a vessel containing

one or more steam pipes.

The internal combustion engine 10 comprises a controller 48 to control the operation
of the first valving 24, second valving 30 and exhaust valving 42. In the illustrated
example, the first valving 24, second valving 30 and exhaust valving 42 comprise
electrically actuated valves, for example solenoid valves, that are opened and closed
in response to electrical command signals issued by the controller 48. In other
examples, at least one of the first valving 24, second valving 30 and exhaust valving
42 may include one or more valves that are hydraulically or pneumatically actuated in
response to electrical command signals issued by the controller 48 to a source of

hydraulic or pneumatic actuating fluid.

The intemal combustion engine 10 further comprises one or more sensors 50
connected with the controller 48 to provide the controller with signals indicative of
the pressure/temperature in the combustion chamber 12. The sensor(s) 50 may be a
pressure sensor(s) or a temperature sensor(s). The sensor(s) 50 may be any suitable
type of sensor capable of operating at the relatively high temperatures that will be

encountered in use of the internal combustion engine 10. For the purposes of
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controlling operation of the internal combustion engine 10, at least during some
phases of its operation, the temperature sensor(s) need to be highly responsive to
temperature changes taking place within the combustion chamber 12. The
temperature sensor(s) may be an infrared temperature sensor(s) that senses the
temperature in the combustion chamber through a translucent window (not shown).
Altematively, for example, a high temperature embedded photodiode such as is
disclosed in US5 659 133 could be used.

The internal combustion engine 10 may be provided with a combustion initiator 52 to
assist in initiating combustion events in the combustion chamber 12. The combustion
mitiator 52 may be an electrical combustion initiator such as a glow plug, hot wire,

spark plug or the like.

A catalyst 54 is mounted in the combustion chamber 12 by any convenient method.
The catalyst 54 may, for example, be mounted in a mounting comprising suitable
recessing provided in the wall 14 so that it does not affect the volume of the
combustion chamber 12. The catalyst 54 may alternatively, or additionally, be
mounted on the crown of the piston 18, preferably in a mounting comprising suitable
recessing. Mounting the catalyst 54 on the piston is not currently preferred as it
increases the inertia of the piston. In another example, the catalyst may instead, or
additionally, be mounted on the first valve(s) 36. Examples of catalyst mounting on
an injector valve are described below with reference to Figures 8 and 9. In another
example, the catalyst may instead, or additionally, be provided on a combustion
initiator 52. Examples of catalyst mounting on a combustion initiator are described

below with reference to Figure 10.

In Figure 1, the connections between the controller 48 and the valving 24, 30, 42 and
the sensor(s) 50 are not shown. This is simply for the sake of clarity of illustration
and the skilled person will have no difficulty in envisaging suitable ways and means

for making the connections.

In Figure 1, the internal combustion engine 10 is shown comprising just one
combustion chamber 12. While this may be appropriate for some applications,

typically the internal combustion engine 10 will comprise a plurality of combustion
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chambers 12, each having a piston 18 connected to the crankshaft 20. In a multiple
chamber, or cylinder, engine, the chambers may be arranged in any suitable known

configuration such as in-line, flat ora V.

Referring to Figure 4, a suitable controller 48 for the internal combustion engine 10
may comprise one or more a processors 1600 and signal conditioning components
1602 for, for example, amplifying signals and converting analogue signals to digital
and digital signals to analogue to permit the controller to receive and use signals from
the sensor(s) 54 and output usable signals to the valving 24, 30, 42 and other
components of the intemal combustion engine 10 that may be controlled by the
controller. The controller 48 may additionally comprise one or more random access
memories (RAM) 1604 for storing data generated during operation of the internal
combustion engine and circuitry 1606 for use in sampling incoming signals from one
or more sensors to provide a usable input for the processor. The control unit 728 may
additionally comprise one or more data storage components in the form of permanent
memory 1608, which may be a read only memory (ROM), in which one or more
control software portions 1610 are permanently stored. Of course, for some
applications, no permanent memory is required. For example, the controller may be
connected with a master computer in which the control algorithms are stored and
which uploads them to a RAM in the controller at start up of the controller. Another
alternative would be for the controller to be slaved to a master controller or computer.
Yet another alternative would be for the controller to comprise one or more hard

wired control circuits.

The internal combustion engine 10 may operate on a modified diesel cycle. Operation
of the internal combustion engine 10 using a modified diesel cycle will now be

described with reference to Figures 5 and 6.

Referring to Figures 5 and 6, point 1 indicates the start of an operating cycle of the
internal combustion engine 10. At point 1, the piston 18 is at one end of its
reciprocating stroke (the lowermost position as viewed in Figure 1). This is
commonly referred to as bottom dead centre (BDC) position, even in cases in which
the engine cylinders are orientated horizontally such as in a flat four. At this stage,

exhaust gases from a previous cycle have been substantially removed from the
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combustion chamber 12 and a fresh charge of intake gas at ambient pressure and
temperature has been admitted by operation of the exhaust valving 42 and first
valving 24 respectively. The first valving 24 and exhaust valving 40 are closed. The
intake gas is at a first pressure P and first temperature T1. The piston 18 then moves
from BDC towards the wall 14. As the piston moves towards the wall 14, it reduces
the volume of the combustion chamber 12 and in so doing, it compresses the intake
gas. The compression of the intake gas raises its pressure and temperature from P,
Ti. The internal combustion engine 10 is configured so that when the piston 18
reaches the opposite end of its stroke at which it is closest to the wall 14, commonly
referred to as the top dead centre (TDC) position, the volume of the combustion
chamber 12 is reduced sufficiently for the intake gas to have been compressed to a

predetermined pressure Po. The TDC position is indicated at position 2b.

As shown in Figures 5 and 6, as the pressure of the intake gas rises from the pressure
Py at point 1, its temperature initially rises correspondingly from temperature Ti,
which may typically be around 293°K. When a predetermined pressure/temperature
P2./T2a indicated at point 2a is achieved, the controller 48 issues signals to cause the
second valving 30 to open and admit a metered mixture of fuel and stcam into the
combustion chamber 12. The admission of the fuel and steam mixture into the hot
intake gases in the presence of the catalyst promotes a steam reformation process by
which hydrogen is separated from the fuel or the steam. The hydrogen is combusted
in the combustion chamber 12 at a later stage in the cycle. The steam and fuel absorb
heat from the compressed intake gases due to the steam reforming process thereby
cooling the intake gases. In the illustrated example, the fuel and steam mixture is
admitted at a metered rate that cools the intake gases sufficiently to maintain a
substantially constant temperature as the compression of the intake gases continues
from point 2a to point 2b so that, as shown in Figure 6, the temperatures T2 and Tap
arc at least substantially equal. Point 2b indicates the point at which the piston has
reached TDC and is ready for the expansion stroke in which it returns to BDC. At
point 2b, the controller 40 issues signals to cause the second valving 30 to cease
admitting steam to the combustion chamber 12 and to admit a metered charge of fuel

into the combustion chamber for the combustion process.
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At point 2b, the pressure P2, and temperature T2, in the combustion chamber 12 are
such that the hydrogen and fuel should spontancously ignite. Where a glow plug, hot
wire or the like 52 is provided to assist in initiating the combustion of the hydrogen
and fuel, the controller 48 is configured to issue a signal to an electrical power source
(not shown) to cause the glow plug, hot wire or the like to be energised at the same
time as, or shortly after, the issue of the signal to cause the second valving 30 to cease
admitting steam and to admit the metered charge of fuel into the combustion chamber
12. The combustion of the fuel and hydrogen in the combustion chamber 12 causes
the piston 18 to be driven from the TDC position back towards the BDC position.
The movement of the piston is transmitted to the crankshaft 20 by the connecting rod
22 to turn the crankshaft and provide work output W from the internal combustion
engine 10. In the illustrated example, the fuel is admitted into the combustion
chamber 12 at a metered rate selected so that the combustion of the fuel and hydrogen
takes place under substantially constant pressure conditions. The metered fuel is

admitted during the period between points 2b and 3 in Figures 5 and 6.

At point 3, which may be determined as a predetermined clapse of time from point 2b
or when a predetermined pressure/temperature is detected by the sensor(s) 50, the
controller 48 issues a signal causing the second valving 30 to cease admitting fuel to
the combustion chamber 12. The combustion gases continue expanding as the piston
18 moves towards the BDC position and the pressure and temperature in the
combustion chamber progressively fall towards point 4, which represents the BDC
position. At point 4, which may be indicated by a pressure/temperature P4/Ts detected
by the sensor(s) 504 the controller 48 issues a signal to cause the exhaust valving 42
to open to release the combustion gases (exhaust gases) into the exhaust system 40.
As the exhaust gases are released from the combustion chamber 12, the pressure in the
chamber rapidly falls towards ambient pressure. At this stage, the first valving 24 is
caused to open to admit a fresh charge of intake gases and the operational cycle is
back at point 1 and ready for the next cycle. The exhaust valving 42 may remain
open, at least initially, following the opening of the first valving 24 to allow chamber

scavenging by the incoming intake gas.

The above-described cycle harvests heat generated during the compression stroke to

produce additional fuel in the form of hydrogen produced by steam reformation. This
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additional fuel increases the cycle performance. The overall amount of fuel that is
combusted between points 2b and 3 in Figures 5 and 6 is the fuel injected during the
compression stroke between points 2a and 2b, less the fuel consumed in the steam
reformation process, plus the hydrogen fuel gencrated by the stcam reformation
process and the fuel admitted into the combustion chamber between points 2b and 3.
In total that combination should have a higher calorific valuc than the fuel admitted
between points 2a and 3 as the hydrogen generating reactions are endothermic in total.
If the same amount of supplied fuel were supplied to a standard diesel cycle, the fucl
would be admitted to the combustion chamber between points 2 and 3 in Figures 5
and 6. It can be seen that the indicated work (area of the P-V diagram shown in
Figure 5) for the modified diesel cycle (points 1 to 2a to 2b to 3 to 4 to 1) is larger for
the same amount of admitted fuel as in a comparable standard diesel cycle (points 1 to

2 to 3 to 4 to 1), hence the superior efficiency of the modified diesel cycle.

The efficiency improvement provided by the modified diesel cycle illustrated by
Figures 5 and 6 can be evaluated by considering the work and heat energies for each

stage as follows:

Isentropic compression (point 1 to point 2a):

W, =me (I, ~T,) 10y, =0 3)
Isothermic compression (point 2a to point 2b):

2oy =mRT,, 5, h[%}

20
50 Do =Wy (the heat that is absorbed by steam reforming) 4
Isobaric combustion (point 2b to point 3):

W5 :sz,3(V3_V2b) 2bQ3:me(T3_sz) &)
Isentropic expansion (point 3 to point 4):

3VV4:mcv(Zt _T3) ;0,=0 (6)

10
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Scavenging (4->1):
M =0 e chv(ﬂ—n) (7
The efficiency is then evaluated as the net work over spent heat:

— 1VV2a +2aVV2b+2bVV3+3VV4+4VVl

®
20@p T2 s

(note that ,,Q,, is negative).

A comparable standard Diesel cycle (of the same maximum pressure and volume)

would have the efficiency:

_ W,

9
2Q3 ( )

For a compression ratio of 1:25, ambient STP conditions, a point 2a (catalytic)
temperature of 700K, methane as the fuel and stoichiometric combustion, a theoretical
cycle efficiency improvement from 66% to 75% is obtained. It is to be understood
that methane is given purely as an example of a suitable fuel and that in principle any
suitable hydrocarbon may be used with butane, cthanol, methanol and propane (in no
particular order) all being considered good fuels for steam reforming. Conventional
internal combustion engine fuels such as diesel and petrol (gasoline) may also be

used.

The temperature T2, at point 2a at which fuel is admitted into the combustion chamber
12 during the compression stroke is sclected as the minimum temperature that will
suffice for a significant amount of steam reformation to occur. It is desirable to make
this temperature T2. a minimum as this allows for more heat from the compression
stroke to be absorbed, which allows a higher compression ratio to be obtained for the
same maximum pressure Po,. The temperature T2a selected can be found empirically
and may represent a compromise between obtaining a reasonable amount of steam
reformation and absorbing additional heat. Another factor to be taken into account in
determining the temperature T2. is the rate of the catalysed reaction, which increases

with temperature and may place a limit on how low the temperature T2a may be if a

11
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significant amount of steam reformation is to occur. In general it can be expected that
larger engines operating at lower speeds will be able to accommodate a wider

selection of catalysts or lower point 2a temperatures.

Another potential advantage of the modified diesel cycle illustrated by Figures 5 and 6
is that obtaining higher efficiencies without elevating the maximum operating
temperature of the internal combustion engine 10 produces, in effect, a reduction in
pollution generated for the power output. In addition, because hydrogen combustion
is involved, it is to be expected that the emission levels of carbon monoxide (CO) and

hydrocarbons (HC) will be very low compared to a conventional diesel engine.

Yet another advantage of the modified diesel cycle is that the heat absorption by the
steam reforming process may result in a lower temperature T2, in the combustion
chamber at the end of the compression stroke than the temperature T» in a comparable
conventional diesel engine (compare points 2b and 2 in Figure 6). Since nitrous oxide
(NOx) production depends exponentially on temperature, the NOx emission level of
an interal combustion engine 10 operating the modified diesel cycle should be very

low, at least compared with an engine running a conventional diesel cycle.

Figure 7 shows a modified form of the internal combustion engine of Figures 1 to 4.
In Figure 7 components that are the same as, or similar to, components shown in
Figure 1 are indicated by the same reference numerals incremented by 100 and may
not be described again. The difference between the internal combustion engine 110
and the internal combustion 10 is that it has a second reservoir 170. The first
reservoir 134 is used to hold a steam reforming fuel for the steam reforming process
that is admitted into the combustion chamber 112 between points 2a and 2b (Figures 5
and 6) of the compression stroke for consumption in the stcam reforming process.
The second reservoir 170 holds a combustible fuel that is admitted into the
combustion chamber 112 during the combustion phase between points 2b and 3
(Figures 5 and 6). In this example, the second valving 130 comprises at least one first
valve 136 connected with the steam supply system 132 and first reservoir 134 to
admit the fuel-steam mixture into the combustion chamber and at least one second
valve 138 connected with the second reservoir 170 to admit the fuel into the

combustion chamber. The first valve(s) 136 may comprise an injector valve fitted

12
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with a catalyst, for example, as described below with reference to Figures 8 and 9.
The internal combustion engine 110 may be provided with a combustion initiator that
carrics a catalyst for the stcam reformation process, for example, a glow plug as

described below with reference to Figure 10.

The configuration illustrated by the example shown in Figure 7 allows the possibility
of supplying one fuel for the steam reforming process and a different fuel for the
combustion process so that a fuel that might be expected to give better hydrogen
yields for the steam reforming process can be selected where it is desirable to use a
different fuel for the combustion process, for example for efficiency or availability
reasons. Thus, for example, in some examples a fuel with limited availability such as
a relatively cheap bio-waste fuel may be used as the stecam reforming fuel for the
steam reforming process and a more readily available fuel, for example diesel or
petrol (gasoline) may be used as the combustible fuel for the combustion process.
Similarly, a ‘light” fuel such as methanol or methane may be used as the steam
reforming fucl for the steam reforming process since it may produce greater
efficiencies, while a more readily available heavier fossil fuel such as diesel or petrol

may be used as the combustible fuel for the combustion process.

Figures 8 and 9 show features of another internal combustion engine 210. Parts of the
internal combustion engine 210 similar to or the same as parts of the internal
combustion engine 10 are indicated by the same reference numeral incremented by

200 and may not be described again.

Referring to Figure 8, an internal combustion engine 210 comprises a combustion
chamber 212 defined by walls 214, 216. The combustion chamber 212 houses a
reciprocating piston 218 that is connected with a crankshaft (not shown) by a
connecting rod (also not shown). The internal combustion engine 210 further
comprises first valving 224 to admit an intake gas comprising an aspirant into the
combustion chamber. The first valving 224 may be connected to an air supply system
226. The internal combustion engine 210 further comprises second valving 230
comprising at least one injector valve 236. Purely for ease of presentation, in the
description that follows, references to the injector valve 236 will be in the singular.

This is not to be taken as limiting as multiple injector valves 236 may be provided.
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The injector valve 236 is connected with a reservoir 268 via a fuel pump 253. The
reservoir 268 is to hold a combustible fuel and the fuel pump 253 is operable to pump
the fuel to the injector valve 236. The reservoir 268 and fuel pump 253 may be a
standard reservoir and fuel pump supplied with the internal combustion engine 210.
The injector valve 236 is also connected with a second reservoir 234 via a pump 258.
The pump 258 is operable to pump an aqueous fluid or a mixture comprising an

aqueous fluid and a steam reforming fuel to the injector valve 236.

Referring to Figure 9, the injector valve 236 comprises a valve body 270 configured
to be inserted into an injector port 272 defined in the wall 214. The valve body 270
has a first, or outlet, end provided with a plurality of outlet apertures 274 and a second
end provided with a flange 276. A kecper plate 278 may be secured to the wall 214
by screws, bolts or the like 280. The first injector valve 276 is configured to be
engaged by the keeper plate 278 such that it is secured to the wall 214 by a pressing
force applied by the keeper plate. A suitable seal 282 may be disposed between the

flange 276 and wall 214 so as to be compressed and seal between them.

The injector valve 236 has an inlet head 284 extending from the side of the flange 276
opposite the side from which the valve body 270 extends. The inlet head 284 has
connector parts 286, 288 for connection to respective pipes 290, 292 (Figure 8) that
connect the injector valve 236 with the pumps 253, 258.

The injector valve 236 carries a catalyst 254 for the steam reformation process that
takes place in the combustion chamber 212 when operating a cycle incorporating a
steam reformation process such as a modified diesel cycle the same as, or similar to,
the modified diesel cycle described above with reference to Figures 5 and 6. The
catalyst 254 may be provided in the form of a sleeve 290 secured to the outlet end of
the valve body 270. The sleeve 290 may be a cylindrical member defining a fully
enclosed flow path extending from the outlet end of the valve body 270.
Altemnatively, the sleeve 290 may, for example, be a partial sleeve provided with a
side opening(s), which may, for example, be a lengthways extending slit(s). At least
some of the outlet apertures 274 may be configured to direct a spray of the output
fluid directly onto the catalyst 254.
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An injector valve carrying a catalyst, for example as illustrated in Figure 9, may be
provided in newly built engines. This provides the possibility configuring an engine to
operate a cycle incorporating a steam reformation process, such as the modified diesel
cycle described above with reference to Figures 5 and 6, without the need to
reconfigure, or specially configure, the combustion chamber to receive a mounting for
a catalyst. Such injector valves may also be used to provide a relatively
straightforward means of adapting existing internal combustion engines to operate the
modified diesel cycle. One or more injector valves carrying a catalyst may, for
example, be supplied as a kit for retrofitting to an existing intemal combustion engine
in place of one or more standard injector valves. The kit may include a reservoir or a
pump, such as the reservoir 234 and pump 258, with suitable piping to connect the

mjector valve(s) to the pump.

In the example by Figures 8 and 9, a catalyst is provided on an injector valve that is
operated to admit an aqueous fluid, or a steam reforming fuel or a mixture comprising
aqueous fluid and steam reforming fuel into the combustion chamber during the
compression phase of a combustion cycle. This is not essential. The catalyst may be
provided on an injector valve that is operable to admit the aspirant or the fuel admitted
during the combustion phase of the cycle. In each case, the valve may be configured
so that the catalyst it carries is exposed to the aqueous fluid, steam reforming fuel and
heat in the combustion chamber so that it can function as a catalyst for the steam

reformation process.

In the example illustrated above, the injector valve has respective connector parts for
separate pipes by which the injector valve is connected to the reservoirs via the two
pumps. In another example, a manifold or the like may be provided upstream of the
ijector valve to reccive supplies from the reservoirs via their pumps so that the
imjector valve can have a single connector part by which the injector valve is

connectable to the manifold or the like by a single pipe.

In other examples, intemal combustion engine such as those illustrated by Figures 1 to
4,7 and 8 and 9, may be provided with a combustion initiator carrying a catalyst. The

combustion initiator may take the form of an electrical combustion initiator such as a
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glow plug, hot wire or spark plug. Referring to Figure 10, an electrical combustion
mitiator in the form of a glow plug 452 may comprise a threaded body part 490
configured to permit the combustion initiator to be screwed into a suitably threaded
port defined in a wall of a combustion chamber. The glow plug 452 may comprise a
flange 492 configured to be engaged by a tightening tool, such as a wrench socket, to
permit the combustion initiator to be firmly screwed into such a port. The glow plug
452 may comprise an clectrical input terminal 494 configured to permit the glow plug
to be electrically connected with a suitable electrical power source (not shown).
Electrical power sources and connections between such sources and electrical
combustion initiators in internal combustion engines will be familiar to those skilled
in the art and will not described in herein. The glow plug 452 may further comprise a
centre electrode 496 electrically connected with the input terminal 494 and heating
and regulating coils 498, 500. The heating and regulating coils 498, 500 arc encased
in insulation powder 502 contained in a sheath or tube 504 disposed at the end of the
glow plug 452 opposite the end at which the input terminal 494 is situated. The
sheath 504 extends coaxially from an end of the body part 490. The sheath 504
functions as an energy output member and in use is disposed in the combustion
chamber so that it is exposed to the fuel, hydrogen and air mixture in the combustion
chamber and can add energy to the mixture in the form of heat. The glow plug 452
may at least assist in initiating combustion, at least during start up of the internal
combustion engine 210 when the walls 214, 216 are relatively cold and may absorb a

significant amount of the heat generated during compression of the intake gases.

The glow plug 452 further comprises a catalyst 454 for a steam reformation process
that takes place in the combustion chamber when a steam reforming fuel and aqueous
fluid are admitted to the chamber during compression of the intake gases. In the
illustrated example, the catalyst 454 is a member 506 secured to the body part 490 of
the glow plug. The member 506 may extend coaxially with the body part 490 and
sheath 504 and is positioned such that when the glow plug 452 is installed, the
catalyst is exposed to the aqueous fluid, heat and steam reforming fuel in the
combustion chamber 212. The member 506 may be a sleeve surrounding the sheath
504 over a part of its length. Alternatively, the member 506 may, for example, be a
partial sleeve provided with side openings to ensure the sheath 504 is not overly

shiclded from the fluids in the combustion chamber 212. In another example, the
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catalyst may be provided in the form of a plurality of members secured to the glow

plug 452 or may be plated onto a part of the glow plug.

As with examples in which an injector valve comprises a catalyst, providing a
combustion initiator with a catalyst provides a relatively straightforward means of
adapting existing internal combustion engines to incorporate a steam reformation
process into their operating cycle. Of course, a combustion initiator provided with a
catalyst may be used in a new build engine that is designed to incorporate a steam

reformation process in its operating cycle.

A combustion initiator(s) provided with a catalyst may be used in conjunction with an
mjector valve(s) provided with a catalyst, which may the same or a different catalyst,
and supplied in a kit with reservoir and pump as previously described. Similarly, an
mjector valve(s) or combustion initiator(s) provided with a catalyst may be used in
conjunction with catalysts mounted in the combustion chamber and may cach be the

same or different catalysts.

A kit for retrofitting to an existing internal combustion engine may additionally
comprise control circuitry or instructions to modify the operation of the engine
controller of the engine to configure it to operate a new cycle incorporating a steam
reformation process. The control circuitry may take the form of, for example, an
additional circuit board(s) to be plugged into the controller, a replacement circuit
board(s) or a processor device loaded with the instructions. Altematively, in other
examples the kit may comprise a data carrier that can be temporarily connected with
an engine controller to allow new instructions to be loaded onto the controller by way

of a firmware upgrade or software update to memory.

In some examples, it may be desirable to provide discontinuities in the surface of the
catalyst as a means of increasing the surface arca of catalyst material exposed to the
steam in the combustion chamber. The catalyst may for example be provided with
surface grooves or ridges, or other discontinuities such as discrete projections or

depressions that may have a circular, irregular or other shaped cross-section.
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It will be understood that providing a catalyst for a steam reformation process on a
combustion initiator or injector valve may be advantageous in that it allows the
possibility of providing the catalyst by simply fixing replacement parts in existing
ports provided in the combustion chamber walls. Thus an existing internal
combustion engine can be converted to incorporate a steam reformation process into
its operating cycle with no changes made to the engine block or cylinder head.
Altematively, it may be advantageous to maximise the catalyst surface arca by
providing a catalyst in one or more recesses in the combustion chamber walls, on an

mjector valve(s) and on a combustion initiator(s).

In the illustrated examples, the steam and steam reforming fuel are admitted into the
chamber via separate valves and mix in the injection zone in the chamber or are
imjected through a common injector so that a certain amount of mixing may take place
upstream of the chamber. For certain examples, a mixing chamber may be provided
upstream of the second valving so that the steam and steam reforming fuel can be

supplied to the second valving as a mixture.

In the illustrated examples, a combination of an aqueous fluid and a stcam reforming
fuel is admitted into the combustion chamber during the compression stroke to
promote a steam reforming process to separate hydrogen from the steam reforming
fuel or steam to be combusted in the combustion chamber. In other examples, the
aqueous fluid may be in the form of a water mist or a combination of water mist and

vapour.

In the illustrated examples, the steam reforming fuel for the steam reforming process
may be a non-aqueous hydrogen containing compound, hydrocarbon or fossil fuel.
The same fuel may serve as the steam reforming fuel and the combustible fuel.
Altematively, the steam reforming and combustible fuels may be different. In
general, the steam reforming fuel may be any fluid that can be injected into the
chamber during the compression phase, or stroke, of the engine to react
exothermically with oxygen; that is release energy when oxidised. In steam reforming
the steam reforming fuel may be oxidised by the oxygen in the water (steam), thereby
releasing hydrogen from the water (steam) or stcam reforming fuel, it being

understood that hydrogen may be released from both. In addition to the fucls
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previously mentioned, other fuels that may be used for the steam reforming fucl
including hypergolic fuels, hydro peroxide and boranes such as diborane, pentaborane

and decaborane.

It is to be understood that the steam reforming fuel is not necessarily combustible.
However, if the stcam reforming fuel is combustible, any residue from the steam

reforming process can be bunt during the combustion process.

It is to be understood that while steam reforming is the predominant hydrogen
separation process that takes place in the chamber, there may also be some hydrogen

separated from the water (steam) by dissociation.

Due to the relatively high levels of water vapour present in the combustion chamber
during the combustion process, the exhaust gases released from the combustion
chamber will contain significant amounts of water vapour. In some examples, one or
more condensers may be provided in the exhaust system to condense the water vapour

for reuse as the aqueous fluid in subsequent engine cycles.

It will be understood that the best catalyst for a particular internal combustion engine
and steam reforming fuel may be determined by testing. It is currently envisaged that
Cw/ZnO, Pd/Zn0O, CuZrO, or composite alloys of these will be suitable catalysts. The
catalyst selected will need to have sufficient thermal durability to withstand use in a

combustion environment.

In the illustrated examples, the body partially defining the variable volume
combustion chamber is a reciprocating piston. In other examples, the body may be a
rotary member. In still further examples, the piston may be a body of liquid as
disclosed in W02009/101420, the content of which is incorporated hercin by

reference.

The description of the illustrated examples refers to the use of a pressure/temperature
sensor(s) to provide the pressure/temperature indications that cause the controller to
issue signals to cause the injection of the aqueous fluid and non-aqueous hydrogen

containing compound during the compression stroke. In some examples, particularly
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in slower moving engines, a position sensor(s) detecting the position of the body in
the combustion chamber, for example the piston 18, may be used. Thus, for example
two position sensors spaced apart in the direction of movement of the piston may be
used to provide an indication of the direction of movement of the piston, with the
second sensor indicating that the piston has reached a position at which the volume of
the chamber will be such that the pressure/temperature is the desired

pressure/temperature at which injection should occur.

Although not limited to such applications, it is envisaged that internal combustion
engines operating a modified diesel cycle as illustrated by Figures 5 and 6 will be
suitable for applications in the automotive industry. While the structure and operating
principles described above may be advantageously applied to newly built internal
combustion engines, it is to be understood that existing engines may be modified by

to obtain the benefits of the invention.
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Claims

1. A method of operating an internal combustion engine that comprises a variable
volume combustion chamber containing a catalyst, said method comprising:

at a first pressure in said combustion chamber admitting an intake gas
comprising an aspirant into said combustion chamber;

reducing the volume of said combustion chamber to compress said intake gas
to raise the pressure in said combustion chamber from said first pressure to a second
pressure that is greater than said first pressure;

admitting an aqueous fluid and a steam reforming fuel into said combustion
chamber when the pressure in said combustion chamber reaches a predetermined
pressure intermediate said first and second pressures so that said aqueous fluid and
steam reforming fuel absorb heat generated by said compression of said intake gas
and said catalyst promotes a steam reformation process by which hydrogen is
separated from said steam reforming fuel or said aqueous fluid; and

when the pressure in said combustion chamber is at least at said second
pressure, admitting a combustible fuel into said chamber and combusting said
combustible fuel and hydrogen,

wherein the volume of said combustion chamber is varied by moving a body
in said combustion chamber and combustion of said fuel and hydrogen causes
movement of said body to increase the volume of said combustion chamber and said

movement of said body provides an energy output of said combustion chamber.

2. The method of operating an internal combustion engine as claimed in claim 1,
comprising admitting said aqueous fluid and steam reforming fuel into said

combustion chamber as a mixture.

3. The method of operating an internal combustion engine as claimed in claim 1
or 2, comprising controlling the admission of said aqueous fluid or said aqueous fluid
and steam reforming fuel into said combustion chamber so that the temperature within

said chamber remains substantially constant.
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4. The method of operating an internal combustion engine as claimed in any one
of claims 1 to 3, comprising admitting said aqueous fluid into said combustion

chamber as a water mist, vapour or a combination of water mist and vapour.

5. The method as claimed in any one of claims 1 to 4, comprising releasing
exhaust gases generated by combustion of said combustible fuel and hydrogen from
said combustion chamber and extracting heat from said released exhaust gases to heat
said aqueous fluid prior to admission of said aqueous fluid to said combustion

chamber.

6. The method of operating an internal combustion engine as claimed in any one
of claims 1 to 5, comprising controlling the admission of said combustible fuel into
said combustion chamber so that a substantially constant pressure is maintained

during at least a first phase of combustion of said combustible fuel and hydrogen.

7. The method of operating an internal combustion engine as claimed in any one
of claims 1 to 6, wherein said body comprises:
i) a reciprocating piston; or

ii) a rotary member.

8. The method as claimed in claim 7, wherein said catalyst is carried by said

reciprocating piston or rotary member.

9. The method as claimed in any one of claims 1 to 8, wherein said catalyst is

provided on a wall of said combustion chamber.

10.  The method as claimed in any one of claims 1 to 9, wherein said catalyst is
provided on at least one of:

i) an injector by which said steam reforming fuel or combustible fuel is
admitted into said combustion chamber; and

ii) a combustion initiator provided to initiate combustion of said combustible

fuel and hydrogen.
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11.  The method as claimed in any one of claims 1 to 10, wherein said steam

reforming fuel and combustible fuel are the same.

12.  An internal combustion engine comprising:

a housing and a body movable in said housing to define a variable volume
combustion chamber;

a catalyst in said combustion chamber;

first valving to admit an intake gas into said combustion chamber;

an aqueous fluid supply system;

second valving connected with said aqueous fluid supply system and operable
to admit aqueous fluid from said aqueous fluid supply system and a steam reforming
fuel into said combustion chamber; and

a controller configured to i) cause said first valving to admit a charge of intake
gas into said combustion chamber and ii) when a predetermined condition exists in
said combustion chamber during movement of said body to reduce the volume of said
combustion chamber so as to compress said intake gas to raise pressure of said intake
gas from a first pressure to a second pressure, cause said second valving to admit
aqueous fluid from said aqueous fluid supply system and an amount of said steam
reforming fuel into said combustion chamber so that said aqueous fluid and steam
reforming fuel absorb heat generated by said compression of said intake gas and said
catalyst promotes a steam reformation process by which hydrogen is separated from
said steam reforming fuel or said aqueous fluid; and

wherein said combustion of said fuel and hydrocarbon causes movement of
said body and said movement of said body provides an energy output of said

combustion chamber.

13.  An internal combustion engine comprising:

a housing and a body movable in said housing to define a variable volume
combustion chamber;

at least one mounting to mount a catalyst in said combustion chamber;

first valving to admit an intake gas into said combustion chamber;

an aqueous fluid supply system;
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second valving connected with said aqueous fluid supply system and operable
to admit aqueous fluid from said aqueous fluid supply system and a steam reforming
fuel into said combustion chamber; and

a controller configured to i) cause said first valving to admit a charge of intake
gas into said combustion chamber and ii) when a predetermined condition exists in
said combustion chamber during movement of said body to reduce the volume of said
combustion chamber so as to compress said intake gas to raise pressure of said intake
gas from a first pressure to a second pressure cause said second valving to admit
aqueous fluid from said aqueous fluid supply system and an amount of said steam
reforming fuel into said chamber so that said aqueous fluid and steam reforming fuel
absorb heat generated by said compression of said intake gas in a presence of a
catalyst mounted in said combustion chamber by said at least one mounting, with said
catalyst promoting a steam reformation process by which hydrogen is separated from
said steam reforming fuel or said aqueous fluid; and

wherein said combustion of said fuel and hydrocarbon causes movement of
said body and said movement of said body provides an energy output of said

combustion chamber.

14, The internal combustion engine as claimed in claim 12 or 13, further
comprising a first reservoir to contain said steam reforming fuel and wherein said
second valving is connected with said first reservoir to admit said steam reforming

fuel into said combustion chamber.

15. The internal combustion engine as claimed in claim 14, wherein said first
reservoir, first valving and aqueous fluid supply system are configured so that said
steam reforming fuel and said aqueous fluid are admitted to said combustion chamber

as a mixture.

16.  The internal combustion engine as claimed in any one of claims 12 to 15,
wherein said steam reforming fuel is a combustible fuel and said controller is
configured to cause said second valving to admit a second amount of said steam
reforming fuel into said combustion chamber when the pressure in said combustion

chamber is at least said second pressure to be combusted with said hydrogen.
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17.  The internal combustion chamber as claimed in any one of claims 12 to 15,
further comprising a second reservoir to contain a combustible fuel that is different to
said steam reforming fuel and wherein said second valving is connected with said
second reservoir and said controller is configured to cause said second valving to
admit said combustible fuel into said combustion chamber when the pressure in said
combustion chamber is at least said second pressure to be combusted with said

hydrogen.

18. The internal combustion engine as claimed in claim 17, wherein said second
valving comprises a first valve to admit at least one of said aqueous fluid and steam
reforming fuel into said chamber and a second valve to admit said combustible fuel

into said chamber.

19.  The internal combustion engine as claimed in any one of claims 12 to 18,
further comprising a sensor to provide signals indicative of the temperature in said
combustion chamber and wherein said controller is configured to control the
admission of said aqueous fluid or steam reforming fuel and aqueous fluid into the
combustion chamber so as to maintain a substantially constant temperature in said

combustion chamber.

20.  The internal combustion engine as claimed in claim 19, wherein said sensor is

an optical temperature sensor.

21.  The internal combustion chamber as claimed in any one of claims 12 to 20,
further comprising an exhaust system to receive exhaust gases from said combustion
chamber and cooperable with said aqueous fluid supply system to extract heat from
exhaust gases flowing in said exhaust system to heat said aqueous fluid in said

aqueous fluid supply system.

22.  The internal combustion engine as claimed in any one of claims 12 to 21,
wherein said aqueous fluid supply and second valving are configured so that said
aqueous fluid is admitted to said combustion chamber as a water mist, vapour or

combination of water mist and vapour.
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23. The internal combustion engine as claimed in any one of claims 12 to 22,

wherein said catalyst is provided on said second valving.

24.  The internal combustion engine as claimed in any one of claims 12 to 23,
wherein said catalyst is provided on a combustion initiator that is operable to initiate

combustion in said combustion chamber.

25. The internal combustion engine as claimed in any one of claims 12 to 24,
wherein said body comprises:
i) a reciprocating piston; or

ii) a rotary member.
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