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(54) Title: PISTON MACHINE

(57) Abstract: A piston machine including: a crankshaft; a cylinder defining an in-

100

ternal chamber; a piston positioned in the chamber, the piston being connected to
the crankshaft and being configured to reciprocate inside the chamber; a head at-
tached to the cylinder and closing the chamber at an end opposing the piston. The
head includes at least one port group including ports for allowing fluid communica-
tion between the chamber and a respective manifold; and for each port group, a
valve arrangement coupled to the head, each valve arrangement including, a valve
for operatively controlling fluid flow through the respective port and a bridge
coupled to the valves, wherein movement of the bridge relative to the head causes
synchronised operation of the valves; and, an actuator for causing the bridge to
move based on the reciprocation of the piston.
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PISTON MACHINE

Background of the Invention

[0001] The present invention relates to piston machines, particularly, but oot exclusively,
reciprocating engines powered by a pressurised gas such as air, or compressors as well as to

valve arrangements for use I piston machines,

Description of the Prior Art

{0002] Reciprocating engines, also commonly referred to as piston engines, are used to
convert pressure applied to a reciprocating piston into rotation of a connected shaft. In
internal combustion reciprocating engines, the pressure is provided by the combustion of fugl
inside a cylindex in which the piston reciprocates. In other types of reciprocaling engines, the
pressure for powering the engine may be provided by supplying a pressurised gas directly
into the cylinder. For example, steam engines are powered by heated and pressurised water

vapour, and air engines are powered by compressed air.

[0003] Whilst air engines and other reciprocating engine types which are powered by a
pressurised gas withouot relying on internal combustion often have reduced energy produaction
capacities compared to similarly sized internal combustions engines, there are nevertheless a
range of applications where these may be desirable, such as in situations where combustion
would be vnsafe or it is undesirable for combustion waste products to be emitted into the

operating environment.

[0004] There has been growing interest i1 the use of compressed gas engines. and
particularly air engines. as a source of motive power for antomobiles. Typically, air engines
will not generate any polluting enissions at the point of use. and are thus considered to
provide a relatively clean alternative to internal combustion engines, assuming pressurised air
can be efficiently produced by a compressor driven by a renewable power source or af least a
power source which produces reduced emissions compared to an equivalent internal

combustion engine.

[0005] U5-6,598,392 discloses an example of a compressed gas engine proposed for use as a

poswer plant for small vehicles which can be powered by compressed gas rather than internal
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combustion. In particular, the compressed gas engine of this document includes a plurality of
reciprocating pistons within cylinders, the pistons being driven by compressed gas from a
source tank. Totake and exhaust valves selectively open to direct compressed gas Lo the piston

to drive the piston. and to exhaust air, respectively.

[0006] Unfortunately, air engine powered automobiles proposed to date have generally had
highly restrictive performance andfor range of operation. This may be atiributed to

inefficiencies in the design of the air engine design, physical limitations on the amount of

compressed air that can be stored and its storage pressure.

{00071 Recent developments in this field have sought to address some of these problems,
although the designs proposed by high profile aly engine development companies such as
Engineair Pty Ltd and Motor Development International S.A. (MDI) have still not provided
sufficient improvements to make air engine powered automobiles commercially feasible to

date, despite significant deviations frem conventional reciprocating engine arrangements.

[0008] Furthermore, widespread adoption of air engine technology in automobiles is likely to
require infrastructure for efficiently providing compressed air for recharging the automobile’s

supplies, which is not yet available.

[0009] Air engines may also be useful in allowing clectrical power to be generated, such as
in remote locations having no existing electricity or fuel distribution infrastructures, although
similar issues with regard lo design inefficiencies along with the storage and/or production of

compressed air have lunited practical applications in this regard.

[0010] In view of the above, there is still an unmet need for improved reciprocating engine

technologies, particularly with regard to reciprocating engines powered by compressed gas.

[0011] The reference in this specification to any prior publication (or information derived
from i), or to any matter which is known. is not, and shonld not be taken as an
acknowledgment or admission or any form of suggestion that the prior publication (or
information derived from i) or known matter forms part of the common general knowledge

in the field of endeavour to which this specification relates.
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Summery of the Present Invention

[0012] 1o a first broad form the present invention seeks to provide a reciprocating engine

including:
a) acrankshaft;
b} acylinder defining an internal chamber;

<}

dy

e)

a piston positioned in the chamber, the piston being connected to the crankshaft and

being configured to reciprocate inside the chamber;

a head attached to the cylinder and closing the chamber at an end opposing the piston,

the head including at least one port group including two or more ports for allowing

Huoid communication between the chamber and a respective manifold; and,

for each port group. a valve arrangement coupled to the head, vach valve arrangement

mcloding:

1} for each port of the port gronp, a valve for operatively controlling fluid ffow
through the respective port;

i} a bridge coupled to the valves, wherein movement of the bridge relative to the
head causes synchronised operation of the valves: and,

i) an actuator for causing the bridge to move based on the reciprocation of the

piston.

[0013] Typically the actuator includes a cam mounted on a camshaft that is rotationally

coupled to the crankshaft, the cam being configured to control the movement of the bridge

depending on a rotational position of the crankshaft.

{0014] Typically the bridge includes a cam follower for engaging the cam.

[0015] Typically the actuator causes the bridge to move away from the head.

[0016] Typically each valve arrangement includes at least one biasing member for biasing

the bridge towards the head.

{0017] Typically the biasing member is a spring.

[0018] Typically at least one valve arrangement is configured such that movement of the

bridge away from the head caunses the valves to close the respective ports,
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[0019] Typically the biasing member assists in moving the bridge towards the head to

thereby cause the valves to open the respective ports.

[0020] Typically the at least one valve arrangement is configured such that movement of the

bridge away from the head causes the valves to open the respective ports.

{0D21] Typically the biasing member assists in moving the bnidge towards the head to

thereby cause the valves to close the respective ports,
[0022] Typically the actuator causes the bridge to move towards the head.

[0023] Typically the actuator causes the bridge to controllably move towards the head and

away from the head based on the reciprocation of the piston.

[0024] Typically cach valve includes:
a) an clongate steny, the stem being coupled to the bridge; and,
b) a plug at an end of the stem, the plug being for scaling an opening of the respective

port to thereby close the port.

[0025] Typically the stem of each valve is radially supported by a valve guide positioned in

the head.

[0026] Typically, for the valves of one of the valve arrangements, the valves are opened by

being lifted by the bridge such that the plug moves into the head.

[0027] Typically the piston reciprocates in a stroke divection relative to the eylinder, and the
bridge moves in the stroke direction to thercby cause the valves o move in the stroke

direction.

[0028] Typically the valves are coupled to the bridge symmetrically with respect to a centre

plane of the bridge.

{0029] Typically the engine includes:
ar inthe head:
1}y an inlet port group for allowing fluid communication between the chamber and an

inlet manifold: and,
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i1} an exhaust port group for allowing flwid communication between the chamber and
an exhaust manifold;

b)Y an iolet valve arrangement including inlet valves for controlling fhud flow through
respective inlet ports of the inlet port group and an inlet bridge coupled to the inlet
valves: and,

¢} an exhaust valve arrangement including exhaust valves for controlling fluid flow
through respective exhaust ports of the exhaust port group and an exhaopst bridge

coupled to the inlet valves.

[0030] Typically the inlet valves are configured to open when the inlet bridge is moved away
from the head and the exhaust valves are configured to close when the exhanst bridge is

moved away {rom the head.

[0031] Typically the inlet bridge is moved away from the head by an inlet cam and the

exhaust bridge is moved away from the head by an exhaust cam.

[0032] Typically the inlet cam and the exhaust cam are mounted on a single cam shaft, the

cam shaft being coupled to the crankshaft.

[0033] Typically the inlet valve assembly includes at least one inlet biasing member for

urging the inlet bridge towards the head to thereby bias the inlet valves in a closed position.

[0034] Typically the exhaust valve assembly includes at least one exhaust biasing member
for urging the exhaust bridge towards the head to thereby bias the exhaust valves in an open

position,

[0035] Typically the inlet valves are configured to close when the inlet bridge is moved away
from the head and the exhaupst valves are configured to close when the exhaust bridge is

moved away from the head.

[0036] Typically the inlet valve assembly includes at least one inlet biasing member for

urging the inlet bridge towards the head to thereby bias the inlet valves in an open position.
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[0037] Typically the exhaust valve assembly welodes at least one exhaust biasing member
for urging the exhaust bridge towards the head to thereby bias the exhaust valves in an open

position.

[B038] Typically the exhaust port group includes a greater pumber of parts compared to the

inlet group.

[0039] Typically a total exhaust flow arca through the exhaust ports of the exhaust port group

is greater than a total inlet flow area through the inlet ports of the inlet port group.
[0040] Typically the piston has a concave piston face.
[0041] Typically the crankshaft is supported inside the engine using roller bearings.

[0042] Typically the piston includes piston seals for forming a seal between the piston and

walls of the cylinder.

[0043] Typically the engine includes a plurality of cylinders. each cylinder having a

respective piston, head and valve assembly.

[0044] Typically the same piston, head and valve assemblies are used for each cylinder of the

plurality of cylinders.

[0045] Typically the valve assemblies are configured such that the inlet ports for at least one

cyvlinder are open for all crankshaft rotational positions.

{0046] In a second broad form the present invention seeks to provide a power generation
system including:
a) a gas compressor l[or receiving gas and pressurising the gas to thereby supply
pressurised gas;
h) an engine according te any one of claims 1 to 34, the engine being configured to
receive pressurised gas {rom the gas compressor such that the engine 1s driven by the

pressurised gas.

[0047] Typically the system further includes an electrical power generator coupled to the

engine.
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[0048] Typically the electrical power generator is {or supplying electrical power to at least
one of;

a) an electrical Ioad;

b) an electrical store;

¢} an electrie molor;, and,

d) the gas compressor.

[0049] Typically the engine exhausts exhaust gas having an exhaust temperature lower than
ambient temperature, the exhaust gas being vsed for at least one of;

ay cooling;

by cooling of equipment;

¢} refrigeration; and,

d) air-conditioning.
[0450] Typically the gas compressor is driven by an internal combustion engine.

[0051] Typically the internal combustion engine is cooled by exhaust gas exhausted by the

engine.

[0052] In a third broad form the present invention secks to provide a vehicle power plant

including a power generation system as described above.

[0033] Typically the vehicle includes wheels and the engine is mechanically coupled to a

drive train to thercby drive wheels of the vehicle.

[0054] Typically the system includes a store for storing any pressurised gas that is not used
to drive the engine when the pressurised gas is supplicd by the gas compressor, the store

being configured to controllably supply pressurised gas to the engine.

[0055] Tn a fourth broad form the present invention seeks to provide a pressurised gas engine
configured to be driven by pressurised gas, the pressurised gas engine including:

ay acrankshafi;

b) acylinder delining an internal chamber;

¢} a piston positioned in the chamber, the piston being connected to the crankshaft and

being configured to reciprocate inside the chamber;
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[0056]

aj

b)

-8 -

a head attached 1o the cylinder and closing the chamber at an end opposing the piston,

the head ineluding at least one port group including two or more ports for allowing

fluid communication between the chamber and a respective manifold; and,

for each port group. a valve arrangement coupled to the head, each valve arrangement

including:

iy for each port of the port group, a valve for operatively comtralling fluid f{low
through the respective port;

ii} a bridge counpled to the valves, wherein movement of the bridge relative to the
head caunses syachronised operation of the valves; and,

i) an actuator for causing the bridge to move based on the reciprocation of the

piston.

Typically the pressurised gas engine includes:

in the head:

i} an inlet port group for allowing {lnid communication of pressurised gas between
the chamber and an inlet manifeld: and,

i1} an exhaust port group for allowing flwid communication of exhanst gas between
the chamber and an exhaust roanifold:

an inlet valve arrangement including inlet valves for controlling pressurised gas flow

through respective inlet ports of the inlet port group and an inlet bridge coupled to the

falet valves: aad,

an exhaust valve arrangement including exhaust valves for controlling exhaust gas

flow through respective exhaust ports of the exhaust port group and an exhaust bridge

coupled to the exhaust valves.

[0057] 1n a fifth broad form the present invention seeks to provide an internal combustion

engine including:

a)
b}

c)

a crankshaft;
a cylinder defining an internal chamber;
a piston positioned 1n the chamber, the pision being connected to the crankshaft and

being configured to reciprocate inside the chamber:
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[0058]
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b)
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a head attached 1o the cylinder and closing the chamber at an end opposing the piston,

the head ineluding at least one port group including two or more ports for allowing

fluid communication between the chamber and a respective manifold; and,

for each port group. a valve arrangement coupled to the head, each valve arrangement

including:

iy for each port of the port group, a valve for operatively comtralling fluid f{low
through the respective port;

ii} a bridge counpled to the valves, wherein movement of the bridge relative to the
head caunses syachronised operation of the valves; and,

i) an actuator for causing the bridge to move based on the reciprocation of the

piston.

Typically the internal combustion engine includes:

in the head:

1) an inlet port group for allowing {luid communication of a mixture of fuel and air
between the chamber and an inlet manifold; and.

1) an exhaust port group for allowing fhuid communication of exhaust gases between
the chamber and an exhaust roanifold:

an inlet valve arrangement including inlet valves for controlling the flow of the

mixture of fuel and air throngh respective inlet ports of the inlet port group and an

inlet bridge coupled to the inlet valves; and,

an exhaust valve arrangement including exhaust valves for controlling the flow of

exhaost gases through respective exhaust ports of the exhaust porl group and an

exhanst bridge coupled to the exhaust valves.

[0059] Typically the internal combustion engine includes at least one of:

a)
b
)

an ignition souree;
a glow plug: and,

a fuel injector.

[0060] In a sixth broad form the present invention seeks o provide a reciprocating engine

tncluding:

a)

a crankshaft:
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b} acylinder delining an internal chamber

¢} & piston positioned in the chamber, the piston being connected to the crankshaft and
being configured to reciprocate inside the chamber;

d) a head attached to the cylinder and closing the chamber at an end opposing the piston,
the head jucluding a port for allowing {tuid comamunication between the chamber and

a respective manifold; and.

¢} a valve arrangement including:

i) avalve for operatively controlling ftuid flow through the port;

il) a bridge coupled to the valve, wherein movement of the bridge in a first dizection
causes the valve to close and movement of the bridge in a second direction canses
the valve to open;

1i1}y a closing actoator for causing the bridge to move in the first direction based on the
reciprocation of the piston, to thereby positively close the valve; and,

iv) at least one biasing member for biasing the bridge towards the second direction.

[0061] Typically the valve arrangement is configured so that the biasing member causes the

valve 10 open when the closing actuator is not being used to positively close the valve.

[0062] Typically the closing actuator includes a cam mopnted on a camshaft that is
rotationally coupled to the crankshaft, the cam being configured to control the movement of
the bridge depending on a rotational position of the crankshalt, the bridge including a cam

follower for engaging the cam.

[0063] Typically the bridge includes a first bridge portion to which the valve is coupled and a

second bridge portion including the cam follower.

[0064] Typically the bridge delines a cavity between the first bridge portion and the second

hridge portion, the camshaft extending through the cavity.
[0065] Typically each biasing menrber is a spring coupled to the bridge.

[0066] Typically each spring is coupled to the bridge so that the spring is compressed when

the bridge is moved in the first direction using the closing actuator to positively close the
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valve so that the compressed spring urges the bridge in the second direction (o thereby open

the valve when the closing actuator 1s not being nsed to positively close the valve.
[0067] Typically each spring is mounted on a stud extending outwardly from the head.

[0068] Typically the valve arrangement includes a pair of biasing members arranged

symmetrically about the valve.

{00691 Typically the movement of the bridge in the first direction involves the bridge moving
away {rom the head and the movement of the bridge in the second direction involves the

bridge moving towards the head.

[0670] Typically the valve arrangement mcludes two or more valves coupled to the bridge,
each valve being for operatively controlling fluid flow through a respective port, whereby

movement of the bridge causes synchronised operation of the two or more valves,

[0071] Typically the engine is a pressurised gas engine configured to be driven by

compressed gas.

[0072] Typically the engine is an internal combustion engine and forther includes af least one
oft

a} an ignition sguree;

by a glow plug; and,

¢} afuel imjector.

[0073] Typically the valve arrangement further includes an opening actuator for causing the
bridge to move in ihe sccond divection based on the reciprocation of the piston, to therehy

positively open the valve.

[0074] Tvpically the valve wrrangement includes a scal breaking actuator for causing the
bridge to move in the second ditection to positively break a seal between the port and the

valve after the valve is closed.

[0075] Typically the closing actuator includes a first cam mounted on a camshaft that is

rotationally coupled to the crankshaft and the seal breaking actuator includes a second cam
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mounted on the same camshaft, the first and second cams being configured to control the

movement of the bridge depending on a rotational position of the crankshaft.

[0076] Typically the first cam inclades a first cam lobe and the second cam includes a second
cam lobe, and wherein upon rotation of the camshaft, the fivst cam lobe urges the bridge in
the first direction to thereby positively close the valve and the second cam lobe urges the

hridge in the second direction to positively break the seal.

[0077] Typically the bridge includes a first cam follower for engaging the first cam and a

second cam follower for engaging the second cam.

[0078] Typically the bridge includes:
a) a first bridge portion to which the valve 1s coupled, the first bridge portion
including the second cam follower; and,

b) asecond bridge portion including the first cam follower.
[0079] Typically the camshaft extends between the first and second bridge portions.

[0080] Typically the valve arrangement is configured such that the biasing member cushions

the closing of the valve.

[0081] In another broad form the present mmvention seeks to provide a piston machine
inchuding:
a) arotating shaft;
b) ahousing delining an intermal chamber
c) a piston positioned in the chamber, the piston being connected to the shaft and
being configured o move inside the chamber as the shall rotates;
¢y a port provided in the housing for allowing fluid communication between the
chamber and a respective manifold; and,
e) avalve arrangement inchuding:
i) avalve for operatively controlling fluid flow through the port;
ii} a bridge coupled to the valve. wherein movement of the bridge in a first
direction causes the valve to close and movement of the bridge in a second

direction causes the valve to open;
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i1} a closing actuator {or causing the bridge to move in the first direction based on
the reciprocation of the piston, to thereby positively close the valve: and.
) at least one biasing member for biasing the bridge towards the second

direction.

[0082] Typically the piston machine is at least one of a compressor and a reciprocating

engine.

[0083] In another broad form the present invention seeks to provide a valve arrangement for
use in a piston machine, the valve arrangement including:

a) a valve for operatively controliing {lnid flow through a port;

b} a bridge coupled to the valve, wherein linear movement of the bridge in a first
direction causes the valve to close and lingar movement of the bridge in a second
direction causes the valve to open;

¢} a closing actwator inclading a rotatable cam having a cam lobe, and wherein upon
rotation of the cam, the cam lobe urges the bridge in the first linear direction to
thereby positively close the valve; and,

d) at least one biasing member for biasing the bridge in the second linear direction so
that the at least one biasing member opens the valve when the valve is not positively

closed by the actuator.

[0084] In anather broad form the present invention seeks to provide a piston maching
mcluding:

a) arotating shaft;

b} a bousing defining an internal chamber;

¢} a piston positioned in the chamber, the piston being connected to the shaft and
being conligured to move inside the chamber as the shaft rotates;

d) a head attached to the cylinder and closing the chamber at an end opposing the
piston, the head including at least one port group including two or more ports for
allowing fluid comimumceation between the chamber and a respective manifold;
and,

¢} for each port group, a valve arrangement coupled to the head, each valve

arrangement including:
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1) for each port of the port group, a valve for operatively controliing fluid flow
through the respective port;

1) abridge coupled to the valves, wherein movement of the bridge relative o the
head causes synchronised operation of the valves; and,

u1) an actuator for causing the bridge to move.

[0085] In one broad form the present invention seeks to provide a valve arrangement for use
in a piston machine, the valve arrangement including:

a) avalve lor operatively controlling fhuid flow through a port;

b) a bridge coupled to the valve, wherein linear movement of the bridge in a first
direction causes the valve to close and lincar movement of the bridge in a second
direction causes the valve to open;

¢} a closing actuator including a rotatable first cam having a firdd cam lobe, and
wherein upon rotation of the first cam, the first cam lobe urges the bridge in the
lirst linear direction to thereby positively close the valve; and,

d) an opening actuator for causing the bridge to move in the second direction to

thereby at least positively open the valve.

[0086] Typically the valve arrangement includes « first cam follower mounted on the bridge,
the first cam follower cooperating with the first cam to cause movement of the bridge in the

first imear direction.
{0O87] Typically the first cam Is positioned between the first cam follower and the valve.

{0088] Typically the first cam lobe urges the first cam follower in the first linear direction

away from the valve.
[0089] Typically the first cam follower is movably mounted to the bridge.

[0090] Typically the first cam follower is urged in the second direction relative Lo the bridge

by a bigsing spring.

[0091] Typically a position of the first cam follower in the first or second direction is

adjusted to adjust a degree of valve lift.
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[0092] Typically the opening actuator includes a rotatable second cam having a second cam
lobe. and wherein upon rotation of the second cam, the second cam lobe urges the bridge in

the second linear direction to thereby positively open the valve.

[0093] Typically the valve arrangement includes a second cam follower mounted on the
bridge, the second cam follower cooperating with the second cam to cause movement of the

hridge in the second linear direction.

[0094] Typically the second cam follower 1s positioned between the second cam and the

valvi,

[0095] Typically the second cam is mounted coaxially and rotationally invariant with the first

cant.

[0096] Typically valve arrangement includes first and second cams mounted on a common

camshalt.

{0097] Typically valve arrangement includes at least two firsi cams spaced apart along a
common camshaft, the at least two first cams cooperating with corresponding at least two

first cam followers mounted on the bridge.

[0098] Typically valve arrangemem inclodes at least two second cams spaced apart along a
common camshaft, the at least two second cams cooperating with corresponding at least two

second cam followers mounted on the bridge.

[0099] Typically valve arrangement includes a plurality of first cams spaced apart along a

commuon camshaft,

{0100] Typically the second cam lobe further restricts movement of the bridge in the first

lincar direction when first cam lobe is not urging the bridge in the first lincar direction.

[0101] Typically the opening actuator includes a spring for biasing the valve in the second

linear direction,

[0102] Typically the bridge includes first and second bridge portions
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[0103] Typically the [lirst and second bridge portions define an opening therebetween, a

camshaft extending through the opening in use.

[0164] Typically the valve is coupled to the first bridge portion and wherein the valve

arrangement includes a first cam follower mounted on the second bridge portion.

{0105] Typically the valve arrangement includes a second cam follower coupled to the [irst

bridge portion.

[0106] Typically the valve arrangement includes at least one cam and cam follower laterally

offset from the bridge.

[0107] Typically the valve arrangement includes a plorality of valves, bridges, and opening
actuators in a spaced apart arrangement, each opening actpator including at least one first

cam, each first cam being mounted on a common camshaft.

[0108] In another broad form the present invention seeks to provide a valve arrangement for
use in a piston machine, the valve arrangement including:

a) avalve for operatively controlling fluid flow through a port:

b) a bridge coupled to the valve, wherein lincar movement of the bridge in a first
direction causes the valve to close and linear movement of the bridge in a second
direction causes the valve to open; and,

¢} aclosing actuator including a rotatable cam having a cam lobe that engages a cam
follower on the bridge, and wherein upon rotation of the cam, the cam lobe urges
the cam follower and hence bridge in the [irst lincar direction to thereby positively
close the valve, wherein the cam is positioned between the cam follower and the

valve.

[0109] The above broad forms of the invention and their respective features can be used
independently, in conjunction or interchangeably and reference to respective broad forms is

not intended to be limiting,
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Brief Description of the Drawings

[0110] An example of the present jnvention will now be described with reference to the
accompanying drawings, in which: -

[0111] Figure 1A is a schematic perspective view of a first example of a reciprocating engine
having a frst crankshalt rotational position:

[0112] Figure 1B is a schemalic perspective view of the reciprocating engine of Figure 1A
having a second crankshaft rotational position:

[0113] Figure 1C is a schematic nnderside perspective view of the head of the reciprocating
engine as shown in Figure 1B

[0114] Figure 1D is a schematic top view of the reciprocating engine of Figure 1A

[0115] Figure 1E is a schematic cross section view of the reciprocating engine of Figure 1A
at section A-A" indicated on Figure 1D, showing inlet valve positions at the first crankshaft
rolational position;

[0116] Figure 1F is a schematic cross section view of the reciprocating engine of Figure 1A
al section B-B™ indicated on Figure 1D, showing exhaust valve positions at the [irst
crankshalt rotational position:

[0117] Figure 1G is a schematic cross section view of the reciprocating engine of Figure 1B
at section A-A° indicated on Figure 1D, showing inlet valve positions at the second
crankshaft rotational position;

[0118] Figure 1H is a schematic cross section view of the reciprocating engine of Figure 1B
at section B-B™ indicated on Figure 1D, showing exhaust valve positions at the second
crankshalt rotational position;

[0119] Figures II to 1P are schematic cross section views of the reciprocating engine of
Figure 1B at section C-C" indicated on Figure 1D, showing respective inlet valve and exhanst
vilve positions at different crankshaft rotational positions:

[0120] Figure 2A is a schematic front perspective view of an example of an air engine having
a V4 configuration;

{0121] Figure 2B is a schematic rear perspective view of the air engine of Figure 2A;

[0122] Figure 2C is a schematic front perspective view of the air eogine of Figure 2ZA with a

number of covers installed:
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[0123] Figure 2D is a schematic bottom perspective view of the air engine of Figure 2A with
the crankcase removed to expose the crankshaft;

[0124] Figure 2E is a schematic cross section view of one of the cylinders of the air engine of
Figure 2A;

[0125] Figure 3A is a schematic front perspective view of a head and respective valve
assentblies of the engine of Figure ZA;

[0126] Figure 3B is a schematic front view of the head and the valve assemnblies of Figore
3A;

[0127] Figure 3C is a schemalic side view of the head and the valve assemblics of Figure 3A;
[0128] Figure 3D i3 a schematic bottom perspective view of the head and the valve
assentblies of Figure 34A;

{0129] Figure 3E 15 a schematic bottom perspective view of the valve assemblies of Figure
3A, with the head removed:

[0134] Figure 4A is a schematic side view showing a first piston and respective valves of the
air engine of Figure 2A, in which the first piston approaches a top dead centre position;
{0131] Figure 4B is a schematic front view of the {irst piston of Figure 4B

[0132] Figure 4C 1s a schematic side view showing a second piston and respective valves of
the air engine of Figure 2A, in which the second piston approaches a 90° after top dead centre
position;

[0133] Figure 4D ix a schematic front view of the second piston of Figure 4C;

[0134] Figure 4E is a schematic side view showing a third piston and respective valves of the
air engine of Figure 2A, as the third piston approaches a 180° after top dead centre position;
[0135] Figure 4F is a schematie front view of the third piston of Figore 4E;

[0136] Figure 4G is a schematic side view showing a fourth piston and corresponding valves
of the air engine as shown in Figure 4A, as the fourth piston approaches a 270° after top dead
centre position;

[0137] Figure 4H is a schematic front view of the fourth piston of Figure 4G;

[0138] Figure 5A is a valve timing diagram for the first piston of the air engine as shown in
Figure 4A, with reference to an absolute crank angle;

[0139] Figure 5B is a valve timing diagram for the second piston of the air engine as shown

in Figure 4C, with reference to an absolufe crank angle;



WO 2015/010169 PCT/AU2014/050151

- 19 -

[0140] Figure 5C s a valve timing diagram for the third piston of the air engine as shown in
Figure 4C, with reference to an absolute crank angle;

[0141] Figure 3D is a valve timing diagram {or the fourth piston of the air engine as shown in
Figure 4D, with reference to an absolute crank angle:

[0142] Figure 6A is a schematic top perspective view of a head of the air engine of Figure
2A:

[0143] Figure 6B is a schematic bottorm perspective view of the head of Figure 64

{0144] Figure 6C is a schematic cross section view of the head of Figure 6A;

[0145] Pigure 7A is a schematic top perspective view of an inlet bridge of the air engine of
Figure 2A4

[0146] Figure 7B is a schematic bottom perspective view of the inlet bridge of Figure 7A;
{0147] Figure 8A is a schematic top perspective view of an exhaust bridge of the air engine
of Pigure 2A;

[0148] Figurc 8B is a schematic botiom perspective view of the exhanst bridge of Figure 8A;
[0149] Figure 9A is a schematic top perspective view of an inlet valve of the air engine of
Figure 2A;

[0150] Figure 98 is a schematic bottom. perspective view of the inlet valve of Figure YA,
[0151] Figure 10A is a schematic top perspective view of an exhaust valve of the air engine
of Figure 2A:

[0152] Figure 10B is a schematic bottom perspective view of the exhaust valve of Figure
LA

[0153] Figure 11A is a schematic top perspective view of a valve guide of the air engine of
Figure 2A;

[0154] Figure 11B is a schematic bottom perspective view of the valve guide of Figure 11A;
[0155] Figure 12A is a schematic perspective view of a crankshaft of the air engine of Figure
2A;

[0156] Figure 12B is a schematic front view of the crankshaft of Figure 12A;

[0157] Figure 13 1s a schematic perspective view of a camshalt of the air engine of Figure
A

[0158] Figure 144 is a schematic perspective view of an example of an internal combustion

engine;
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[0159] Figure 14B iy a schematic underside perspective view of the head of the intemnal
combustion engine as shown in Figure 144;

[0160] Figure 14C i3 a schematic cross section view of the internal combustion engine of
Figure 1A, showing respective inlet valve and exhaust valve positions when the piston is at a
lop dead centre position;

[0161] Figure 14D 1s a schematic cross section view of the internal combustion engine of
Figure 1A, showing respective inlet valve and exhanst valve positions when the piston is at a
position partway along an exhaust stroke;

[0162] Figure 15A is a schematic end view of an example of a valve arcangement and head
of a reciprocating engine:

[0163] Figure 13B is a schematic side view of the valve arrangement and head of Figure
15A:

[0164] Figure 16 is a schematic side view of another example of a valve arrangement and
head similar to that of Figure 15A but having two valves coupled to the bridge;

[0165] Figures 17A to 17C are schematic cross section views of a compressor, showing
respective inlet valve and exhaust valve positions at different shaft rotational positions;
[0166] Figure 18A is a schematic end view of another examiple of a valve arrangement and
head of 4 reciprocating engine;

[0167] Figure 18B is a schemaiic side view of the valve arrangenient and head of Figure
18A;

[0168] Figure 19A is a schematic side view of another example of a valve arrangement;
[0169] Figure 19B is a schematic end view of the valve arrangement of Figure 194; and,
[0170] Figures 20A to 20C are schematic end views of the valve arrangement of Figore 19A

during rotatton of the camshaft.

Detailed Description of the Preferred Embodiments

[0171] An example of a reciprocating engine 100 will now be described with reference to
Figures 1A to 1D As will become apparent from the description below, the engine 100
includes some features which are typically nsed in conventional reciprocating engine designs
and it should be appreciated that such features may be provided in accordance with known

techniques.
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[0172] With reference to Figures 1A and 1B, the engine 100 typically includes a crankshaft
110, a cylinder 120 and a piston 130 which may be of generally conventional construction.
As per conventional reciprocating engine artangements, the cyvlinder 120 defines an infernal
chamber 121, with the piston 130 being positioned inside the chamber 121, the piston 130
heing connected to the crankshalt 110 aud being confligured to reciprocale inside the chamber

121.

[0173] In this case the engine 100 has a single cylinder 120 and piston 130, although it will
be appreciated that engine configurations having multiple cylinders 120 and corresponding
pistons 130 may be used, in accordance with known techniques. In multiple-cyhinder engine
confligurations, each piston 130 may be connected to a contmon crankshaft 110 (although this
is not essential), and the cylinders 120 may be arranged in a variety of geometries such as

those found in typical inline, V., radial and flat engine configurations.

{0174] In any case, the engine 100 further inclndes a head 140 attached to the cylinder 120
and closing the chamber 121 at an end opposing the piston 130. It should be noted that
multiple-cylinder engine configurations as mentioned above may include multiple heads 140
corresponding to each cylinder 120, or alternatively, may include one or more heads 140

common to more than one cylinder 120.

[0175] Further details of the underside of the head 14Q which interfaces with the chamber
121 are shown in Figure 1C. The head 140 includes port groups 141, 142 including two or
more ports 143, 145 for allowing fluid communication between the chamber 121 and a

respective manifold (not shown) connected to an opening 144, 146 formed in the bead 140,

[0176] In this case, the head 140 inclades two port groups 141, 142, In particular, an inlet
port group 141 is provided for allowing fluid to be communicated between the chamber 121
and an inlet manifold {(not shown) connected to an inlet opening 144 via two inlet ports 143,
and an exhaust port group 142 is provided for allowing fluid to be communicated between
the chamber 121 and an exhaust manifold {not shown) connected to an exhaust opening 146

via two exhaust ports 1435,

[0177] Tt will be appreciated that the fluid to be communicated via each of the port groups

141, 142 will depend on the type of reciprocating engine 100. In an internal combustion
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engine, the inlet manifold may supply a fuel/air mixture which is communicated into the
chamber 121 via the inlet port group 141 to be combusted, and products of the combustion
may be communicated from the chamber 121 into the exbaust mantfold via the exhaust port
group 142, Alternatively, in an air engine, pressorised air may be supplied by the inlet
manifold and communicated inlo the chamber 121 via the inlet port group 141 to be
cxpanded. and expanded air may be cormmunicated from the chamber 121 into the exhaunst

manifold via the exhaust port group 142.

[0178] For the purpose of this example, i will be assumed that the engine 100 is configured
to operate as an air engine, although it will be appreciated that features of the engine 100 may
be applied to any suitable reciprocating engine type. It is also noted that this example will
assume a two-stioke reciprocating engine cycle although it will be understood that similar

principles may be adapted for use with four-strake cyeles or other enging cycles.

[0179] In any case, the engine 100 forther includes, for each port group 141, 142, a valve
arvangement 161, 162 {generally indicated 1o the top view of Fagure 1D), coupled to the head
140. Each valve arrangement 161, 162 includes, for cach port 143, 145 a valve 163, 163 for

operatively controlling fluid flow through the respective port 143, 145,

[0180] Thus, in this cxample, an inlaet valve arrangement 161 18 provided which includes inlet
valves 163 for controlling fluid flow through the inlet ports 143 of the inlet port group 141,
and similarly, an outlet valve arrangement 162 is pravided which includes exhaunst valves 163
for controlling fluid flow through the exhanst ports 1435 of the exhaust port group 142, There
are two valves 163, 165 in cach valve arrangement 161, 162 in this example, although it
should be understood that more than two valves 163, 165 may be provided in a valve
arrangement 161, 162, with the number of valves 163, 163 corresponding to the number of

ports 143, 145 in the respective port group 141, 142.

[0181] Each valve arrangement 161, 162 includes a bridge 171, 172 coupled {o the valves
163, 163, In this example, an inlet bridge 171 is coupled to the two inlel valves 163 and an
exhaust bridge 172 s coupled to the two exhaust valves 105, The bridges 171, 172 ae
confignred such that movement of each bridge 171, 172 relative to the head 140 canses

synchronised operation of the respective valves 163, 165 coupled thereto.
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[0182] Each valve arrangement 161, 162 also includes an actuator 181, 182 for causing the
respective bridge 171, 172 to move based on the reciprocation of the piston 130. Thus. cach
bridge 171, 172 is able to move such that the valves 163, 165 can control fluid flow through

the respective ports 143, 145 in time with the operation of the engine 100.

[0183] The operation of the actuators 181, 182 may be controlled based on the reciprocation
of the piston 130 in a range of different ways. For exanmiple, the actoators 181, 182 may be
mechanically coupled to the crankshaft 110 such that the actuators 181, 182 cause the
respective bridges 171, 172 to move depending on the rotational position of the crankshaft
110, as it will be understood that this will correspond to the reciprocation of the connected
piston 130. The actuators 181, 182 may be provided in the form of cams on a cam shaft
which is rotationally conpled to the erankshaft 110, such as by using a timing belt or timing
chain connecticn. Each cam may engage with the respective bridge 171, 172 to cause the
bridge to move in a particular manner depending on a profile of the cam. Further details of

such an arrangement using cams as actuators 181, 182 will be provided in a later example.

[0184] Alternatively, a sensor (not shown) may be provided for sensing a position of the
piston 130 or the rotational pesition of the crankshaft, and the actuators 181, 182 may be
operated based on signals provided by the sensor. In this case the actuators 181, 182 may be
electro-mechanically actuated as requived depending on the sensed position and this may
allow wmore highly controlled or complex movement of the bridges 171, 172 than oight be

allowed under a mechanically coupled arrangement.

[0185] In any event, cach of the bridges 171, 172 is coupled to valves 163, 165 which control
fluid flow through the ports 143, 145 of a respective port group 141, 142, and thus allows for
synchronised control of fluid flow into or out of the chamber 121 via each port group 141,
This allows an engine 100 to be provided with maltiple inlet ports 143 and/or outlet ports 145
arvanged in a group and controlled together 1n synchronisation. However, whilst a port group
141, 142 is provided for each of the inlet ports 143 and outlet ports 1435 in this example, this
is not essential and it may be the case that separate conventionally valved inlet or outlet port

arrangements may be used together with a port group 141, 142 as per the above example.
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[0186] 1t will be appreciated that the above reciprocating engine 100 arrangement provides
an effective technique for controlling a plurality of ports 143, 145 simultancously using a
relatively straightforward mechanical armrangement. The use of groups of multiple inlet and
exhaust ports 143, 145 controlled by corresponding valves 163, 165 for controlling gas flow
therethrough is generally beneficial compared to the use of single inlet and exhaust ports,
because it provides for greater gas tlow rates without the need o increase the size of the
valves 163, 163, thus helping to ensure responsiveness and energy efficiency. However, in
conventional engines, the control of multiple valves has led to significantly increased

complexity.

[0187] In contrast, the arrangement discussed above allows multiple valves 163, 165
corresponding to a port group 141, 142 to be simultancously controlled in a reliable manner
using the bridges 171, 172, with a significant reduction in complexity compared to
conventional valve control tfechuiques. This arrangement can also lead to substantial
improvements in the responsiveness of the valves 163, 165 which may contribute to

improved clficiency.

[0188] Inn the present example where the engine 100 1s configured to operate as an air enging,
the infet bridge 171 will generally be moved by the corresponding actuator 181 sach that the
inlet valves 163 permit pressurised air to be supplied into the chamber 121 via the inlet ports
143 as the piston 130 moves from a position at or near top dead centre inte a downward
stroke (i.e. in a direction away from the head 140), so that the pressurised air can drive the

piston 130 and canse power to be delivered to the crankshaft 110

[0189] As will be appreciated {rom a comparison of Figures 1A and 1B, ecach of these
Figures shows the engine 100 with a different piston position. In particufar, Figure 1A shows
the engine 100 shortly after the piston 130 has started a downward stroke after passing top
dead centre, and in which the actuators 181, 182 have caused the inlet and exhaust bridges
171, 172 to move upwardly into a raised position. On the other haud, Figure 1B shows the
engine 100 shortly after the piston 130 has started an opward stroke after passing boltom
dead centre {1807 after top dead centre), and in this case the actuators 181, 182 have caused

the inlet and exhanst bridges 171, 172 to move downwardly into a lowered position.
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[0190] It will be undersiood that, in the confext of an air motor, Figure 1A illustrates a
snapshot during a power stroke, in which the piston 130 is driven by pressurised gas to do
work. Figures 1E and [P respectively show cross section views through the inlet valve

assembly 161 and exhaust valve assembly 162 as indicated in Figure 1D.

[0191] With reference to Figure 1E, the raised position of the inlet bridge 171 causes the inlet
valves 163 to be lifted open such that inlet valve seals 164 are disengaged from the mlet poits
143. This allows pressurised air, which is supplied into an inlet chamber 147 through the inlet
opening 144 as indicated by arrow 101, to pass through the inlet ports 143 into the chamber
121. Thus pressurised gas is able to act upon the piston 130 to drive the power stroke of the

engine 100.

[0192] Turning to Figure 1F, which shows the exhaust assembly 162 components at the same
piston 130 position as Figure 1E, it will be appreciated that the raised position of the exhaust
bridge causes valve seals 166 of the exhaust valves 165 to be engaged with the exhaust ports
145 such that the exbaust ports are closed to prevent the escape of pressurised gas from the

chamber 121.

[0193] Figure 1B illustrates a snapshot during a return stroke, in which the piston 130 expels
expanded gas from the chamber 121, Figures 1G and 1H provide corresponding cross section

views through the inlet valve assembly 161 and exhaust valve assembly 162,

[0194] With regard to Figure 1QG, the inlet actuator 181 has caused the inlet bridge 171 to
move into the lowsred position and this has in turn lowered the inlet valves 163 so that the
infet valve seals 164 close the inlet ports 143 and prevent pressurised gas from entering the

chamber 121 during the return stroke.

[0195] 1n Figure 1H, the lowered position of the exbaust bridge 172 causes the exhaust valve
scals 166 of the exhaust valves 165 to be disengaged from the exhaust ports 145 in a
downward direction so as to open the exhanst ports 145 and allow exlhauvst gas to be expelled
via the exhaunst ports to the exhaust chamber 148 and in turn out of the head 140 through the

exhaust opening 146 as indicated by arrow 102,
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[0196] The bridges 171, 172 can allow for the mechanical complexity of the engine 100 1o be
significantly reduced compared to conventional engines with muoltiple inlet and/or outlet
valves per eylinder. For instance, the use of a bridge 171, 172 for each port group 141, 142
means that a suitable actuator 181, 182 only needs to be provided for the control of each port
group 141, 142, as opposed (o separate actuators (cams, rocker arms, ete.) for each valve as
per conventional designs. This can reduce the number of moving parts and petential points of

wear and/or failure in the design of the engine 100.

[0197] Following from the above mentioned reduction in mechanical complexity, the moving
mass of the valve arrangements 161, 162 may be reduced compared to the equivalent moving
mass of equivalent conventional valves and actuators and this may allow for improved
respoiisiveness in the conirel of the ports 143, 144, 145, 146, In other words. the bridges 171,
172 can facilitate improved speed and effectiveness in switching fluid flow into or out of the
chamber. This may in turn allow the engine 100 to operate at higher rotational speeds and/or
allow the ports 143, 145 to be controlled under timing parameters that are not available nsing
conventional arrangements. It will be apprecrated that this may allow the engine 100 o have
higher performance andfor efficicney than may otherwise be available for an eqguivalent

engine of conventional design.

[0198] In the case of mechanically coupled actuwators 181, 182, the reduced mechanical
complexity of the valve arrangements 161, 162 compared to conventional valve systems may
also lead to reduced loading on the engine 100 to operate the valves 163, 165, thus allowing

the engine 100 to have further increased efficiency in comiparison to conventional designs.

[0199] It will be appreciated that the particular movenients of the bridges 171, 172, caused
hy the actuators 181, 182, may be selected depending on a range of factors such ag the type of
the valves 163, 165 coupled to the bridge 171, 172, fluid fow requirements, ani the like. As
exemplified above, raising the bridges 171, 172 may result in positively opening or closing
the associated yalves 163, 165 depending on whether these are configured to open by moving
into the head 140 as per the inlet valves 163 or into the chamber 121 as per the exhaust
valves 163, Alternatively, the actuators 181, 182 may cause one or both of the bridges 171,

172 to be lowered toward the head 140, to positively open or close the valves 163, 165. In
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some examples, the actuators 181, 182 may be configured fo positively raise and lower the

bridges 171, 172 so as to positively open and close the valves 163, 165,

[0200] Accordingly, it will be appreciated that the confignration of the valves 163, 165 and
their particular opening and closing behaviour depending on the movemenis of the bridges
171, 172 caused by the getnators 181, 182 are not particularly limited, although, as will
hecome apparent in later examples, certain arrangements may be advantageous in particnlar

applications.

[0201] The above described arrangement may also allow the use of valves 163, 165 having
unconventional designs and principles of operation. For instance, the bridges 171 allow the
valves 163, 165 to be opened and closed by pushing or pulling actions, depending on how the
actuators 181, 182 and the valves 163, 165 are configured. This allows greater flexibility in
how the valves 163, 165 may be used to control fluid flow through the ports 143, 143,
compared to conventional moderm valved engines which typically use standard poppet valve

arrangements.

[0202] For example, at least some of the valves 163, 165 may be configured such that they
are pulled open into the head 140 to thereby avoid intrusion of part of the valves 163, 165
inte the chamber 121. This represents an effectively inverted operation compared to standard
poppet valves, which are typically pushed open such that a sealing plug intrudes into the
chamber, requiring careful design to avoid interference with the piston in use. Such inverted
operation may allow further efficiency improvements through the minumisation of dead
volume in the cylinder which may otherwise be required in conventional engines to avoeid
interfercnce with valves. Furthermore, the ability to invert the operation of the valves 163,
165 in this manner can allow the design to take better advantage of pressure differentials
throughout the operation of the engine 100 to assist in the opening or closing of the valves

163, 165.

[0203] In this case, the inlet valves 163 have an inverted operation as discussed above, whilst
the exhaust valves 163 have an opening operation similar to conventional internal

combustion engine valves,
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[0204] The use of the bridges 171, 172 as discussed above may also allow the valves 163,
165 to be positively driven into opened and closed positions, thus removing valve float
cifects which are otherwise encountered at high speed operation of conventional engines
using poppet valves, which are traditionally only actively opened by a cam but closed by a

spring.

[0205] 1t will be appreciated that the particular opening and closing timing of the valves 163,
165 for controlling fluid flow for each port group 141, 142 may be selected to tune the
performance of the engine 100 as desived. Particular examples of timing suitable for
operation of the engine 100 as an air engine are provided 1n Figures I to 1P, which show
cross section views perpendicular to those shown in Figures IE to 1H so as te show the
positions of the inlet and exhaust valves 163, 165 relative to piston positions measured with

respect 1o the top dead centre position.,

[0206] Figure 11 shows the inlet valves 163 opening at 0° after top dead centre (ATDC), thus
commencing the power stroke by allowing pressurised air supplied into the inlet chamber to
pass into the chamber 121 via the inlet ports 143. This confliguration is allowed to confinue
through 90° after top dead centre as shown in Figure 1], until approximately 1367 after top
dead centre where the inlet valves 163 are closed as shown in Figore 1K. Shortly therealter,
the exhaust valves 165 are opened as indicated in Figure 1L which shows 165° after top dead
centre. The exhaust valves 165 are only opened after the inlet valves 163 are closed to

prevent cross-bleed and thus wastage of pressurised air.

[0207] As shown in Figure 1M, the piston 130 moves through 180° after top dead centre (or
bottom dead centre) with the exhaust valves 165 remaining open and following this the return
stroke commences, throughout which the now expanded gas in the chamber 121 is expelled
via the exhiaust ports 145, Figure IN shows the continued return stroke through 270° after top
dead centre. At 355° after top dead centre, as shown in Figure 10, the exhanst valves 165 are
closed in preparation for the next power stroke. The piston 130 is finally returned to a top
dead centre position as shown gt Figure 1P, where the inlet valves 163 are once again opened

and the next cycle of the enging 100 commences.
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[0208] 1t will be appreciated that the engine 100 may be constructed using known engine
manufacturing techniques and conventional materials. In one example, the cylinder 120 and
chamber 121 may be formed as part of a crankease 101 which encloses the crankshaft 110.
Engine components/assemblies such as the crankcase 101, cylinder 120, piston 130,
connecting rod 131, head 140, parts of the valve assemblies 161, 162, and the like maay be
manufactured from any suitable materials including steel, alaminium alloys, ceramics,

plastics or the like. depending on operational reguirements.

[0209] Further details of preferred construction technigues and examples of optional features
will now be described with reference to the following detailed examples of embodiments of

the engine,

[0210] An example of an air engine 200 embodying features of the reciprocating engine 100
discussed above will now be described with reference to Figures 2A to 2E. Components
similar to those discussed in the previous example have been assigned similar reference

numerals, incremented by 100 from those nsed previously.

[0211] With reference to Figures 2A and 2B. it can be seen that the air engine 200 includes a
ceniral crankcase 2(11 to which four cylinders 22(t are attached. In this example the crank
gase 201 is formed from machined plates of aluminium fastened together using suitable
fasteners, such as serews. However it will be appreciated that a range of different crank case
construction techniques may be used subject to particular design requirements for the air

engine 200. Engine mounts 202 may be fitted to the crankcase 201 for installation purposes.

{0212] The crankcase 201 houses a crankshaft 210 which is typically supported by bearings
{not shown) attached to the crank case 201 structure. Roller bearings are preferred to ensure
good support with reduced friction, although it will be appreciated that other types of

hearings such as ball bearings or journal bearings may be used.

[0213] The four cylinders 220 of the air engine 200 extend from the crank case 201 in two
banks. In this example, the air engine 200 has a V4 configuration. In other words, the four
cvlinders of the air engine 200 includes four cylinders 220 and corresponding pistons 230

positioned within are arranged about the crankshaft 210 in a "V” shape. In this case,
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respective banks of cylinders 220 on either leg of the "V" are offset to one another by an

angle of 90°,

[0214] The cylinders 220 may be formed from aluminium or any other material suitable for

withstanding the operating conditions within the chamber in use.

{0215] Figure 2D shows a forther view of the air engine 200 with the crank case 201
removed to expose details of the crankshaft 210 and pistons 230. A piston 230 is provided

inside each eylinder 220 and is attached to the crankshalt 210 using a connecting rod 131.

[0216] The crankshaft 210 includes two crank pins 211 which each extend between two wehs
212 and are offsct from a rotation axis of the crankshaft 210, Further details of the crankshaft

210 can be seen in Figures 12A and 12B.

[0217] The crank pins 211 are each coupled to two connecting rods 231, which are in turn
coupled to a respective piston 230 in each leg of the "V formed by the banks of cylinders
220. The crank pins 211 are each offset from each other by 180°, which in view of the 90°
angle between the banks of cylinders 220 provides a 90° angular offset between cach of the
four pistons 230 with respect to the rotational position of the crankshaft 210, This has the
effect of staggering the positions of the pistons 230 within their respective eylinders 220 (o
allow even delivery of power by the air engine 200, and with appropriate valve timing,
overlapping of power strokes to allow the air engine 200 to be self~started without requiring a

starier motor or the like.

[0218] Further details of the interrelationship between a cylinder 220, piston 230 and head
240 can be seen in the cross section view of Figure 2E. The visible piston 230 can be seen to
be connected to the crank pin 211 by the connecting rod 231. Typically a bearing 232 is
provided at the connection between one end of the connecting rod 231 and the crank pin 211.
A gudgeon pin 233 iz used to connect the piston 230 to the other end of the connecting rod

231, and another bearing 234 may also be provided at this connection.

[0219] In this example the pistons 230 are formed from an engineering plastic material, such
as acetyl. However, it will be appreciated that any suitable material may be vsed. The use of a

relatively lightweight material coupled with the formation of appropriate Hghtening features
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in the design of the piston 230 helps to reduce the weight of the pisions 250 and thus energy
required to move the pistons 230 during operation of the air engine 200. In the present
cxample the pisions 230 are fitted with pneumatic seals (not shown) positioned within seal
guides 235, Alternatively other types of seals such as guide ring seals may be used. In any
gvent this may allow opetation of the air engine 200 without requiring a lubrication system.
Nevertheless, it will be appreciated that conventional lubricated piston arrangements may be
used. The pistons 230 may include concave piston faces which mav provide desirable

pressurised gas flow and pressure application characteristics in use.

[0220] A respective head 240 is fitted to each cylinder 220 and ecach head 240 includes a
respective inlet valve arrangement 261 and an exhawst valve arrangement 262 as generally
indicated in Figores 2A and 2B. and which operate as discussed above with regard to the

previous example.

[0221] The head 240 may have a standardised design such that the same head 240 component
can be fitted to each cylinder 220 irrespective of its position on the air engine 200. It will be
appreciated that the use of a common head 240 design on each cvlinder 220 can be desirable

as this will help to reduce the unique patts count required to construct air engine.

[0222] The head 240 may include a respective inlet opening 244 and exhaust opening 246 on
two sides to facilitate flexible positioning. For instance, on lieads 240 fitted on cylinders on
ane of the cylinder banks, an inlet manifold and an exhaust manifold may be respectively
connected to the mlet opening 253 and exhaust opening 254 on one side of the head 240 and
a cover plate 250 may be attached to the other side of the head 240 to cover at Ieast one of the
openings 244, 246 on that side. The use of the openings 244, 246 of the heads 240 on the
other cylinder bank may be reversed by having the maunifolds connected to the openings 2353,
254 on a different side of the head 240. In the present example the cover plate 250 leaves the
infet opening 244 open so that pressurised air caun be supplied to the bead 240 from cach side,
but closes the exhaust opening 146 so that exhaust air only exits the head 240 on one side, via

exhaust manifold piping 251 as partially shown in Figure 2B.
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[0223] The head 240 may accomamodate different valve ayrangement 261, 262 configurations
to allow different valve timing characteristics. Each head 240 may be made from machined

aluminium although it will be appreciated that different raterials may be used.

[0224] Whilst the head 240 shown in this example is formed from a single part, it will be
understood that it will be possible to construct the head 240 from multiple parts. This may
allow complex internal porting geometries that cannot be readily miachined into a single part.
Multiple parts of the head 240 may be fastened together mechanically vsing any suitable
fastening technique. A gasket may be located between head 240 parts (o ensure good sealing

of porting that may be defined through the parts.

[0225] It will also be appreciated that, whilst the present example includes discrete
components for providing the cylinder 220 and the head 240, in some embodiments the
cylinder 220 and head 240 may be formed integrally as @ single part, which may be formed

using casting and/or machining processes.

[0226] Whilst this example pravides a separate head 240 for cach cylinder 220, it will be
appreciated that a bank of mulitiple cylinders 220 may be fitted with a single component
which integrates muliiple effective heads 240 each having features as described above.
Although this may remove the commuonality advantages of using standardised heads 240 on
each cylinder 220, this may allow for further weight reductions and may be useful in high-

volume production of engines 200.

[0227] The cross section view of Figure 2E reveals details of the exhaust valves 265,
positioned in exhaust porting formed within the head 240. Each of the valves 263, 265 is
supported inside the head 240 using a valve guide 267. The valve guides 267 provide a stable
lateral sapport for the valves 263, 265 so that they are positioned accurately with respect to

the ports 243, 245, whilst allowing smooth axial opening and closing operations.

[0228] In this example, the valve guides 267 are removable and have identical construction

irrespective of whether these are used to support inlet valves 263 or exhaust valves 2635,

[0229] In Figure 2E, it can also be seen that the inlet and exhaust bridges 271, 272 are moved

by inlet and exhaust cams 281, 282 which serve as the respective actuators for moving the
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bridges 271, 272, In particular, the cams 281, 282 engage with one or more cam followers
277 coupled to the bridges 271, 272 and rotate on a camshaft 280 based on the rotational
position of the corresponding piston 230. Each cam follower 277 may be provided in the
form of a cylindrical roller supported on a shaft attached to the respective bridge 271, 272.
Further details of the operation of the valve arrangements 261, 262 will be provided i due

course.,

[0234] Further details of the camishaft 280 and mounted cams 281, 282 can be seen in Figure
13. In this example, the inlet cam 281 has a lobe design which provides approximately 1567
of inlet valve 263 opening by lifting the inlet bridge 271. It will be appreciated that extends
for most of the piston's power stroke and is an exceptionally long time of exposure of
pressurised gas to the piston 130 compared to conventional air engine designs. The exhaust
cam 282 has a lobe design which provides 170° of exhaust valve 265 closure by lifting the
exhaust bridge 272, The inlet cam 281 and exhaust cam 282 have their lobes protruding
generally on the same side of the camshaft which results in the exhaust valves 265 being
closed whilst the inlet valves 263 are open. o avoid the escape of pressurised gas during

power strokes,

[0231] Figure 2C shows the air engine 200 with a number of covers attached. These covers
may be used to protect nternal components of the air engine 200 from the external

covironment and/or protect operators from coming mto contact with internal components.

{0232] Cylinder covers 205 may be provided to enclose the actual cylinders 220 so as to
provide desirable thermal characteristics and/or a protective barrier about the cylinder 220
and piston 230 positioned inside. Head covers 206 may be provided to enclose working
components of the inlet and exhaust valve arrangements 261, 262 and thus help to mitigate
hazards which may arise due to inadvertent contact with moving parts and/or reduce the risk
of parts from being thrown from the air engine 200 in the event of a mechanical failure. A
timing pulley cover 207 may also be provided to prevent pinch hazards or prevent a timing
belt nsed 1o couple the crankshalt 210 to the camshafts 280 [rom bemg thrown in the event of

failure.
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[0233] A valley cover 208 may be provided spanning between the banks of cylinders 220 and
may protect manifold tubing {not shown) for supplying compressed air to inlet openings 244
or removing exbaust air rom exhauost openings 246 of the heads 240. In this case the valley
cover inclades cutouts 209 throngh which inlet manifold tubing may be routed from the inlet

openings 244,

[0234] Figures 3A to 3D show different views of an isolated head 140 and corresponding

valve assemblies 261, 262 of the air engine 200.

[0235] The inlet valve assembly 261 includes two inlet valves 263 coupled to an inlet bridge
271, whilst the exhanst valve assembly 262 includes four exhaust valves 265 coupled to a
single exhaust bridge 272, thus exemplifying a case having a valve group including more
than two valves 265, Each valve 263, 265 is supported in the head 240 by a valve guide 267
which is fixed in position relative to the head 240, using a shouldered. threaded locating
systen, by which stud plates 278 are then attached to the valve guides 267. The valves 263,
265 shidingly move through apertures formed longitndinally through the valve guides 267,
such that only linear motion of the valves 263, 265 will be allowed, depending on the
movement of the bridges 271, 272, However, it will be appreciated that such linear motion of
the valves 263, 265, whilst desirable, 15 not essential and alternative arrangements may be

provided (o allow non-linear motion of the valves 263, 263,

[0236] Each bridge 271, 272 is supported by studs 273 which extend outwardly from the stud
plates 278 coupled to an upper face of the head 240. The bridges 271, 272 are coupled to the
studs 273 so that the bridges 271, 272 can move in a direction aligned with longitudinal axes
of the studs 273, and in this case this movement direction also aligas with the reciprocation
direction of the respective piston 230. Each stod 273 includes a retainer 275 for a biasmng
member for biasing the bridges 271, 272 towards the head 240. In this example, springs 274
are provided on each stud 273, and these springs 274 serve as the biasing members. It will be
appreciated, however, that in some examples. a biasing member may not even be required,
such as where the bridge 271, 272 is moved by an actuator in both directions for epening and
closing the respective valves 263, 265. Nevertheless, springs 274 may still be provided for

cushioning the closure operation and helping {o reduce wear.
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[0237] Movements of each bridge 271, 272 are caused by cams 281, 282 mounted on a
camshaft 280, A camshaft timing pulley 283 is mounted at one end of the camshaft 280 and a
timing belt (not shown) connects the camshaft timing pulley 283 to a craokshalt timing
pulley 214 mounted at an end of the crankshaft 210. With regard to Figure 2B, it will be seen
that the crankcase 201 includes a slot 203 for allowing the timing belt {not shown) 1o extend
between the camshaft timing pulley 283 and one of the crankshaft timing pulley 214 located

inside the crankecase 201.

[0238] In this example, the respective pulleys 283, 214 have matching dimensions and
numbers of gear teeth so as to provide a 11 timing relationship, in which one complete
revolution of the crankshaft 210 causes one complete revolation of the camshaft 280. This
provides a 2 stroke wvalve timing suitable for operation of the air engine 200. It will be
appreciated that a 2:1 timing relationship may be used for 4 stroke timing, as may be

desirable for an internal combustion engine.

[0239] As shown in Figure 3C, the cams 281, 282 are profiled to periodically raise lift the
respective bridges 271, 272 as the camshaft 280 rotates, and one or more cam followers 277
may be provided on the bridges 271 to allow smooth moverent of the bridges 271, 272
hased on the rotating cam profiles. It will be appreciated that the bridges 271, 272 will be
lifted directly by the lobes formed in the cams 281, 282 into a raised position, whilst the
action of the springs 274 will otherwise bias the bridges 271, 272 towards a lowered position

and ensufe engagement between the cams 281, 282 and respective cam followers.

[0240] The springs 274 provided for cach bridge 271, 272 may have differeat spring stiffness
depending on the desired operation of the respective bridge. For example, the springs 274
used with the inlet bridge 271 may have a relatively low spring stiffness because the inlet
valves 263 are designed so that pressurised gas in the inlet chamber 247 will tend to retain
the inlet valves 263 in the closed position until they are positively lifted open by the inlet

bridge 271.

[0241] As discussed previously, the inverted operation of the inlet valves 263 may be more
suitable for use in air engine embodiments. In the present example, opening of the inlet

valves 263 is positively controlled through the upward movement of the inlet bridge 271 by
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the inlet actuslor 281, and the inlet valves 203 are closed by springs. The springs 274 may
have relatively light spring stiffnesses, since the pressurised gas can assist in maintaining the

infet valves 263 1o a closed position.

[0242] The particular spring stiffness for the springs 274 of the inlet bridge 271 will be
selected with regard to the surface area of the inlet valves 263 upon which the pressure load
will be applied in the closed state, so that adequate closing force is applied as required, but to
avoid the need for excess force to be applied to the inlet bridge 271 to open the inlet valves
263, This can help to ensure that the inlet valves 263 are highly responsive in use. In contrast,
the springs 274 used with the exhaust bridge 272 need only be of a tension calculated to
apply slightly greater force than the force exerted on the exhaust valve 265 faces inside the
chamber 221 when the exhaust valves 265 are not being positively lifted inte a closed

pasition by the exhaust bridge 272.

[0243] In any event, suitable selection of the springs 274 for each bridge 271, 272 with
consideration of the applied gas pressures during operation can help to ensure desirable
speedy valve opening and closing performance. Furthermore, suitable spring 274 selection
coupled with the particular design configuration of the valves 263, 263 and corresponding
ports 243, 245 help to eliminate many traditional valve 1ssues, such as valve bounce (wear),
valve stretching, and can result in a cushioned closing effect for the exhaust valve 265, and

reduce opening force requirements Tor the inlet valve 263,

{0244] In an alternative arrangement, the inlel valves 263 may have a similar configuration
as the exbhaust valves 265, such that they have a generally conventional poppet valve seal
which moves downwardly into the chamber 221 (i.e. towards the piston 230) when opened
and is closed by moving upwardly (i.e. away from the piston 230). The operation of inlet
valves 263 configured in this manner would nvolve positively closing the inlet valves 263
when the inlet actuator 281 (i.e. a cam or the like) moves the inlef bridge 271 upwardly away

from the head, as per the exhaust valves 265.

[0245] This positive closing action in the above mentioned aliernative inlet valve 263
configuration would prevent unintentional opening of the inlet valves 263 due o the

pressurised gas supply. The inlet valves 263 would be opened under the influence of a
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hiasing member (1.e. a spring) o this case, aud this opening action would be assisted by the
supply of pressurised air. In some circomstances, the biasing member would not even be
required and opening could be entirely effected by the pressurised air, although a spring may
still be incorporated to provide a cushioning effect during closure and to assist the opening

operation for improved responsiveness,

[0246] 1t is noted that despite the use of a generally conventional poppet valve seal design in
the exhaust valves 265, and in the alternative inlet valve 263 configuration mentionzd above,
the particular opening and closing regime doe (o the use of the bridge 271 is still reversed
compared to a poppet valve implementation in a conventional internal combustion engine,
where the valve Is positively opened and the valve closwre relies on spring tension. Thus, the

valve operation for the engine 200 is less dependent on springs than for conventional engines.

[0247] In any case, it 15 noted that the springs 274 may be located entirely outside the head
and thus will not be exposed (o air flow or temperature fluctnations during the use of the air
engine 200. Furthermore the external arrangement of springs 274 1o this examaple dees not

restrict air tlow through the head 240,

[0248] It will be appreciated that the opening and closing motions of the valves 263, 205 in
the air enging 200 may be aligned with the piston 230 reciprocating direction. Although not
essential, this allows for a mechanically simplified arrangement compared to many
conventional engine designs which have valves which act at substantial angles with respect to
the reciprocation of the piston. For instance, the inlet and exhaust bridges 271, 272 which
control the operation of all of the valves 263, 265 can be moved using cams 281, 282
provided on the same camshaft 280. In contrast, conventional angled valve arrangements will
usually require a separate camshaft for valves on either side of a cylinder, with separate cams
for cach valve. It will be appreciated, however, that separate camshafts may still be used to

actuate each bridge 271, 272 1n alternative embodiments of the engine.

[0249] Furthermore, the linear actuation of valves 263, 265 in relation to both the piston 230
face, and in relation to the bridges 271, 272 and respective actuators 281, 282 helps to
provide improved energy efficiency by applying direct force (as opposed 1o angular force),

and can also provide improved wear characteristics.
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[0250] Turning back to Figure 2A, it will be seen that the camshatt 280 may be supported by
camshaft bearings 284 mwounted on the head 240. The camshaft bearings 284 may be
configured io allow adjustment of the relative positioning of the camshaft 280 above the head
240 so as to allow for cam 281, 282 designs with different sized lobes, which will in torn
cause different opening behaviour for the valves 263, 265, In this example, a single camshaft
280 1s used for two cylinders 220 across a cyvlinder bank of the air engine 200. This allows a
single timing pulley 283 to be nsed for each cylinder bank. However, it will be appreciated

that separate camshafts may be provided for each cylinder.

[0251] Valve timing can be adjusted with regard to advancing and retarding the valve 263,
263 opening and closing timing by rotating the camshalt 280 refative to the crankshaft 210
position. It may also be possible to operate the air engine 200 in a reverse direction by

rotating the camshaft 280 by 1807 relative to the crankshaft 210,

[0252] Figure 3D shows further details of the underside of the head 240, which interfaces

with the cylinder 220. A cylinder cap 249 is provided for engaging with the cylinder 220 to

appreciated that the two inlet ports 243 in this case are of a significantly smaller diameter

compared to the four exhanst ports 245.

[0253] These differences in diameter and in the number of ports for the inlet port group 241
compared to the exhaust port group 242 allow a significantly greater volunetric flow rate of
exhaust gas to be removed from the chamber 121 compared to pressurised gas that can enter
the chamber 121, It will be understood that this can account for the expansion of the
pressurised gas doring the power strokes of the air engine 200, such that the total mass of gas
entering and exiting the chamber 121 will be approximately equal. Thus, performance
elficiencies may be gained by exhausting through larger volume exhaust ports 245 or more

exhaust ports 245 compared to the inlet ports 243,

[0254] Figure 3E shows a similar view as for Figure 3D but with the head 240 hidden to

reveal further details of the valve supports 267 and valves 263, 265,

[0255] 1t is noted that the overall design of the head 240, valves 263, 265 and their respective

bridges 271, 272 can enable minimal requirements for movements ol the valves 263, 265 to
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achieve maximum opening or closing operations. As such this can permit the use of cams
281, 282 having cam lobes of less aggressive designs, which can provide benefits of

smoother operation and redoced wear.

[0256] Construction features of the head 240 can be seen in further detail in Figures 6A to
6C. In this example, the head 240 is manufactured from a solid block of aluminium by
drilling and other machining processes. The inlet openings 244 and inlet chamber 248
defined therebetween can be formed by drilling a hole across the width of the head 244, and

the exhaust openings 246 and exhaust chamber 249 may be formed in a similar manner.

[0257] Guide apertures 601 may be drilled from an upper surface of the head 240 and
exhaust apertures 604 can be formed by continuing the drilling through the depth of the bead
240 to form the exhaust ports 245, On the underside of the head 240 a shoulder of the exhaust
port 245 may be machined to form an exhanst valve seat 605, For the inlet ports 243, the inlet
apertures 604 will not extend all the way through the head 240 at the same diameter but will
stop short of the underside of the head, leaving an annulus of material to form inlet valve

seats 603 to allow sealing of the inlet valves 263.

[0258] Whilst this example shows a head 240 of single part construction, it will be
appreciated that more complex internal geometrics may be formed using multiple part

comstruction, as discussed above.

[0259] As will be appreciated. the head 240 has a symmeltrical geomelttic arrangement which
facilitates 1ts use as a standard part irrespective of cylinder configuration. Furthermore, its
design allows the use of different types of valves 263, 2638 or different operational regimes,

providing improved [lexibility.

[0260] Details of the inlet bridge 271 can be scen in Figures 7A and 7B. The inlet bridge 271
is formed from a unitary inlet bridge body 701. Inlet valve apertures 702 a allow the inlet
valves 263 to be coupled to the bridge, whilst support apertures 703 are provided to allow the
inlet bridge 271 to be supported on the studs 273 as shown in Figures 3A to 3D. The support
apertures 703 have an enlarged diameter for most of their length to accommodate the biasing

springs 274. The inlet bridge 271 also includes a cam follower cutout 704 for retaining a cam
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follower 277 which is typically mounted on a shaft supported by cam follower suppost

apertures 276 on either side of the cutout 704.

{0261] With reference to Figures 8A and 8B which show details of an exhaust bridge 272, it
will be appreciated that the exhaust bridge 272 has generally similar construction compared
to the inlet bridge. but with adaptations to accommodate four exhaust valves 265,
Accordingly, the exhaust bridge 272 include four exhaust valve apertures 802, spaced
symuetrically abont a centre plane defined through its cam follower support apertures 276.
In this case. there are two cam follower cutouts 804 for retaining two cam followers 277 of
similar construction as used for the inlet bridge 272. The support apertures 803 are also
similar te those used in the inlet byridge 272, helping to keep the unigue parts count to a

Mininumn.

[0262] As shown in Figures YA and 9B, the inlet valves 263 include a valve stem 901 which
passes through a respective inlet valve aperture 702 on the inlet bridge 271. The inlet valves
263 may be coupled to the inlet bridge 271 using any known technique and preferably the
coupling will be adjustable such as through the use of a threaded portion and outs or other
suitable fasteners, so as to allow fine adjustments of the opening and closing operation of the

inlet valve 263,

[0263] As mentioned previously, the inlet valves 263 in this example have an inverted
operation compared to traditional poppet valves, which can provide improved secaling against
pressurised gas when closed. The inlet valve 263 includes an inlet valve plug 902 which
defines the inlet valve seal 264 on its underside, and which is surrounded by a tapered inlet
valve seat engaging portion 903 configured to engage with the iulet valve seat 603 inside the

head 240.

[0264] Ap exhaust valve 265 having a more cooventional valve construction is shown in
more detail in Figures 10A and 10B. The exhaust valve 263 includes an exhaust valve stem
1001 extending from a exhauost valve plug 1002, with the exhaust valve seal 264 being
defined on the underside, but in this case, an exhanst valve seat engaging portion 1003 is

formed on an opposite top sile of the exhaust valve plug 1002, Thus the exhaust valve seat
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engaging portion 1003 engages with the exhaust valve seat 605 formed on the underside of

the head 240 when the exhaust valve 265 is raised by the exhanst bridge 272.

[0265] Figures 11A and 11B show details of a valve guide 267 as used to support and guide
cach valve 263, 265 in use. A guide body 1101 of the valve guide 267 includes a central
guide aperture 1102 through which the stem 901, 1001 of a supported valve 263, 265 can
travel linearly in use. Guide flanges 1103 are nsed to locate the valve guide 267 into
corresponding guide apertures 601, which may include shoulder features for positioning the

valve guide 267 within the inlet and exhaust apertures 602, 604 formed in the head 240.

[0266] It should be understood that, whilst valve assemblies 261, 262 of the present design
have been shown to include an assembly of separate components providing the bridge 271,
272 and valves 263, 265, in some embodiments these and other elements of the valve

assemblies 261, 262 discussed above may be formed integrally.

[0267] As mentioned previously, the V4 configoration of the aiv engine 200 causes the
reciprocation of each of the four pistans 230 {o be offset by 90 witlt respeet to ong anothery,
The offset positions of the four pistons 230 at the crankshaft 210 position depicted in Figure
2D, along with the internal positions of the valves 263, 263, are illustrated in Figures 4A to
4H.

[0268] Figures 4A and 4B show respective side and front views of a first piston 230 which is
approaching 4 top dead centre position. The exhaust cam 282 i3 hifting the exhaust bridge 272
which causes the exhaust valves 263 to be rigidly held in a closed position. On the other
hand, the inlet cam 281 does not 1ift the inlet bridge 271 but the springs 274 help to ensure

the inlet valves 263 are biased downwardly in a closed position,

[0269] 1t is also noted that when the piston 230 is close to top dead centre there is practically
no wasted volume in the chamber 221, This is possible because the inlet valves 263 will open
into the head 244 at the start of the power stroke and thus have no risk of intetference with
the piston 230. In contrast, conventional valves which open inte the chamber 121 may
interfere with the piston unless a suitable volume is provided above the piston 230 at top dead
cenire or the piston face has depressions for avoiding contact with the valves if these are open

at or near top dead centre. As a result, there 18 minimal or no wasted stroke length with
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respect to the cylinder and this allows practically instant application of Tully pressurised gas

to the face of the piston 230, immediately npon opening of the inlet valves 263,

{0270] Figures 4C and 4D show a second piston 230 which is offset by 90° from the first
piston 230 shown in Figures 4A and 4B. The second piston 230 is passing through a power
stroke in this case. The exhaust valves 265 remain closed due to the exhaust bridge 272 being
lifted by the exhaust cam 282 and the inlet valves 263 are also opened for the second piston

due to the inlet bridge 271 being lifted by the mlet cam 281,

[0271] Figures 4E and 4F show a third piston 230, offset from the aforementioned second
piston 230 by a further 907, such that the third piston 230 15 approaching bottom dead centre
and the end of its power stroke. The inlet valves 263 have now been closed by the biasing
action of the springs 274 on the inlet bridge 271. Springs 274 have also biased the exhaust
bridge 272 into a lowered position to thereby ¢ause the exhaust valves 263 o open inlo the
chamber 121, Thus, the exhanst valves 265 are ready to allow exhaust gas to be expelled

from the chamber 121 during the return stroke.

{0272] Figures 4G and 4H show a fourth piston 230, offset once more by 90° from the third
piston 230 and approximately 270° after top dead centre in this case. As per Figores 4E and
4F, the exhaust valves 265 are open to allow exhaust gas to be expelled, whilst the inlet

valves 263 remain biased into a closed position.

[0273] The overall relative valve timing [or each of the pistons illustrated in Figures 4A to
4H can be better appreciated by comparison of the respective timing charts shown in Figures
SA teo 5D. The timing charts respectively show when the inlet valves 263 and exhauost valves
265 are open relative 1o the absolute crank angle which is set at ° when the first piston is at a

top dead centre position.

[0274] As can be seen in Figure 5A where the first piston position corresponds directly with
the ahsolute crank angle, the inlet valves 263 are open from top dead centre to approximately
1567 aficr top dead centre, after which the inlet valves 263 are closed and the exhaust valves
265 are opened at approximately 163 after top dead ceatre. The exhaust valves remain open

throughout the rest of the stroke until 355° after top dead centre.
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[0275] Figures 3B to 5D illustrate similar timing cycles for the second, third and fourth
piston 230 respectively, but each are offset by 907 due to the timing diagrams being
referenced to the absolute crank angles rather than the local positions of the pistons 230, This
allows visnalisation of the ovetlaps between the periods in which the inlet valves 263 are
opened and pressurised gas actively drives the respective piston 230, It will be appreciated
that at any absolute crank angle there will be at least ane piston 230 with open inlet valves
263, and at most crank angles there will actually be two pistons 230 with open inlet valves

263.

[0276] This allows the air engine 200 to be readily self-started by simply supplying
pressurised gas to the inlet openings 244 of the heads 240 without any special start-up
procedures, since the pressurised gas will always be able to start driving at least one piston

230 along a power stroke.

[0277] It will be appreciated that the air engine 200 may be operated by supplying
pressurised air (o the inlet openings 244 of the heads 240, typically via an inlet manifold. The
exhaust product will be expanded air which can be removed from the exhaunst openings 246
of the heads 240, typically vid a separate exhaust manifold. Typically the exhaust air will be
at or near atmospheric pressure and may be at a significantly reduced temperature compared

to ambient conditions due to its vapid expansion in the air engine 200,

[0278] A power generation system may utilise the air engine 200 connected to a suitable
source of pressurised air. In one example, the air engine 200 may be supplied with
pressurised. air stored in a suitable pressure vessel. The flow of pressurised air to the air
engine may be controlled fo vary the operational speed and power developed by the air
engine 200. In another example, the power generation systemn may include an air compressor
which generates pressurised air which may be stored or supplied directly to the air engine as
required. In the case where the pressurised air s stored, this may be performed using high
pressure storage tanks, such that the pressurised air can be supplied to the air engine on
demand. This can also allow [urther control of the supply pressore and {low rate of the

pressurised air to the air engine 200, to thereby control power output as required.
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[0279] Preferably the air compressor will be powered by a readily availahle power source,
and the air engine 200 can utilise the pressurised atr to deliver nseful rotational power for
other apphications. The power source for powering the air compressor may include renewable
power sources such as solar cells. Alternatively, the air compressor may be powered by
conventional engines or by electric power supplied by a electricity network or stored in

batteries.

[0280] An electrical generator may be coupled to the crankshaft 210 of the air engine 200 to
allow rotational power developed using the pressurised air source to be converted to
clectrical power. This may allow useful applications of the air engine 200 in remote
applications where electrical power or chemical fuel 1s not available but there is a capability
Lo carry stored pressurised air or compress air locally using an air compressor. It will also be
appreciated that power generated by air engine 200 can be stored {or later vse, such as by

having the electrical generator supply elecirical power to a batiery for storage.

[0281] As mentioned previously, the expanded gas output from the air engine 200 as an
exhaust stteam may be sigoificantly cooler than the surrounding ambient air. This
refrigerated exhaust stream may also be used for other cooling applications such as air

conditioning or cooling of heat generating eqnipment.

[0282] In one example, the refrigerated exhanst stream from the air engine 200 may be used
for cooling a diesel generator, such as in 4 remote mining application. An air compressor may
be powered by diesel and the pressurised air it produces may be used to operate an air engine
200 which is in turn coupled to an clectrical generator to supplement the electrical power
produced by the diesel generator. The refrigerated exhaust from the air engine 200 can be

then fed to a cooling system for cooling the diesel generator.

[0283] In another example, an air engine 200 may be used in a vehicle power plant, such as
for a long haul prime mover truck. The vehicle power plaut may include an internal
combustion engine powering a compressor for producing a supply of pressurised air which
can be stored or supplied directly to the air engine 200. In one ecxample of a truck power
plant, the air compressor may be conveniently powered by a diesel engine, which can operate

constantly at peak etficiency and may have significanily lower capacity than would otherwise
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be required to drive the truck itsell, However, the air engine 200 may be sized {o deliver
sufficient power to drive the trock using the pressurised air. Efficiency benefits can be
realised due to the efficient operation of the diesel compressor, compared to the alternative of
running a diesel motor to drive the truck itself. It will be appreciated that internal combustion

gngines other than diesel engines may otherwise be used.

[0284] The vehicle power plant as discussed above may also beneficially wse the cool
exhanst air from the air engine 200 for cooling the combustion engine in use. It will be
appreciated that this can further improve the efficiency of the vehicle power plant and can
also help to guard against overheating, particularly in extreme environmental conditions

and/or during heavy use of the vehicle.

[0285] Such a vehicle power plant may also include a capability for storing pressurised air
supplied by the air compressor, which can allow pressurised air to be supplied to the air
engine 200 on demand. In some examples, the stored pressurised air may be supplied at
higher flow rates than may otherwise be provided by the air compressor, thus allowing extra
power to be delivered by the air engine 200 when required. Excess pressurised air that is not
required by the air engine 200 during periods of lower power demands, such as during

descents or braking of the vehicle, may be stored for later use.

[0286] It will be appreciated that this arrangement 15 somewhat analogous to systems used on
mining frucks where diesel powered electrical generators generate electricity which is used
by electric motors to drive the trucks. This arrangement may eliminate the need for expensive
battery systems and high current wiring, by replacing these with a simpler mechanical
system. It will also be appreciated that similar vehicle power plant arrangements may be
provided for other types of vehicles including boats, tanks, helicopters, excavators or the hike.
Similar arrangements may also be wsed in stalionary equipment where rotary power is

nevertheless reguired, such as in drilhing equipment.

[0287] In view of the above, it will be appreciated that systems nsing the air engine 200 may
enable the efficient generation of power in circumstances that may not be particularly well
suited to conventional techniques. It is noted large volumes of pressurised air can be

conveniently stored for use by the air engine 200 when needed, and new supplies of
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pressurised air can be continuously produced using renewable resources. In contrast, il is not

generally feasible to store large quantities of electrical energy in batteries.

[0288] The above discussed features of the reciprocating engine coniribute to a uniquely
efficient method of harnessing the kinetic power of compressed gas. Preferred embodiments
as discussed above combine features that significantly reduce wastage of energy stored in the

compressed gas, so as to harness the input of energy to an unparalleled level of efficiency.

[0289] This efficiency may be achieved by way of the unigue mechanically operated valve
and head configuration disclosed in detail above. The valve and head configuration allows a
long power stroke (of anywhere up to 180 degrees operating in a 2-stroke configuration),
provides for rapid & precise repeatability, control and efficiency of flow actuation and gas
transfer. This can result in substantially greater power & torque output for input energy

{compared to other analogous reciprocating engine designs).

[0294] 1t will be appreciated that the design of the valve arrangements includiog the use of a
bridge as discussed allows an engine to be produced which that has reduced internal
resistance for the fuel source to overcome which can lead to more efficient operation. The
engine may be constructed with an intrinsically low rotational inertia resulting in relatively
easier turnover of the engine, irfespective of whether valves are open 0 avoid the need to
compress air in the cylinder. There are several reasons for this, and some of these are set ount

below, although it should be understood that the following is not an exhaustive list.

[0291] First, it is noted that the design of the valve arrangements allows valves to operate
without requiring the use of highly tensioned springs to return the valves to their resting state.
Accordingly, the rotation of the engine doesn’t need to overcome resistance due to highly
tensioned springs, meaning less energy is expended operating the valve system, and more
useful power is available at the crankshaft. This can be contrasted to high performance
engines such as those found in drag cars, where the engines have springs with extremely high

spring tension to snap the valves closed as fast as possible.

[0292] The valve arrangements discussed above can eliminate the need for such spring
configurations. The only force required by biasing members such as springs is a force

necessary to overcome the force applied by the internal chamber pressure exerted on the face
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of the valve. As such, a biasing member merely of slightly higher tension than the force
acting on the valve face surface is all that is strictly required. In fact, in the case of inlet
valves for an aiv epgine, biasing members may not even be required given the highest
pressure will typically be on the opposite side of the valves, althongh a spring may still be

nsed for cushioning or to assist in responsiveness of the valves,

[0293] Furthermore, 1t is noted that the valve arrangenient can operate with relatively small
valve movements, and in the case of actuators in the form of cams, this can allow smaller
cam geometries than in conventional cam operated valve designs. This can reduce the cam
contact speed required per revolution, can also reduce wear, and 1s beneficial for camshaft

balance given that the weight and throw of each cam lobe may be reduced.

[0294] By allowing linear actuation of valves in a compact arrangement, the engine design
also provides significant improvements compared to conventional angled poppet valve
arrangements and particularly traditional rocker arm systems, by removing the mechanieal
disadvantage of angular movement and long travel distances which require more intrinsic
engine power to overcome. Embodiments of the valve arrangement 1n which cams are used
as the actuators have the benefit that the carn lobes act directly on a cam follower of the
bridge to effectively and positively move the bridge coupled to the valves. As such, the
bridging system climinates this mechanical disadvantage having a more advantageous ratio
of leverage. It 15 also noted that embodiments of the engine can also provide improved
mechanical efficiency through reduced intrinsic restriction on the engine due to the use of
favourable mechanical advantage in the connection between the crankshaft and the camshaft.
In preferred embadiments, the camshaft timing pulley is up to twice the diameter of the cams

at the highest lobe point.

{0295] As mentioned above, aspects of the reciprocating engine confligurations discussed
above may also find application to internal combustion engines. For example, the valve
arrangements including bridges for simultancously controlling the operation of multiple
valves 11 a compact and mechanically simplified configuration may also be nseful in internal
combustion engines. It will be understood that the above examples may be adapted to internal

combustion engine applications such as by changing the camshafl timing relative to the
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crankshalt to allow 4-stroke operation and by reconfiguring the inlet valves similar to the

exhaust valves

[0296] An example embodiment of an internal combustion engine 1400 is shewn in Figures
14A o 14D, It will be noted that this example is similar to that described with reference to
Figures 1A to 1P, and as soch, similar features have been assigned similar reference

numerals,

[0297] An internal combustion engine 1400 in accordance with this example generally
includes a crankshaft 110 (oot shown), a cylinder 120 defining an internal chamber 121, a
piston 130 positioned in the chamber, the piston 130 being connected to the crankshaft 110

and being configured to reciprocate inside the chamber 121,

[0298] The internal combustion engine also includes a head 140, althongh in this case the
head 140 may inclode different construction features compared t¢ those of previous examples
to accommodate an ighition source 1410, such as a spark plug as itustrated in Figures (4B to
14D, or any other known type of ignition source 1410, It will be appreciated that an ignition
source 1410 is not essential in the case of a diesel engine, although the head 140 may still
include other adaptations depending on the engine type. For example, the head 140 may be

adapted to accommodate a glow plug, fuel injector, or the like in the case of a diesel engine.

[0299] As in previous examples, the head 140 is attached to the evlinder 120 and closes the
chamber 121 at an end opposing the piston 130, and head 140 includes pott group 141, 142
including two or more ports 143, 145 for allowing fluid communication between the chamber
121 and a respective manifeld. In this case, an inlet port group 141 includes two mlet ports
143 and an exhaust port group 142 includes two exhaust ports 145, For each port group 141,
142, there is provided a valve arrangement 161, 162 coupled to the head 140. Each valve
arrangement 161, 162 includes, for cach port 143, 143 of the port group 141, 142, a valve

163, 163 for operatively controlling fluid flow through the respective port 143, 145,

[0300] A bridge 171, 172 is coupled to the valves 163, 165 for cach valve arrangement 161,
162, wherein movement of the respective bridge 171, 172 relative to the head 140 causes

synchronised operation of the valves 163, 165 coupled thereto. An actuator 181, 182 is



WO 2015/010169 PCT/AU2014/050151

-49 .

provided for cavsing each bridge 171, 172 to move based on the reciprocation of the piston

130.

[0301] As can be seen in Figures 14B to 14D, the configuration of the inlet ports 143 and
corresponding inlet valves 163 is different compared to previous examples relating more
specifically to air engines. In particular, the inlet valves 163 in this case are similar to the
exhaust valves 165 in that beth types of valves 163, 165 open their respective poits 143, 145
by moving into the chamber 121, and have generally similar valve seal 164, 165
configurations. Figure 14C shows open inlet valves 163 as the piston 130 passes top dead
centre commencing an intake stroke, whilst Figute 14D shows open exhaust valves 165 as
the piston 130 travels upwardly on an exhaust stroke. It is noted that the piston 130 face may
include depressions to avoid interference with the ignition sonrce 1410 and inlet valves 163
which project into the chamber 121 when opened when the piston 130 is at top dead centre,

allowing reduction in the dead volume between the piston 130 and the head 140,

[0302] 1t will be recalled that the inlet valves 163 of previous alr engine examples were able
to open by moving into the bead 140, which may be beneficial in view of the pressures
applied to the inlet valves 163 by the supplied pressurised air. Such an arrangement is of little
benefit in the case of an internal combustion engine 1400 where air is supplied and the valyve
seals 164, 165 are beiter adapted to withstand pressures which are generated within the

chamber 121 due to combustion.

{0303] Accordingly, the inlet valves 163 and exhaust valves 165 may each be positively
closed when respective actuators 181, 182 move the bridges 171, 172 away from the bead
140, similar to the exhaust valves 165 of previously described examples. The inlet valves 163
and exhaust valves 165 may be opened by a biasing member such as a spring, although it is
also possible to have the actuators 181, 182 cause movement of the bridges 171, 172 towards

the head 140 to positively open the valves 163, 165.

[0304] 1t is noted that a similar arrangement using inlet valves 163 and exhaust valves 165
which are each positively closed in this fashion can alse be used in air engines similar to

those described above. It should also be appreciated that the valves 163, 163 in the internal
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combustion engine example may alternatively be positively opened due to the actuators 181,

182 and closed by a biasing member.

[0305] In any event, it will be understood that the use of valve arrangements 161, 162 in
which a respective bridge 171, 172 is moved by an actuator 181, 182 to effect synchronised
operation of the corresponding valves 163, 165 will provide similar benefits as discussed per

previons examples.

[0306] Furthermore, when applied to an internal combustion engine, U is considered that
valve arrangements 161, 162 as described above can allow tmproved valve duorability and
actuation speed. since the valves 163, 165 can be positively closed (and optionally positively
opened) without relying on spring lension to return valves as in conventional internal
combustion engines, This will particuarly be beneficial in high perfermance engines where
valve closing responsiveness can be a limiting factor with regard to operating speeds. In
some engines in accordance with the above examples, springs may not even be reguired to

cause opening or closing of valyes, and may enly be required to provide a cushioning effect.

[0307] In view of the discussion above, it will be appreciated that valve arrangements having
positively closed valves may exhibit desirable performance improvements, especially in
internal combustion engines. Examples of such valve arrangements have alveady been
described in the context of multi-valve engines, although similar principles may also be

usefully applied to engines having only a single inlet valve and a single outlet valve.

[0308] Accordingly, an example of a valve arrangement 1560 and a corresponding head 1540
for an engine having a single inlet valve and a single outlet valve will now be described with

reference to Figures 15A and 15B.

{03097 1t will be understood that a reciprocating engine utilising the valve arrangement and
head 140 depicted in Figures 15A and 15B will include typical reciprocating engine features
of a crankshaft, a cylinder defining an internal chamber, a piston positioned in the chamber,
the piston being connected to the crankshaft and being contigured to reciprocate inside the
chamber, althongh these features have been hidden given the particular configuration of the

valve arrangement 1560 and the head 1540 is of primary interest in this example.



WO 2015/010169 PCT/AU2014/050151

-51-

[0310] The engine further includes the head 1540 attached 1o the cylinder and closing the
chamber at an end opposing the piston, and the valve arrangement 1560. The head 1540
includes a port for allowing flud communication between the charsber and a respective
manifold, and the valve arrangement 1560 includes a valve 1563 for operatively controlling

fluid flow through the port.

[0311] In this case only a single valve 1563 is provided in the valve arrangement 1560, This
valve 1563 is assomed to be an inlet valve 1563 for the purpose of this example. For
completeness, another valve 15635 is indicated in Figure 1SA and this is assumed to be an
exhaust valve 1563, It will be understood that a stimilar valve arrangement can be used for an

exhaust valve 1563, although this has been hidden in Figore 15A for the sake of clarity,

[0312] The valve arrangement 1560 includes a bridge 1570 coupled to the valve 263,
wherein movement of the bridge 1370 in a first direction causes the valve 263 to close and
movement of the bridge 1570 in a second direction causes the valve 263 to open. The valye
arrangement 1560 further includes a closing actuator 1580 for causing the bridge 1570 to
move in the first direction based on the reciprocation of the piston, to thereby positively close
the valve, and at least one biasing member 1574 for biasing the bridge 1570 towards the

second direction,

[0313] This form of valve arrangement 1560 allows the valve 1563 to be mechanically
moved into a closed position against the biasing member when the closing actuator 1580 acts
on the bridge 1570, but when the closing actuator 1580 1s not acting on the bridge the biasing
member 1574 may be used (o return the valve 1563 to a natural open position. It will be
apprecialed that the resuliing valve operation is opposite to that of conventional poppet
valves in internal combustion engines or the like, where the valves are traditionally opened

mechanically and rely on a spring to return the valve to a closed state.

[0314] As discossed above, there are significant advantages in providing valve arrangements
having positive valve closure when compared to such conventional arrangements. To
reiterate, these advantages include a significant reduction in the intrinsic resistance to the
rotation of the engine when the positively closing valve arrangement 1560 is used instead of

a traditional positively opening valve configuration,



WO 2015/010169 PCT/AU2014/050151

[0315] 1t is noted that a major source of rotational resistance in conventional internal
combustion engines is the spring tension that is required to reliably close the traditional
positively opening valves. The springs of conventional engines can only return the valve to
its closed position at a given speed due to their inherent dynamic response characteristics
which are dependent on factors inclading the spring tension and valve mass. At high
aperating speeds the valve may not have time to be successfully closed. This problem 1s
known as valve float. If a valve doesn't close in sufficient time in a conyentional internal
combustion engine, the result is either lost power becanse of reduced compressed gas that
escapes through the still open valve, or, more critically, interference between the valve and
the piston which can cause extensive damage to the valve and/or the piston. Accordingly,

valve float has traditionally limited the maximum operating speed of conventional engines.

[0316] Traditionally, the problem of valve float in conventional poppet valve configurations
has been only partially mifigated through conirolling the properiies of the spring. For
instance, if higher operating speeds are required from a conventional engine, heavier valve
springs may be needed to ensure the valves can be reliably retwrned to the closed position.
This comes at the expense of an increased load on the camshaft when the springs are
compressed during opening of the valve. and this in turn generates higher rotational
resistance in the common scenario where the camshaft is conpled to the engine using a timing

belt or the like.

[0317] In contrast. in valve arrangements 1560 as per the present example, the problem of
valves not properly closing doe to valve {loat at high speeds are eliminated. The valve 1563

can be moved into the closed position at ever increasing engine speeds because these are

4]

positively closed based on the reciprocation of the piston, and there is no reliance on springs

or other time-limited biasing arrangements in the closing operation of the valve 1563,

[0318] Whilst the valve arrangement 1560 includes a biasing member 1574, such as a spring
coupled to the bridge 1570, this may be only provided for facilitating the opening operation
of the valve 1563. In the present example, the valve arrangement 1560 is configured so that
the biasing member 1574 causes the valve 1563 to open whenever the closing actuator 1580

is not being used to positively close the valve 1563, This configuration has been found to
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require a greatly reduced spring tension compared to that which would be required in a

conventional configuration.

{0319] In particular. the spring tension required for opening the valve 1563 may be
caleulated to merely counteract the maximum internal chamber pressure being applied to the
fuce of the valve 1563 &t the time the valve 1563 needs to be opened. It 18 noted that the
required $pring tension remains a constant throughout the rev range regardless of increased
speed. In preferred embodiments of the valve arrangement 1560, the spring tension for
springs used to provide biasing members 1574 for opening the valve 1563 can be set to
approximately half the spring tension required for closing a similar valve of a conventional

mternal combustion engine of corresponding size and perforimance.

[0320] Accordingly, it will be appreciated that the valve arrangement 1560 having positively
closing valves 1563 helps to reduce the intrinsic resistance by allowing the use of springs

having relatively light spring tension,

[0321] In this example. the movement of the bridge 1570 in the first direction involves the
bridge 1570 moving away from the head 1540 and the movement of the bridge 1570 in the
second direction involves the bridge 1570 moving towards the head 1540, This allows the
valve 1563 to have a generally conventional valve scal 1564 arrangement and to open by
extending the valve seal 1564 into the chamber and to close by seating the seal 15364 in the
pott formed in the head 1540, However, it will be appreciated that other configurations for

allowing positive valve closure throngh the actuation of a bridge 1570 may be possible.

[0322] As depicted in Figure I5A, the valve awrrangement 1560 may be incorporated into an
internal combustion engine including an ignition source such as a spark plug 1510. It will be
appreciated that the valve arrangenment 1360 can be posttioned in such a way as to allow

conventional spark plug 1510 positioning perpendicnlar to the piston face,

[0323] In other internal combustion engines, such as a diesel engine, a spark plug 1510 may
nat be required although other standard engine features such as a glow plug or a fuel injector
may be provided. Alternatively, the valve arrangement 1560 may be used with a pressurised
zas engine configured to be driven by compressed gas, which may operate in a similar

manner as disenssed above.
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[0324] Further preferred (albeit optional) features of the valve arrangement 1560 as shown in

Figures 13A and 15B will now be described.

[0325] As per previous examples, the closing actuator may be provided in the form of a
camshalt 1580 including at least one cam 1581 mounited thereon. Tn this regard, although a
single cam 1581 is shown, multiple cams may be provided spaced apat on a common
camshaft, with each of these having a respective follower, as will be described in more detail
below with respect to the example of Figures 19 and 20. For the purpose of explanation of
this example, reference will be made to a single cam 1581, although it will be appreciated

that this is not intended to be limiting.

[0326] The camshaft 1580 will typically be rotationally coupled to the crankshaft of the
engine. Thus, the cam 15381 may be configured to control the movement of the bridge 1570
depending on the rotational position of the crankshaft. It will be appreciated that the valve
arrangement 1560 can be mounted over the head 1540 using an overhead cam 1581
arrangement. The bridge 1570 may in turn include a cam follower 1577 for engaging the cam
1581, as shown in Figure 15A. Accordingly, this provides a low friction arrangement for
converting the rotational motion of the crankshaft into the required movement of the valve

1563 for closing and opening the valve 1563 as required.

[0327] The bridge 1570 may include a first bridge portion 1571 (or main bridge body) to
which the valve 1563 is coupled and a second bridge portion 1572 {or bridge cap) including
the cam follower 1577. In this particular example, the bridge 1570 defines a cavity between
the first bridge portion 1571 and the second bridge portion 1572, so that the camshaft 1580 is
able 1o extend through the cavity. This structural configuration of the bridge 1570 provides a
convenient geometric arrangement for allowing the valve 1363 to be lifted into the closed

position when the bridge 1570 is actnated by lobes of the cam 1581.

[0328] As mentioned above, each biasing mermber may be provided in the form of a spring
1573 coupled to the bridge 1570. In the present example, each spring 1574 is coupled to the
bridge 1570 so that the spring 1574 is compressed when the bridge 1570 is moved in the first
direction using the carg 1581 on the cam shaft 1580 (or any other suitable closing actuator) to

positively close the valve 1363 so that the compressed spring 1574 urges the bridge 15370 in
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the second direction to thereby open the valve 1563 when the cam 1581 is not being used to

positively close the valve 1563.

[0329] In other wards, the springs 1574 provide a biasing tension which is overcome by the
cam 1581 acting on the cam follower 1577 during the mechanical closure of the valve 1563,

whilst the opening of the valve 1563 is achieved through the release of the biasing tension.

[0330] As shown in Figures 15A and 15B, each spring 1574 may be mounted on a stud 1573
extending outwardly from the head 1540, In a similar arrangement as previously described,
cach spring 1574 may be retained on the stud 1573 using a retainer 1573, so that the springs
1574 are effectively coupled to the bridge 1570. In this example, the valve arrangement 1560
includes a pair of springs 1574 arranged symmetrically about the valve 1563, allowing for

balanced biasing of the bridge 1570 to thereby ensure the valve 1563 is opened linearly.

[0331] In view of the above examples of engines having bridges used for the synchronised
operation of multiple valves, 1 will also be appreciated that the type of valve arrangement
1560 described with reference to Figures 15A and 15B may also be used with multiple
valves. To illustrate this, Figure 16 shows a further example of a valve arrangement 1660
generally similar to that discussed above but inclading two valves 1563 coupled Lo the same
bridge 15370. Each valve 1563 is for operatively controlling luid How through a respective
port, whereby movement of the bridge 1570 causes synchronised operation of the two valves

1563.

[0332] By comparison of Figure 16 and Figure 15B, it will be understood that this valve
arrangement 1660 includes generally similar features as per the earlier described, albeit with
some features being duplicated or otherwise adapied to accomumodate two valves 1563
mstead of the single valve 1563 of the previous example. In any event, similar principles of
operation will apply, with the further benefits of mechanically synchronised operation of the
multiple valves 1563, along with the ahility to operate multiple valves using a single cam

1581 if desired.

[0333] Whilst the examples of Figures 15A, ISB and 16 show arvangements including a
closing actuator 1580 provided by a cam of the like for ensuring positive closing of the valve

1563 only. 1t will be appreciated that other examples of engines may be provided which also
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allow for positive opening of the valve 1563. In one example, the valve arrangement 1560
may additionally include an opening actuator for causing the bridge 1370 to move in the
second direction based on the reciprocation of the piston, to thereby positively open the valve
15363, It will be appreciated that this may be achieved, for example, by using an additional
cam configured to actuate the bridge in an opposile divection compared to the cam for
providing the closing actuator, where the two cams will preferably have complimentary

profiles to ensure only one of the cams is positively actuating the bridge at any one instant.

[0334] Irrespective of whether the engine is confignred to only positively close the valve,
with the biasing member being used to apen the valve, or both positively close and open the
valve, the valve arrangement may nevertheless include a biasing member, and may be

configored such that the biasing member cushions the closing of the valve.

[0335] A further example of a valve arrangement 1860 is shown in Figures 18A and 18B.
The valve arrangement 1860 is generally similar to the previous example of the valve
arrangement 1560 of Figures 15A and 15B and comuuon features have been assigned the
same reference numerals as the previous example. However, in this case, the valve
arrangement 1860 includes additional features to improve valve opening in cases where
significant pressure may need to be overcome in order to break the seal between the valve

and the port when the valve is closad.

[0336] Such a situation may arise, for example, in internal combustion engines, where the
exhaust valve needs to be opened against increased pressure following combustion. Whalst
the biasing member may be configured to cause the valve to open when the closing actuator
is not being used to positively close the valve, as per the previous example, this may
necessitate the pse of a strong spring or other suitably strong biasing member to reliably
break the valve seal and open the valve against the pressure in the chamber. The use of a

stronger biasing member may undesirably increase resistance to the operation of the engine.

[0337] In the example of Figures 18A and 18B, this potential problem is addressed by
providing. as part of the valve arrangement 1860, a seal breaking actuator 1883 for cansing

the bridge 1570 to move in the second ditection (fowards the head 1540 10 this example) to
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positively break a seal between the port (not shown) and the valve 1563 after the valve 1563

is closed.

[0338] Thus, the seal breaking actnator 1885 acts as a special form of the epening actuator
mentioned above for positively opening the valve 1563. Whilst an opening actuator may be
used for causing the bridge 15370 to move in the second direction to completely open the
valve 1563, this is not essential for the seal breaking actuator 1885, Rather, the seal breaking
actuator 1885 may be configured to merely provide sufficient movement of the bridge 1570
to overcome the chamber pressure and break the seal to allow the remaining opening
movement lo be provided by the biasing member 1874, It will be appreciated that this can
allow a relatively weaker biasing member 1574 to be used since this no longer needs to
provide a biasing force sufficient for breaking the valve seal. The seal breaking actuator 1885
may only act on the bridge 1570 for a short segment of the enging cyele to initiate the

opening of the valve 1563.

[0339] The closing actuator may be provided by a first cam 1581 mounted on a camshaft
1580 that is rotationally coupled to the crankshaft, as per the previous example. In this
example, the seal breaking actuator may be provided by a second cam 1885 mounted on the
same camshaft 158Q. The first cam 1581 and the second cams 1885 are thus configured to
control the movement of the bridge 1570 depending on a rotational position of the crankshaft.
It will be appreciated that the closing and seal breaking actuwators will be directly

synchronised as these are provided on the same camshaft 1580,

[03407 As best seen in Figure 18A, the first cam 1581 includes a first cam lobe and the
second cam 1885 includes a second cam lobe. Upon rotation of the camshafi 1580. the first
cam lobe vrges the bridge 1570 in the first direction to thereby positively close the valve
1563 and the second cam lobe wrges the bridge 1570 in the second direction (o positively

break the seal.

[0341] A cam arrangement of this type can be said to include a primary closing cam {the first
cam 1581) and a secondary "kicker" cam (the second cam 1883), given its function to
provide a short kick to break the seal and allow the biasing member 1574, in the form of a

spring or the like, to bias the valve 1363 into the open position.
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[02342] 1t will be appreciated that the seal breaking actuator, provided by the kicker cam
{second cam 1883), may impart some momentum to the valve 1563 which can also assist in
moving the valve 1563 towards the open position without requiring sigmlicant biasing force
from the biasing member 1574. Nevertheless, the biasing member 15374 may still be used to
cushion the closing of the valve 1563 as mentioned above for when an opening actualor is

used.

[0343] To allow this operation, the bridge 1570 may inclode a first cam follower 1577 for
engaging the first cam 1581 and a second cam follower 1879 for engaging the second cam
1885, Tt will be appreciated that, in the depicted example, the second cam follower 1879 will
engage the second cam 1885 and thus cause the valve seal to be broken when the first cam
follower 1577 is disengaged from the first cam 1581, ie. when the closing actnator is not

pasitively closing the valve 1563,

[0344] As per the previous example described with reference to Fignres 15A and 15B, the
bridge may include a first bridge portion 1571 to which the valve 1563 is coupled and a
second bridge portion 1572 including the first cam follower 1577, However, in this example,
the first bridge portion 1371 may further inclode the second cam follower 1879, In this
example, the camshaft 1580 extends between the first and second bridge portions 1571, 1572,
particularly in a cavity formed between those two portions as discussed above, This can

allow for a compact arrangement,

{0345] In some examples, the valve 1563 may be coupled to the bridge 1570 using a valve
cartridge including a preloading spring {(not shown) or the like for preloading the valve 1563,
The second cam follower 1879 may be integrated with the valve cartridge so that the
preloading spring also provides some cushioning of the action of the seal breaking actuator

on the valve 1563,

[0346] As shown in Figore 18B, the second cam 1883 for providing the seal breaking
actuator is positioned on the camshaft 1580 with an offset spacing from the first cam 1581,
and the second cam follower 1879 is offset from the first cam follower 1577 by the same

amouni. Whilst an offset arrangement of this type is not essential, this may be tequived to
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the valve 1563 which is also coupled to the first bridge portion 1571,

[0347] 1t will be appreciated that the valve arrangement 1860 shown in Figures 18A and 18B
can allow for reductions in the amount of rotational resistance doe to the biasing spring
compared o valve arrangements which rely completely on the biasing metnber 1574 for
opening the valve 1563, but without requiring engagenient between an actuator and the
bridge 1570 throughout the entire opening portion of the engine cycle as may be the case
when an opening actuator is used to positively open the valve 1563, Accordingly, this can
help to remove the need for the tight manufacturing tolerances that may be needed for both

completely positively closing and epening the valve 1563.

[0348] The technigues described above can also be applied to piston machines wmore
generally, In this regard, the term piston machine is understood to encompass reciprocating

engines, as well as compressors.

[0349] In one example, 4 compressor can have an arrangement substartially similar to that of
the reciprocating engines described above. However, in this example the timing of valve
actwation will typically be modified and accordingly, timing arrangements for wsing the
reciprocating engine of Figures 1A to 1D will now be described with reference to Figores

17A w0 17C.

[0354] In this example, the valve 165 acts as an inlet valve, allowing air to flow from the
chamber 148 into the piston chamber 121, whilst the valve 163 acts as an outlet valve,

allowing compressed air to be supplied via the chamber 147,

[0351] Figure 17A shows the inlet valves 165 and outlet valves 163 closed at TDC. As the
shaft 110 rotates, the inlet valve 165 open at 3% ATDC, whilst the outlet valve 163 remains
shut, with this configuration being retained until 180° ATDC, allowing air to be drawn into
the piston chamber 121 during the down stroke of the piston. At 180° ATDC the vutlet valve
163 opens, whilst the inlet valve 163 closes allowing pressurised air to be supplied via the
chamber 147. This configuration is allowed to continue until TDC, at which point the outlet

valve 163 closes, allowing the process to repeat.
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[0352] A turther example of a valve arrangement will now be described with relerence to

Figures 19A and 19B.

{0353] In this example, the valve arrangement includes a bridge 1970 including first and
second bridge portions 1971, 1972, The first bridge portion 1971 includes arms 1971.1 that
couple to the extending second bridge portion, so that the bridge 1970 extends around an
opening O through which a camshaft passes. Although two arms are shown in this example,
this is for the purpose of illustration only and in practice any number of arms could be used.
Thus, a single arm could be used to define a "C-shaped” bridge, whilst more than two arms,
for example in the form of parallel spaced apart arm pairs, could be used to provide
additional strength. It will also be appreciated that whilst the bridge is formed from two body

portions, this is not essential and a single body portion could be used.

[0354] The first bridge portion 1971 sapports a second cam follower 1979 rotatably mounnted
therete via an axle 1978, A valve seal 1964 is also coupled via a valve stem 1963 to the first
bridge portion 1971 using a suitable coupling, such as by having the valve stem threadingly

engage an opening the second hridge portion.

{0355] The second bridge portion 1972 supports a first cam follower 1977 rotatably mounted
thereto via an axle 1976, and can be coupled to the arms of the first bridge portion 1971 via a
suitable coupling, such as bolts 1972.1 passing through the second bridge portion and into the

arms 1971.1, ar through an interference coupling or the like.

[0356] In this example. a closing actuator is provided in the form of a cam 1981 mounted on
a camshaft 1980, which engages with the first cam follower 1977 to thereby control
movement of the bridge 1970 upon rotation of the camshaft. Thus, the cam 1981 may be
configured to control the movement of the bridge 1970 depending on the rotational position
of the camshaft. In particular, the cam 1981 can be used to urge the bridge 1970 in a first
direction 1991 as shown in Figures 20A to 20C, so that the valve seal 1964 sealingly engages
a valve seat, and then release the bridge 1970 allowing the bridge 1970 to move in the second

direction to thereby release the valve seal 1964,

[0357] As previously described, in order to assist valve opening a biasing mechanism can be

used. In this example, a seal breaking actuator 1985 in the form of a second cam mounled on
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the camshalt 1980 15 used to urge the bridge 1970 in the second direction 1992, In the
previous example of Figures 18A and 18B. the biasing mechanism is used as a "kicker” cam
to break the seal, with a second biasing mechanism, such as a spring, keeping the valve open.
In this instance however, the second cam 1985 operates to prevent the seal closing while the
cam lobe engages the second cam follower 1979, This is particularly in situations in which
the valve seal 1964 can bounce causing the valve to close during the open portion of the
cycle, as occurs for example during high revving scenarios. By providing the second cam
1985, this prevents the valve seal 1964 returning to the closed position until it is positively

closed by the action of the first cam.

[0358] 1t will be appreciated that either one or more of a spring or second cam 1985 counld be
provided to assist in opening the valve and/or preventing inadvertent valve closure, but that
these are not required in all circumstances and so alternatively arrangements with no spring
or second cam 1985 could be wsed. for example in low revving situations, as described
previously. Thus, for example one or more springs 1972.4, coupled to the second bridge
portion 1972.2 could act on the bridge to urge the bridge in the second direction to thereby
help on the valve, either as an alternative to, or addition to the second camy 1985. This can
also help cushion seating of the valve as well as provide lincar guidance. Additionally, in
this example, the spring 1972.4 can be mounted in a eylindrical housing, which can corporate
with an external guide, to help ensure linear motion of the bridge is achieved. In any event,
in this example, the first cam 1981 is profiled so as to determine the parameters of the valve
in respect to the required dwell angle and 1ift height. The first cam 1981 controls the cvele
parameters set for the valves throughout the entire operation cycle and in particular,
determine the closure of the valve and the amount of pressure placed on the valve seat by the
closing valve. The first cam 1981 also determines the height of 1ift and the manner in which
Lift and return of the valve to the valve seat is performed, whilst the second cam 1985

aperates {o open the valve, and prevent the valve closing unintentionally.

[0359] It will be appreciated that in the above described the first and second cams 1981,
1983 operate in conjunction to pesitively close and open the valve, thereby avoiding the need
for separate biasing means, such as springs, or the like. The particular arrangement used has

a number of benefiis,
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[0360] Firstly, by providing the cams 1981, 1983 within the opening of the bridge 1970, this
allows the cam followers ta be provided on opposite sides of the opening, so that the first and
second cam followers 1977, 1979 positively urge the bridge in opposite directions.  This
allows for completely linear movement and thereby avoids the inefficiencies and additional

wear caused by the use of rocker arms and pivots.

[0361] Second this allows the cams top be provided coaxially on a common camshalft, which
ensures perfect synchronisation of the first and second cams. This can help prevent timing

issues experienced in some engines.

{0362] Thirdly, in the confignration shown, the second cam 1985 is smaller that the first cam
1981. This allows the camshalt 1980 and cams 1981, 1985 to be machined from a single
body. In this regard, a rod of material can initially be machined to the profile of the lirst cam
1981, with regions intermediate the locations of the first cams being further machined in

order to create the second cams 1985,

[0363] Furthermore, in the current example, the second cam 1985 and second cam follower
1979 are aligned with the bridge 1970, whilst the first cam 1981 and first cam follower 1977
are offset from the bridge 1970. Additionally, in this example, two first cams 1981 and two
second followers 1977 are mounted symmetrically on gither side of the bridge 1970 to
thereby ensure that forces on the bridge are balanced, thereby reducing wear and increasing
efficiency. It will be appreciated that this is not essential and any suitable arrangement could
be used, meluding for example providing any number of [irst or second cams 1981, 1985 and
corresponding cam follower 1977, or by providing cach of the first and second cams 1981,
1985 and cam followers 1977, 1979 within the bridge so that none of these are offset from

the bridge 1970.

[0364] Additionally, in this example, the bridge 1970 is formed {rom two bridge portions to
facilitate assembly within an engine or other piston machine. This allows the valve seal 1964
top be installed in the head of the engire, with the first bridge portion 1971 being mounted,
the camshalt positioned, before the second bridge portion 1972 is coupled to the first bridge
portion 1971, This also allows for adjustment of the bridge. for example to provide variable

tensioning, to thereby accommodate stretch of the valve seat following extended use. In
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particular, such adjustment need only be made using the second bridge portion 1972, which is
typically more accessible within an engine, making the adjustment process more

straightlorward.

[0365] 1o one example, this can be achieved using an adjustable section 19722 of the second
bridge portion 1972 that can be moved relative to the remainder of the second bridge portion
1972 thereby allowing the puosition of the cam follower 1977 to be adjusted. However, it will
be appreciated that adjustment could also be provided withount the use of a bridge having two

bridge portions, for cxample using shimming or the like.

[0366] Additionally, the second bridge portion 1972 can incorporate a spring 1972.3, such as
a wave spring or other biasing mechanism, for urging the first cam [ollower 1977 in the
second direction 1922 towards the first cam 1981, This can provide a number of benefits,
including ensuring positive engagement between the first cam follower 1977 and first cam
1981. This also provides a buffer lor the transition between cam lobes, which can help
reduce valve chatter, as well as making the arrangement easier to manufacture by allowing
for greater tolerances in production, and good for wear & adjustability. This alse helps
cushion valve closure, which in turn helps reduce valve seat wear, It will be appreciated that
this can be achieved in a straightforward manner, which would not otherwise be the case in
non-linear arrangements, It will be appreciated that similar benefits could be obtained by
providing the spring 1972.3 in the first bridge portion 1971 for wging the sccond cam
follower 1979 towards the second cam 1985, or by providing springs or other biasing

mechanmisins associated with both of the first and second cam followers 1977, 1979,

[0367] The above described arrangement can be further expanded to include multiple inline
valve arrangements. with a number of bridges 1970 operated via a common camshaft
extending through the opening @ of each bridge 1970. This provides the ability to actuate
multiple valves simultancously, with timing being easily synchronised between the valves
based on the camshaft configoration. In this regard, the camshaft can be formed from a
single unitary body, this prevents drill in the relative timing of the valves, thereby ensuring

the valves operate in synchronisation, even after prolonged use.
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[0368] Accordingly the above example describes a valve arrangement for use in a piston
machine, which includes a valve for operatively controlling fluid flow throngh a port, a
bridge coupled to the valve so that linear movement of the bridge m a first divection causes
the valve to close and linear movement of the bridpe in a second direction causes the valve to
open, & closing actuator including a rotatable fivst cam having a fivst cam lobe, and wherein
upon rotation of the first cam, the first cam lobe urges the bridge in the first linear direction
to thereby positively close the valve and, an opening actoator for cansing the bridge to move

in the second direction to thereby at least positively open the valve.

[0369] This provides a mechanism for allowing the bridge to be used to achieve linear

opening of the valve, which can reduce wear and increase efficiency of operation.

[0370] In one example. the valve arrangement includes a first cam follower mounted on the
bridge, the fitst cam follower cooperating with the {irst can to cause movement of the bridge
in the first linear direction. Alternatively however the cam could engage the bridge directly

without requiring a separate discrete follower.

[0371] In either case, the first cam s positioned between the first cam follower (or portion of
the bridge that is engaged by the camy) and the valve, allowing for linear motion of the bridge
in the first direction away froni the valve to be used to close the valve. This allows the cam

lobe to ensure positive closure of the valve allowing for more reliable valve closure.

[0372] In one example. the first cam follower is movably mounted (o the bridge. This can be
used either to allow the first cam follower to be urged in the second direction relative to the
bridge by a biasing spring, to provide tolerances in the arrangement, or to allow the position
of the first cam follower to be adjusted in either the lirst or second direction to thereby adjust
adegree of valve lift. Allernatively, a shmilar effect could be achieved by movably mounting

and/or biasing the second cam follower relative to the bridge.

[0373] The opening actoator typically includes a rofatable second can having a second cam
lobe, and wherein upon rotation of the sccond cam, the second cam lobe urges the bridge in
the second linear direction to thereby positively open the valve. However, altermatively a

biasing spring could be used.
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[0374] In the case of the use of the second cam, the valve arrangement typically includes a
second cam follower mounted on the bridge, the second cam follower cooperating with the
second cam to canse movement of the bridge in the second lnear direction. In this case, the

second cam follower is usually positioned between the second cam and the valve.

[0375] In this arrangement, the second cam can be mounted coaxially and rotationally
invariant with the first cam, for example by providing the first and second cams on a
common camshaft. This can be achieved by manefacturing the cams and attaching these to
the camshaft, but more typically the first and second cams are integrally formed as part of the

camshaft,

[0376] The valve arrangement can include at least two first cams spaced apart along a
commmon camshaft, the at least two first cams cooperating with corresponding at least two
first cam followers mounted on the bridge. This can be used to balance forces applied to the

bridge.

[0377] Alternatively, the valve arrangement can include at least two second cams spaced
apart along a common camshaft, the at least two second cams cooperating with

corresponding at least two second cam followers mounted on the bridge.

[0378] 1n a forther example, the second cam lobe turther restricts movement of the bridge in
the first linear direction when first cam lobe i8 not wging the bridge in the first linear

direction.

[0379] In one example, the valve arrangement includes first and second bridge portions.
Whilst not essential, this can be advantageous in terms of construction and maintenance of
the valve arrangement, for example by making access to the valve components more

straightlorward.

{0380] In this example, the first and second bridge portions define an opening therebetween,
a camshaft extending through the opening in use. Additionally, the valve can be coupled to
the first bridge portion and wherein the valve arrangement inclodes a first cam follower
mounted on the second bridge portion and a second cam follower coupled to the first bridge

portion.
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[0381] The valve arrangement can include at least one cam and cam follower laterally offset
from the bridge and more typically cams and cam followers are mounted symmetrically on

cither side of the bridge to balance forces applied to the bridge.

[0382] The valve arrangement also typically iocludes a plurality of valves, bridges, and
opening actuators in a spaced apart arrangernent, each opening actuator including at least one

first cam, each first cam being mounted on a conron camshaft.

[0383] Accordingly, it will be appreciated that the above described technigues, and in
particular the valve control processes can apply to any piston machine, including but not

limited to reciprocating engines, compressors or the like.

[0384] In this regard. such a piston machine typically includes a rotating shaft, a housing
defining an internal chamber, a pisfon positioned in the chamber, the pistion being connected
to the shaft and being configured to move inside the chamber as the shalt rotates, a port
provided in the housing for allowing fluid communication between the chamber and a
respective manifold and a valve arrangement including a valve for operatively controlling
fluid flow through the port, a bridge coupled to the valve, wherein movement of the bridge in
a first direction causes the valve o close and movement of the bridge in a second direction
causes the valve 1o open, a closing actuator for causing the bridge to move in the first
direction based on the reciprocation of the piston, to thereby positively close the valve and at

keast one biasing member for biasing the bridge towards the second dirgction.

[0385] The above described arrangement provides particular operation efficiencies. o
particular, the actuator is used 1o positively close the valve, as opposed to using a biasing
spring to wrge a valve closed, as is the case in traditional piston engine / compressor
arrangements.  In this case, a much weaker spring can be used to open the valve, so that
overall the energy required to open and close the valve is significantly reduced compared to

standard valve arrangements.

[0386] 1t will be appreciated that in one example this is achieved using a cam having an
clongated lobe allowing for lifting of the bridge, and hence closing of the valve, for a large
part of the cam rotation cycle. Thus, mechanically closing the valve, and then using a weaker

spring to allow for opening of the valves increases energy efficiency. This increase in
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efficiency can be as much as 6-8% in combustion engines, and potentially significantly more

in other applications.

{0387] Another benefit of the above described arrangement is that use of the bridge allows
for linear actuation of the valve. ITu particolar, a rotational cam can be used to cause linear
movement of the bridge, further leading to linear movement of the valve. Thus, as described

above, this can lead to further inprovements in energy efficiency and weat characteristics.

[0388] It will be appreciated from this that the above described arrangements can also relate
to a valve arrangement for use in a piston machine, the valve arrangement including a valve
for operatively controlling fluid flow through a port, a bridge coupled o the valve, wherein
linear movement of the bridge in a ficst direction causes the valve to close and linear
movement of the bridge in a second direction causes the valve to open, a closing actuator
including a rotatable cam having a cam lobe, and wherein upon rotation of the cam, the cam
lobe urges the bridge in the first linear direction (o thereby positively close the valve and at
least one biasing member for biasing the bridge in the second linear divection so that the at
least one hiasing member opens the valve when the valve 18 pot positively closed by the

actuator.

[0389] It will also be appreciated that the above deseribed techniques could be applied to
pistonn machines with groups of valves. In this example, the piston machine includes a
rotating shaft, a housing defining an internal chamber, a piston positioned in the chamber. the
piston being connected to the shaft and being configured to move inside the chamber as the
shatt rotates, a head attached to the cylinder and closing the chamber at an end opposing the
piston, the head including at least one port group including two or more ports Tor allowing
fluid copumunication between the chamber and a respective manifold and for each port group,
a valve arrangement coupled to the head, each valve arrangement including, for each port of
the port group, a valve for operatively controlling fluid flow through the respective port, a
bridge coupled to the valves, wherein movement of the bridge relative to the head cauvses

synchronised operation of the valves and an actuator for causing the bridge to move.
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[0390] 1t will be appreciated that the above described valve arrangements can be used in
wide range of applications, including but not Hrited to air engines of a two stroke design or

internal combustion engines of a four stroke design, as well as to compressors or the like.

[0391] The valve arrangements can include different numbers of lobes, depending on the
preferred implementation.  For example, when used in two stoke arrangements, the cams
typically have one lobe per valve set, whereas in four stroke designs two or more, and more

typically three lobes per valve or valve set can be nsed.

[0292] It will be appreciated that many components are inferchangeable between different
applications, so for example the multi-sectional crankshalt and/or twin armed connecting rod

used in the air engine can be used in an IC engine.

{0393] The system can be used with a wide range of valve configurations, including but not
limited to both inverted and standard valves. In one particular example, lifting the bridge
away [rom the head will close the valves and that lowering the bridge towards the head will

open the valves in both air and IC engines.

[0394] The system can easily accommodate varyving tension of the valve stem, making it
more. straightforward to adjust valve arrangements fo accommodate stretch of the valve
seat/push rod arrangement.  Additionally, a built in tensioning device can be used to

compensate for valye stem expansion created by heat of the IC engine as it operates.

[0395] The arrangement can be used within a single valve or multiple valve set, driven by a

common camshall, thereby ensuring iming between multiple valves can be maintained.

[0396] The valve arrangement can be used on reciprocating compressors (o improve
efficiency, particularly in a 2 stroke format. In this example, biasing devices may be used
due to two stroke operation and lower internal chamber pressures. In contrast, in IC engines
such biasing may not be required, and instead a "kicker" arrangement could be used to
facilitate opening of the valve, although again, this may not be reguired. When used, a kicker
cam perforins opening but is reliant upon the parameters of the main cam lobe 1o determine

the motion of the bridge and hence the fiming of the valve or valves,
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[0397] In one particular amrangement, the use of the brdge is particularly beneficial as it
allows the followers to be provided substantially inline with the valve stem axis, meaning
that motion is linear and hence reducing wear and improving efficiency, as previously

discussed.

[0398] Throughout this specification and claims which follow. unless the context requires
otherwise, the word “comprise”, and variations such as “comprises” or “comprising”, will be
understood to imply the inclusion of a stated integer or group of integers or steps but not the

exclusion of any other integer or group of integers.

[0399] Persons skilled in the art will appreciate that numerous variations and modifications
will become apparent. All such vartations and modifications which become apparent to
persons skilled in the art, should be considered 1o fall within the spirit and scope that the

invention broadly appearing before described.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1)

6)
7)

A reciprocating engine including;

) acrankshali;

by acylinder defining an internal chamber;

¢) a piston positioned in the chamber, the piston being connected to the crankshaft
and being configured to reciprocate inside the chamber;

d) a head attached to the cylinder and closing the chamber at an end opposing the
piston, the head including at least one port group including two or more ports for
allowing fluid communication between the chamber and a respective manitold;
and,

g) for cach port group, a valve arrangement coupled to the head. cach valve
arrangement including:

i) for each port of the port group, a valve for operatively controlling fluid flow
through the respective port;
ii) a bridge coupled to the valves, wherein movement of the bridge relative to the
head causes synchronised operation of the valves; and,
1il) an actuator for causing the bridge to move based on the reciprocation of the
pistori.
An engine according fo claim 1. wherein the actuator includes a cam mounted on a
camshaft that is rotationally coupled to the crankshaft, the cam being configured (o
control the movement of the bridge depending on a rotational position of the crankshaft.
An engine according to claim 2, wherein the bridge includes a cam follower for engaging
the cam.
An engine according to any one of claims 1 to 3, wherein the actuator canses the bridge to
move away from the head.
An engine according to claim 4, wherein each valve arrangement includes at least one
biasing member tor biasing the bridge towards the head.
An engine according to claim 5, wherein the biasing member is a spring.
An engine according to any one of claims 4 to 6, wherein at least one valve arrangement
is configured such that movement of the bridge away {rom the head causes the valves to

close the respective ports.
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&) An engine according lo claim 7, wherein the biasing member assists in moving the hridge
towards the head to thereby cause the valves to open the respective ports.

4 An engine according to any one of claims 4 to 6. wherein the at least one valve
arrangement is configured such that movement of the bridge away from the head causes
the valves 1o open the respective ports.

1) An engine according to claim 9, wherein the biasing member assists in moving the bridge
towards the head to thereby cause the valves to close the respective ports.

11y An engine according to any one of claims 1 to 3, wherein the actuator causes the bridge to
move towards the head.

12) An engine according to any one of claims 1 to 9, wherein the actuator causes the bridge to
contredlably move towards the head and away from the head based on the reciprocation of
the piston.

13} Au engine according to any one of claims 1 to 12, wherein each valve includes:

a) an elongate stem, the stem being coupled to the bridge; and,
b) a plug at an end of the stem, the plug being for sealing an opening of the respective
port to thereby close the port.

14 An engine according to claim 13, wherein the stem of ecach valve is radially supported by
a valve guide positioned in the head.

153 An engine according to claim 13 or claim 14, wherein, for the valves of one of the valve
arrangements, the valves are opened by being lifted by the bridge such that the plug
moves into the head.

16} An engine according to any one of claims 1 to 15, wherein the piston reciprocates in a
stroke direction relative to the eylinder, and the bridge moves in the stroke direction to
thereby cause the valves to move in the stroke direction.

17) An engine according to any one of claims | to 16, wherein the valves are coupled to the
hridge symmetrically with respect to a centre plane of the bridge.

18} An engine according to any one of claims 1 to 17, wherein the engine includes:

a} in the head:
1) aninlet port group for allowing fluid communication between the chamber and an
mlet manifold; and,
i} an exhanst porl group for allowing fuid communication between the chamber and

an exhaust manifold:
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by an inlet valve arrangement including inlet valves for controfling fluid flow through
respective inlet ports of the inlet port group and an inlet bridge coupled to the inlet
valvesy and,

¢} an exhaust valve arrangement including exhaust valves for controlling fluid flow
through respective exhaust poris of the exbaust port group and an exhaust bridge
coupled to the inlet valves.

I9) An engine according to claim 18, wherein the inlet valves are configured to open when
the inlet bridge is moved away from the head and the exhaust valves are configured to
¢lose when the exhanst bridge is moved away front the head.

20y An engine according to claim 19, wherein the inlet bridge is moved away from the head
by an inlet cam and the exhaust bridge is moved away from the head by an exhauost cam.

21) An engine according fo claim 20, wherein the inlef cam and the exhaust cam are mounted
on a single cam shaft, the cam shaft being coupled to the crankshaft.

22) An engine according to any one of claims 19 to 21, wherein the ilet valve assembly
includes at least one inlet biasing member for urging the inlet bridge towards the head to
thereby bias the inlet valves in a closed position.

23) An engine according to any one of claims 19 10 22, wherein the exbauvst valve assembly
includes at least one exhaust biasing member for urging the exhaust bridge towards the
head to thereby bias the exhaust valves in an opén position.

24) An engine according to claim 18, wherein the inlet valves are configured to close when
the inlet bridge is moved away from the head and the exhaust valves are configured to
close when the exhaust bridge 1s moved away from the head.

25) An engine according to claim 24, wherein the inlet valve assembly inclodes at least one
inlet lasing member for urging the inlet bridge towards the head to thercby bias the inlet
valves in an open position.

26y An engine according to claim 24 or 25, wherein the exhaust valve assembly mncludes at
least one exhaust biasing member for urging the exhaust bridge towards the head to
thereby bias the exhaust valves in an open position.

27y An eogine according to any one of claims 18 to 26, wherein the exhaust port group

includes a greater nurnber of ports compared (o the inlet group.
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283 An engine according to any one of claims 18 to 27, wherein a total exhaust flow area
through the exhaust ports of the exhaust port group is greater than a total inlet flow area
through the inlet ports of the mlet port group.

293 An engine according to any one of claims 1 to 28, wherein the piston has a concave
piston face.

30% An engine according to any one of claims 1 to 29, wherein the erankshaft is supported
inside the engine using roller bearings.

31y An engine according to any one of claims 1 to 30, wherein the piston includes piston
seals Tor forming a seal between the piston and walls of the cylinder.

32) An engine according to any one of claims 1 to 31, wherein the engine includes a plurality
of cylinders, each cylinder having a respective piston, head and valve assembly.

33) An engine according fo claim 32, wherein the same piston, head and valve assemblies are
used for each cylinder of the plurality of cylinders.

34) An engine according to claim 33, wherein the valve assemblies are configured such that
the inlet ports for at least one cylinder are open for all crankshaft rotational positions.

35) A power generation system including:

a} a gas compressor for receiving gas and pressurising the gas to thereby supply
pressurised gas;

b) an engine according to any one of ¢laims 1 to 34, the engine being configured to
receive pressurised gas from the gas compressor such that the engine is driven by the
pressurised gas.

363 A system according to claim 35, wherein the system further includes an electrical power
generator coupled to the engine,

37YA system according to claim 36, wherein the electrical power generator is for supplying
clectrical power to at least one of!
ay an electrical load;

b) an electrical store;

&) an eleciric molor; dnd,

d) the gas compressor.

38) A system according (o any one of claims 35 to 37, wherein the engine exhausts exhaust
gas having an exhaust temperature lower than ambient temperature, the exhaust gas being

used forat least one ol
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a) cooling:

b} cooling of cquipment;

¢} relrigeration; and,

d) air-conditioning.

393 A system according to any one of claims 35 to 38, wherein the gas compressor s driven
by an internal cambustion engine.

40y A system according to claim 39, wherein the internal combustion engine is cooled by
exhaust gas exhausted by the engine.

413 A vehicle power plant including a power generation system according to ¢laim 39 or
claim 40.

42y A vehicle power plant sccording to claim 41, wherein the vehicle includes wheels and the
engine is mechanically coupled to a drive train to thereby drive wheels of the vehicle.

433 A vehicle power plant according fo claim 41 or claim 42, wherein the system includes a
store for storing any pressurised gas that 15 not used to drive the engine when the
pressurised gas is supplied by the gas compressor, the store being configured to
controllably supply pressurised gas to the engine.

443 A pressurised gas engine configured to be driven by pressurised gas, the pressurised gas
engine including;

a) aerankshaft;

b) acylinder defining an internal chamber;

¢} a piston positioned 1o the chamber, the piston being connected to the crankshaft and
being configured to reciprocate inside the chamber;

d) a head attached to the cylinder and ¢losing the chamber at an end epposing the piston,
the head inclading at least one pot group includiog two or more ports for allowing
fluid communication between the chamber and a respective manifold; and,

e} for each port group, a valve arrangement coupled to the head, gach valve arrangement
including:

1} for each port of the port group, a valve for operatively controlling fluid flow
through the respective port;
i} a bridge coapled to the valves, wherein movement of the bridge relative to the

head causes synchronised operation of the valves: and,
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piston.

45) A pressurised gas engine according to claim 44, wherein the pressurised gas engine

includes:

a)

b)

)

in the head:

iy an inlet port group for allowing {luid communication of pressurised gas between
the chamber and an inlet manifold; and,

ii} an exhaust port group for allowing fluid communication of exhaust gas between
the chamber and an exhauvst manifold;

an inlet valve arrangement including inlet valves for controlling pressurised gas flow

through respective inlet ports of the inlet port group and an inlet bridge coupled to the

inlet valves; and,

an exhaust valve arrangement including exhaust valves for controlling exhaust gas

flow through respective exhaust poris of the exhaust port group and an exhaust bridge

coupled to the exhaust valves.

46) An internal combustion engine including;

a}
b)
)

d)

e}

a crankshaft;

a cyhinder defining an internal chamber;

a piston positioned in the chamber, the piston being connected to the crankshaft and

being configured to reciprocate inside the chamber;

a head attached to the cylinder and closing the chamber at an end opposing the piston,

the head including at least one port group including two or more ports for allowing

fluid communication between the chamber and a respective manifold; and,

for each port group, a valve arrangement coupled to the head, each valve arrangement

including:

1} for each port of the port group, a valve for operatively controlling fluid flow
through the respective port;

i1} a bridge coupled to the valves, wherein movement of the bridge relative to the
head causes synchronised operation of the valves; and,

ti1} an actuator for causing the bridge o move based on the reciprocation of the

piston.
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47y An internal combustion engine according to claim 46, wherein the internal combustion

engine includes:

a)

b)

in the head:

i} an inlet port group for allowing fluid communication of a mixture of fuel and air
between the chamber and an julet manifold; and.

i) an exhaust port group for allowing fluid communication of exhaust gases between
the chamber and an exhaust rmanifold;

an inlet valve arrangement including inlet valves for controlling the flow of the

mixture of fuel and air through respective inlet ports of the inlet port group and an

inlet bridge conpled to the inlet valves; and,

an exhaust valve arrangement including exhaust valves for controlling the flow of

exhaost gases through respective exhaust ports of the exhaust port group and an

exhaust bridge coupled fo the exhaust valves.

48) An internal combustion engine according to claiim 46 or claim 47, wherein the internal

combustion engine includes at least one oft

a)
b}

¢)

an 1gnition source;
a glow plug; and,

a fuel injector.

49) A reciprocating engine including:

a)
k)

<}

d)

a crankshaft;

a cylinder defiming an internal chamber

a piston positioned in the chamber, the piston being connected to the crankshaft and

heing configured to reciprocate inside the chamber;

a head attached o the cylinder and closing the chamber at an end opposing the pision,

the head including a port for allowing fluid communication between the chamber and

a respective manifold; and,

a valve arrangement including:

1} avalve for operatively controlling {Iuid flow through the port;

i) a bridge coupled 1o the valve, wherein movement of the bridge in a first direction
causes the valve to close and movement of the bridge in a second direction causes

the valve to open;
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i11) a closing actuator for causing the bridge 1o move in the {irst direction based on the
reciprocation of the piston, to thereby positively close the valve; and,
tv) at least one biasing member for biasing the bridge towards the second direction.

503 An engine according to claim 49, wherein the valve arrangement is configured so that the
biasing member causes the valve to open when the closing actuator is not being used to
positively close the valve.

51)An engine according to claim 49 or 30, wherein the closing actuator includes a cam
mounted on a camshaft that is rotationally coupled to the crankshaft, the cam being
configured to control the movement of the bridge depending on a rotational position of
the crankshaft, the bridge including a cam follower for engaging the cany.

52) An engine according to claim 51, wherein the bridge includes a first bridge portion to
which the valve is coupled and a second bridge portion including the cam follower.

533 An engine according to claim 52, wherein the bridge defines a cavity between the first
bridge portion and the second bridge portion, the camshaft extending through the cavity.

54) An engine according to any one of claims 49 to 33, wherein each biasing member is a
spring coupled to the bridge.

555 An engine according to claim 54, wherein cach spring is coupled to the bridge so that the
spring is compressed when the bridge is moved in the first direction using the closing
actuator to positively elose the valve so that the compressed spring urges the bridge 1n the
second direction to thereby open the valve when the closing actuator is not being used to
positively close the valve,

3563 An engine according to claim 54 or claim 35, wherein gach spring is mounted on a stud
extending outwardly from the head.

37y An engine according to any one of claims 49 to 56, wherein the valve arrangement
includes a pair of biasing members arranged symmetrically about the valve.

58) An engine according to any one of claims 49 to 57, wherein the movement of the bridge
in the first direction involves the bridge moving away from the head and the movement of
the bridge in the second direction involves the bridge moving towards the head.

59) An engine according to any one of claims 49 to 58, wherein the valve arrangement
ncludes twe or more valves coupled to the bridge, each valve being for operatively
controlling fluid flow through a respective port, whereby movement of the bridge causes

synchronised operation of the two or more valves.
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60y An engine according to any one of claims 49 to 39, wherein the engine is a pressurised
gas engine configured to be driven by compressed gas.

61) An engine according to any one of claims 49 to 60, wherein the engine is an infernal
combustion engine and further includes at least one of:

a) an ignition source;
b) a glow plug; and,
¢} a fuel injector.

62y An engine according to claim 49, wherein the valve arrangement further includes an
opening actuator for cansing the bridge to move in the second divection based on the
reciprocation of the piston, to thereby positively open the valve.

63y An engine according to any one of claims 49 to 62, wherein the valve arrangement
includes a seal breaking actuator for causing the bridge to move i the second direction to
positively break a seal between the port and the valve after the valve is closed.

64) An engine according to claim 63, wherein the closing actuator includes a first cam
mounted on a camshaft that is rotationally coupled to the crankshaft and the seal breaking
actuator inclodes a second cam mounted on the same camshaft, the first and second cams
being confligured to confrol the movement of the bridge depending on a rotational
position of the crankshaft.

63) An engine according fo claim 64, wherein the first cam includes a first camn lobe and the
second cam inclades a second cam lobe, and wherein upon rotation of the camshalt, the
first cam lobe urges the bridge in the first divection to thereby positively close the valve
and the second cam lobe urges the bridge in the second direction to positively bredk the
seal.

66) An engine according to claim 64 or claim 65, wherein the bridge includes a first cam
follower for engaging the first cam and a second cam follower for engaging the second
Ccant.

6731 An engine according to claim 66, wherein the bridge includes:
ay afirst bridge portion to which the valve is coupled, the first bridge portion including

the second cans follower; and,
h) a second bridge portion incloding the first cam follower.
68) An engine according to claim 67, wherein the camshaft extends between the first and

second bridge portions,
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6% An engine according to any one of claims 49 to 68, wherein the valve armangement is

configured such that the biasing member cushions the closing of the valve.

70y A piston machine including:

a)
by
¢}

d)

a rotating shaft;

a housing defining an intemal chamber

a piston positioned in the chamber, the piston being connected to the shaft and being

configured to move inside the chamber as the shaft rotates;

a port provided in the housing for allowing fluid communication between the chamber

and a respective manifold; and,

a valve arrangement including:

i) avalve for operatively controlling fluid flow through the port;

i) a bridge coupled to the valve, wherein movement of the bridge in a first direction
causes the valve to close and movement of the bridge in a second direction causes
the valve to open;

iii) a closing actuator for causing the bridge to move in the first direction based on the
reciprocation of the piston, to thereby positively close the valve: and,

iv) at least one biasing member for biasing the bridge towards the second direction.

71) A piston machine according to claim 70, wherein the piston machine is at least one of a

compressor and a reciprocating engine.

72) A valve arrangement for use in a piston machine, the valve arrangement including:

a}

b)

<)

d)

a valve for operatively controlling {uid flow through a port;

a bridge coupled to the valve, wherein linear movement of the bridge i a first
direction causes the valve to close and linear movement of the bridge in a second
direction causes the valve to open:

a closing actuator including a rotatable cam having a cam lobe, and wherein upon
rotation of the cam, the cam lobe urges the bridge in the first linear direction to
thereby positively close the valve; and,

at least one biasing member for biasing the bridge in the second linear direction o
that the at least one biasing member opens the valve when the valve is not positively

closed by the actnator.

733 A valve arrangement for use in a piston machine, the valve arrangement incloding:

a)

a valve for operatively controlling fluid flow throngh a port;
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b} a bridge coupled to the valve, wherein linear movement of the bridge in a first
direction causes the valve to close and lincar movement of the bridge in a second
direction causes the valve to opex;

¢} aclosing actuator including a rotatable first cam having a first cam lobe, and wherein
upon rotation of the first cam, the {irst cam lobe urges the bridge in the first linear
direction to thereby positively close the valve; and.

d) an opening actuator for causing the bridge to move in the second direction to thereby
at least positively open the valve.

743 A valve arrangement according to claim 73, wherein the valve arrangement includes a
first cam follower mounted on the bridge, the first cam follower cooperating with the first
cam to cause movernent of the bridge in the first linear direction,

753 A valve arrangement according to claim 74, wherein the first cam 13 positioned between
the first cam follower and the valve.

763 A valve arrangement according to claim 75, wherein the {irst cam lobe urges the fivst cam
follower in the first linear direction away from the valve,

773 A valve arrangement according to any one of the claims 74 to 76. wherein the first cam
follower 15 movably mounted to the bridge.

78) A valve arrangement according to claim 77, wherein the first cam follower is urged in the
second direction relative to the bridge by a biasing spring.

79 A valve arrangement according to claim 77 or claim 78, wherein a position of the first
cam follower in the first or second direction is adjusted to adjust a degree of valve lift.
8303 A valve arrangement according to any one of the claims claim 73 to 78, wherein the
opening actuator includes a rotatable second cam having a second cam lobe, and wherein
upon rotation of the second can, the second cam lobe wrges the bridge in the second

linear direction to thereby positively open the valve.

S1YA valve arrangement according to claim 80, wherein the valve arrangement includes a
second cam follower mounted on the bridge, the second cam follower cooperating with
the second cam to cause movement of the bridge in the second linear direction.

&Y A valve arrangement according to clainy 81, wherein the sccond cam follower is
positioned between the second cam and the valve.

83) A valve arrangement according to any one of the claims 77 to 82, wherein the second

cam is mounted coaxially and ratationally invariant with the first cam.
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& A valve arrangement according to any ope of the claims 73 1o 83, wherein valve
arrangement includes first and second carms mounted on a common camshalt.

85y A wvalve arrangement according to any one of the clairas 73 to 84, wherein valve
arrangement includes at least two first cams spaced apart along a common camshaft, the
al least two [irst cams cooperating with corresponding at least two fivst cam followers
mounted on the bridge.

86 A valve arrangement according to any one of the claims 73 to 83, wherein valve
arrangement includes at least two second cams spaced apart along a common camshalft,
the at least two second cams cooperating with corresponding at least two second cam
followers mounted on the bridge.

87)A valve arrangement according to any ane of the claims 73 to 86, wherein valve
arrangement melodes a plurality of first cams spaced apart along a common camshaft.

88} A valve arrangement according (o any one of the claims 80 to 87, wherein the second
cam lobe forther restricts movement of the bridge in the first linear direction when first
cam lobe 1s not urging the bridge m the first linear direction.

89) A valve arrangement according to any one of the claims 73 to 88, wherein the opening
actuator includes a spring for biasing the valve in the second linear direction.

90 A valve arrangement according to any one of the claims 72 to 89, wherein the bridge
includes first and second bridge portions

01) A valve arrangement according to claim 90, wherein the first and second bridge portions
define an opening therebetween, a camshaft extending through the opening in use.

92y A valve arrangement according to claim 90 or claim 91, wherein the valve is coupled to
the first bridge portion and wherein the valve arrangement includes a first cam follower
mounted on the second bridge portion.

93) A valve arrangement according o claim 92, wherein the valve arrangement includes a
second cam follower coupled to the first bridge portion.

94y A valve arrangement according to any one of the claims 73 to 93, wherein the valve
arrangement includes at least one cam and cam follower laterally offset from the bridge.

95y A valve arrangement according to any one of the claims 73 to 94, wherein the valve
arrangement mncludes a pluratity of valves, bridges, and opening actuators in a spaced
apart arrangement, each opentng actoator including at least one {irst cam, each first cam

being mounted on a common carmshaft.
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963 A valve arrangement for use in a piston machine, the valve arrangement including:

a)

h)

a valve for operatively controlling fluid flow through a port;

a bridge coupled to the valve, wherein hnecar movement of the bridge in a first
direction causes the valve to close and linear movement of the bridge in a second
direction causes the valve to open: and,

a closing actuator including a rotatable cam having a cam lobe that engages a cam
follower on the bridge, and wherein upon rotation of the cam, the cam lobe urges the
cam follower and hence bridge in the first linear direction to thereby positively close

the valve, wherein the cam is positioned between the cam follower and the valve.

97) A piston machine including:

a)
h)
)

d)

a ratating shaft;

a housing defining an internal chamber;

a piston positioned in the chamber, the piston being connected to the shaft and being

configured to move inside the chamber as the shaft rotates;

a head attached to the cylinder and closing the chamber at an end opposing the piston,

the head including at least one port group including two or more ports for allowing

fluid communication between the chamber and a respective manifold; and.

for each port group, a valve arrangement coupled to the head, each valve arrangement

mcluding:

iy for each port of the port group, a valve for operatively controlling [luid flow
through the respective port;

ii} a bridge coupled to the valves, wherein movement of the bridge relative to the
head causes synchronised operation of the valves; and.

ii1) an actoator for cansing the bridge to move.
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AMENDED CLAIMS
received by the International Bureau on 09 December 2014 (09.12.2014)

THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1y

2)

4

5)

6)

7)

A reciprocating engine including:

a) a crankshaft;

b) acylinder defining an mternal chamber

¢} a piston positioned in the chamber, the piston being connected to the crankshaft and
being configured to reciprocate inside the chamber;

d} a head attached to the cylinder and closing the chamber at an end oppesing the piston,
the head including a port for allowing fluid communication between the chamber and

a respective manifold; and,

e) avalve arrangement including:

i) a valve for operatively controlling fluid flow through the port;

i} a bridge coupled to the valve, wherein movement of the bridge in a first direction
causes the valve to close and movement of the bridge in a second direction causes
the valve to open;

1i1) a closing actuator for causing the bridge to move in the first direction based on the
reciprocation of the piston, to thereby positively close the valve; and,

iv) at least one biasing member for biasing the bridge towards the second direction.

An engine according to claim 1, wherein the valve arrangement is configured so that the
biasing member causes the valve to open when the closing actuator is not being used to
positively close the valve.

An engine according to claim ! or 2, wherein the closing actuator includes a cam
mounted on a camshaft that is rotationally coupled to the crankshaft, the cam being
configured to control the movement of the bridge depending on a rotational position of
the crankshaft, the bridge including a cam follower for engaging the cam.

An engine according to claim 3, wherein the bridge includes a first bridge portion to
which the valve is coupled and a second bridge portion including the cam follower.

An engine according to claim 4, wherein the bridge defines a cavity between the first
bridge portion and the second bridge peortion, the camshaft extending through the cavity.
An engine according to any one of claims 1 to 5, wherein each biasing member is a spring
coupled to the bridge.

An engine according to claim 6, wherein each spring is coupled to the bridge so that the

spring 1s compressed when the bridge is moved in the first direction using the closing

AMENDED SHEET (ARTICLE 19)
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actuator to positively close the valve so that the compressed spring urges the bridge in the
second direction to thereby open the valve when the closing actuator i3 not being used to
positively close the valve.

8) An engine according to claim 6 or claim 7, wherein each spring is mounted on a stud
extending outwardly from the head.

9) An engine according to any one of claims 1 to §, wherein the valve arrangement includes
a pair of biasing members arranged symmetrically about the valve.

10) An engine according to any one of claims 1 to 9, wherein the movement of the bridge in
the first direction involves the bridge moving away from the head and the movement of
the bridge in the second direction involves the bridge moving towards the head.

11)An engine according to any one of claims | to 10, wherein the valve arrangement
includes two or more valves coupled to the bridge, each valve being for operatively
controlling fluid flow through a respective port, whereby movement of the bridge causes
synchronised operation of the two or more valves.

12} An engine according to any one of claims 1 to 11, wherein the engine is a pressurised gas
engine configured to be driven by compressed gas.

13) An engine according to any one of claims 1 to 11, wherein the engine is an internal
combustion engine and further includes at least one of:

a) an ignition source;
b) a glow plug; and,
¢) a fuel injector.

14) An engine according to claim 1, wherein the valve arrangement further includes an
opening actuator for causing the bridge to move in the second direction based on the
reciprocation of the piston, to thereby positively open the valve.

15)An engine according to any one of claims 1 to 14, wherein the valve arrangement
includes a seal breaking actuator for causing the bridge to move in the second direction to
positively break a seal between the port and the valve after the valve is closed.

16) An engine according to claim 15, wherein the closing actuator includes a first cam
mounted on a camshaft that is rotationally coupled to the crankshaft and the seal breaking
actuator includes a second cam mounted on the same camshatft, the first and second cams
being configured to control the movement of the bridge depending on a rotational

position of the crankshatt.

AMENDED SHEET (ARTICLE 19)
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17} An engine according to claim 16, wherein the first cam includes a first cam lobe and the
second cam includes a second cam lobe, and wherein upon totation of the camshaft, the
first cam lobe urges the bridge in the first direction to thereby positively close the valve
and the second cam lobe urges the bridge in the second direction to positively break the
seal.

18) An engine according to claim 16 or claim 17, wherein the bridge includes a first cam
follower for engaging the first cam and a second cam follower for engaging the second
cam.

19) An engine according to claim 18, wherein the bridge includes:

a) a first bridge portion to which the valve is coupled, the first bridge portion including
the second cam follower; and,
b) asecond bridge portion including the first cam follower.

20) An engine according to claim 19, wherein the camshaft extends between the first and
second bridge portions.

21} An engine according to any one of claims 1 to 20, wheremn the valve arrangement is
configured such that the biasing member cushions the closing of the valve.

22) A piston machine including:

a) arotating shaft;

b) ahousing defining an internal chamber

¢) a piston positioned in the chamber, the piston being connected to the shaft and being
configured to move nside the chamber as the shaft rotates;

d) a port provided in the housing for allowing flutd communication between the chamber
and a respective manifold; and,

e) avalve arrangement including:

1) avalve for operatively controlling fluid flow through the port;

i) a bridge coupled to the valve, wherein movement of the bridge in a first direction
causes the valve to close and movement of the bridge in a second direction causes
the valve to open;

iii} a closing actuator for causing the bridge to move in the first direction based on the
reciprocation of the piston, to thereby positively close the valve; and,

iv) at least one biasing member for biasing the bridge towards the second direction.

AMENDED SHEET (ARTICLE 19)
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23} A piston machine according to claim 22, wherein the piston machine 1s at least one of a
compressor and a reciprocating engine.

24} A valve arrangement for use in a piston machine, the valve arrangement including:

a) a valve for operatively controlling fluid flow through a port;

b) a bridge coupled to the valve, wherein linear movement of the bridge in a first
direction causes the valve to close and linear movement of the bridge in a second
direction causes the valve to opern;

¢) a closing actuator including a rotatable cam having a cam lobe, and wherein upon
rotation of the cam, the cam lobe urges the bridge in the first linear direction to
thereby positively close the valve; and,

d) at least one biasing member for biasing the bridge in the second linear direction so
that the at least one biasing member opens the valve when the valve is not positively
closed by the actuator.

25) A valve arrangement for use in a piston machine, the valve arrangement including:

a) avalve for operatively controlling fluid flow through a port;

b} a bridge coupled to the valve, wherein linear movement of the bridge in a first
direction causes the valve to close and linear movement of the bridge in a second
direction causes the valve to open;

¢) a closing actuator including a rotatable first cam having a first cam lobe, and wheremn
upon rotation of the first cam, the first cam lobe urges the bridge in the first linear
direction to thereby positively close the valve; and,

d) an opening actuator for causing the bridge to move in the second direction to thereby
at least positively open the valve.

26} A valve arrangement according to claim 25, wherein the valve arrangement includes a
first cam follower mounted on the bridge, the first cam follower cooperating with the first
cam to cause movement of the bridge in the first linear direction,

27) A valve arrangement according to claim 26, wherein the first cam is positioned between
the first cam follower and the valve.

28) A valve arrangement according to claim 27, wherein the first cam lobe urges the first cam
follower in the first linear direction away from the valve.

29) A valve arrangement according to any one of the claims 26 to 28, wherein the first cam

follower is movably mounted to the bridge.
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30) A valve arrangement according to claim 29, wherein the first cam follower 1s urged in the
second direction relative to the bridge by a biasing spring.

31) A valve arrangement according to claim 29 or claim 30, wherein a position of the first
cam follower in the first or second direction is adjusted to adjust a degree of valve lift.
32) A valve arrangement according to any one of the claims claim 25 to 30, wherein the
opening actuator includes a rotatable second cam having a second cam lobe, and wherein
upon rotation of the second cam, the second cam lobe urges the bridge in the second

linear direction to thereby positively open the valve.

33) A valve arrangement according to claim 32, wherein the valve arrangement includes a
second cam follower mounted on the bridge, the second cam follower cooperating with
the second cam to cause movement of the bridge in the second linear direction.

34)A valve arrangement according to claim 33, wherein the second cam follower is
positioned between the second cam and the valve.

35)A valve arrangement according to any one of the claims 32 to 34, wherein the second
cam is mounted coaxially and rotationally invariant with the first cam.

36) A valve arrangement according to any one of the claims 32 to 35, wherein the valve
arrangement includes first and second cams mounted on a common camshatft.

37y A valve arrangement according to any one of the claims 32 to 36, wherein the valve
arrangement includes at least two first cams spaced apart along a common camshaft, the
at least two first cams cooperating with corresponding at least two first cam followers
mounted on the bridge.

38) A valve arrangement according to any one of the claims 32 to 37, wherein the valve
arrangement includes at least two second cams spaced apart along a common camshaft,
the at least two second cams cooperating with corresponding at least two second cam
followers mounted on the bridge.

39) A valve amrangement according to any one of the claims 32 to 38, wherein the valve
arrangement includes a plurality of first cams spaced apart along a common camshaft.
40} A valve arrangement according to any one of the claims 32 to 39, wherein the second
cam lobe further restricts movement of the bridge in the first linear direction when first

cam lobe is not urging the bridge in the first linear direction.

41) A valve arrangement according to any one of the claims 25 to 40, wherein the opening

actuator includes a spring for biasing the valve in the second linear direction.
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42} A valve arrangement according to any one of the claims 25 to 41, wherein the bridge
includes first and second bridge portions

43) A valve arrangement according to claim 42, wherein the first and second bridge portions
define an opening therebetween, a camshaft extending through the opening in use.

44} A valve arrangement according to claim 42 or claim 43, wherein the valve is coupled to
the first bridge portion and wherein the valve arrangement includes a first cam follower
mounted on the second bridge portion.

45y A valve arrangement according to claim 44, wherein the valve arrangement includes a
second cam follower coupled to the first bridge portion.

46)Y A valve arrangement according to any one of the claims 25 to 45, wherein the valve
arrangement includes at least one cam and cam follower laterally offset from the bridge.

473 A valve arrangement according to any one of the claims 25 to 46, wherem the valve
arrangement includes a plurality of valves, bridges, and opening actuators in a spaced
apart arrangement, each opening actuator including at least one first cam, each first cam

being mounted on a common camshaft.

AMENDED SHEET (ARTICLE 19)



WO 2015/010169 PCT/AU2014/050151

1/24

162
140 165 166 145 165 \

B :
144 172\\}; :K/}:a:s
\\i‘c‘b\-‘, [ j /

[
{Pf ¢
| | T
NEREER
185 \ SV (
_.‘_‘E} L._.‘,;_Gj—{'_k_, .
166 - ‘ T T ?C‘
142 ' S e e
143 140 B8 A

184 Fig. 1C Fig. 1D



WO 2015/010169 PCT/AU2014/050151

183 163 2/04 165 165

§/120 120
+—H 131 . 131

Jf"110 T 110

144

)
e
-
o
e
s
2 B e
T =
“' S 145
">}
// b

164 —1
143 =

R e e 4T
=,

o5, §
T T R R R T T, B b
R T T R R i R . . S
—

PRI AN &

e il R




WO 2015/010169 PCT/AU2014/050151

140 0° ATDC 140 90° ATDC
' N S

148 — b
1654

166 —F

148~
165 —

166 —1] 7
145

DO e
)
\
g
fg [ M
%) @wrﬁwfjv@
IR
P
> Op
o~

~l

¢

110

~110

Fig. 1l Fig. 1

140 156° ATDC 140 165° ATDC

o f R I s e N
148~ T | BPal—147 148 4§ : L
165 ——| __F 165 —b

£

N \'L,:"s"-

A IO
L
3
Ja

; T 145
e >

] A~ 121

g __a—130

/ ¢

A \ \ ¢

110




WO 2015/010169 PCT/AU2014/050151

140 180° AT 140 270° ATDC
= s S Foed e

148
165 —pk
1457
1667

110

~110

Fig. 1M Fig. 1N

140 355° ATDC 140 360°/0° ATDC
k@:‘j'&, T, @?—':w‘://‘f 63 N ‘“f“ T »:-:—':“:o //

- T P47 148~F 3 ""“ﬁfgaM?

b,

148 ~— :
e wil—164  165—e0

165 — S R
/’/‘"’ \\?

166 —7 \g,,“*“143 166 —T
145/?’/ NUIRRES A

0D 1 "

—
BN
o
G e e e

1
y - )
¢ - \\ - o
1 , 130 ¥ | 130
o 8
, q - -
o A £ o
g 4 g :
g :
A 8
1 . #
] - \H\ £
g 120
r '
1 (A
g d

110

Fig. 1P



PCT/AU2014/050151

5/24

283

WO 2015/010169

4%

. ‘5
A e,
£52 =T

",

0 p T e e DIROPRR)

"l i
Lot

A
A i

o

¥

M,

200

1
193
o



PCT/AU2014/050151

WO 2015/010169

6/24

200

T

208

i f

A iy

209

R

Fig. 2D



PCT/AU2014/050151

WO 2015/010169

7/24

280

277

248

o
—
o

220
235

o
(s
™~

246

o TG

e oM ot
s

¥

bl
i 3
i -3
% W
i :

231

266

230

Fig. 2E



WO 2015/010169 PCT/AU2014/050151

L
NN e

271

ha
-i\l
L)

\

278~

244

RRc ST

)
9>
o

271 —

S H : R
MASRUATAR H i N

TN &__“\mww.%\
o T
& Y Y
§ 3 CX Y

¥ 3 ) 3 i X

'\\ }\\\\\\u\\\\i \} z\“\\\\g

} § N

& : 3

& N

& ¥

§




WO 2015/010169 PCT/AU2014/050151

9/24

265 277

;
:

frrorerresser

%
¢

267

282 — 1

240




WO 2015/010169 PCT/AU2014/050151

10/24

%
3

vy,

b}

A
«

ey

263



WO 2015/010169 PCT/AU2014/050151

11/24

271
S




WO 2015/010169 PCT/AU2014/050151

12124

271

263

230

230




WO 2015/010169 PCT/AU2014/050151

13/24
Valve Timing ~ Piston 1

Sinlet
@ Exhaust
1 T s
| \ | Enlet
. \ . | | BExhaust
0 A;\Q\\ ]
0 90 180 270 360
Fig. 5B
Valve Timing - Piston 3
1
Ninlet

7
;%
/

. Exhaust
180 270 360

a

Inlet
Exhaust




PCT/AU2014/050151

9
Q
1

14/24

WO 2015/010169
240

a, #

RN

i i A




WO 2015/010169 PCT/AU2014/050151

802




WO 2015/010169 PCT/AU2014/050151

16/24

263

1102 AT

1103

1102

Fig. 11B



PCT/AU2014/050151

WO 2015/010169

17124

Fig. 12A

B

=

S

211

210

ig. 12B

F

2

Fig. 13



WO 2015/010169 PCT/AU2014/050151

110 110

Fig. 14C



WO 2015/010169 PCT/AU2014/050151




WO 2015/010169 PCT/AU2014/050151

11573
1579 ——] ’. .ji—-(//
1540
\*“‘\
| fses
1
e
- e e 1563
1563/-‘:/ — -~
1564 1564



WO 2015/010169 PCT/AU2014/050151

21/24
140 0° TDC 63 140 5° ATDC
— _ R I
\"nﬁ’fn W o :‘/ \ % R /
148 4 : ~ i ; 3 147
165 —pil 164
/ /f .
166 —11, F~143
' T~ 121
145 1]

\\ 130

120 120
O O
110 , 110
Fig. 17A Fig. 17B
140 180° ATDC ‘6
, @:'j e @?—':Jé://
148~ ;j ~ 147
165 —ptl P 1164
: N B - P \
166 ~F
g 121
g 130
/ 120
110
O

Fig. 17C



WO 2015/010169 PCT/AU2014/050151

1548
1540 «___




WO 2015/010169 PCT/AU2014/050151

23/24
1672.4. 197\2,3
1972 1972 .
1977 J 1977 19721 7
. 7 ;
1976 ™ 1972.2 |

1977

J
|-

J NN bl

1
]
|
!
L
|
I
i
1
J
1
d

ot e e v

% 19711
19851-| = 1880
/ \1981 o)
1981 }\ ‘
Lofoone] 19‘78 \ 1971 1
1979 ‘
™ P
|97 _/
1979
| o7t
‘\1970
| Vmes E Vwea
L T1991 B 11992
e 1964 1964
e 7“/ - ‘*;//



PCT/AU2014/050151

WO 2015/010169

24124

1861~

20z b

g0z b1

LB

1461

voz 64

L16]




INTERNATIONAL SEARCH REPORT International application No.
PCT/AU2014/050151

A. CLASSIFICATION OF SUBJECT MATTER
FO1L 1/26 (2006.01) FO1L 1/30(2006.01) FOI1L 1/12(2006.01) FO1L 1/44(2006.01)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search {name of data base and, where practicable, search terms used)

EPODOC & WPI - IPC/CPC/ Classification marks: FO1L1/12, FOLL1/26, FOIL1/30, FO1L1/44, US Classification mark:
123/90.22, and Keywords: bridge?, follower, desmodrom+ or, positively, force, opent, clost, springt, bias+ and like terms.

Espacenet - TPC marks: FO1L, FO1L1/30, Keywords: bridge*, spring®, bias* and like terms, Applicant name: IBOS
INNOVATIONS, Inventor name: Kenneth Burrows, Jack Jakovac, Jason Jakovac

Google Patents - IPC mark: FO1L, Keywords: normally, open and like terms

Auspat - Applicant name: IBOS INNOVATIONS, Inventor name: Kenneth Burrows, Jack Jakovac, Jason Jakovac

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to
claim No.

Documents are listed in the continuation of Box C

X | Further documents are listed in the continuation of Box C X | See patent family annex
* Special categories of cited documents:
"A"  document defining the general state of the art which isnot  "T"  later document published after the international filing date or priority date and not in
considered to be of particular relevance conflict with the application but cited to understand the principle or theory
underlying the invention
"E" earlier application or patent but published on or after the "X"  document of particular relevance; the claimed invention cannot be considered novel
international filing date or cannot be considered to involve an inventive step when the document is taken
alone
"L"  document which may throw doubts on priority claim{(s) or ~ "Y"  document of particular relevance; the claimed invention cannot be considered to
which is cited to establish the publication date of another involve an inventive step when the document is combined with one or more other
citation or other special reason (as specitied) such documents, such combination being obvious to a person skilled in the art
QY document referring to an oral disclosure, use, exhibition - ) R
or other means & document member of the same patent family
"P"  document published prior to the international filing date
but later than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
7 October 2014 07 October 2014
Name and mailing address of the ISA/AU Authorised officer
AUSTRALIAN PATENT OFFICE Andrew Spain
PO BOX 200, WODEN ACT 2606, AUSTRALIA AUSTRALIAN PATENT OFFICE
Email address: pet@ipaustralia.gov.au {ISO 9001 Quality Certified Service)
Telephone No. 0262832923
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Box No. I  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following
reasons:

1. D Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

the subject matter listed in Rule 39 on which, under Article 17(2)(2)(i), an international search is not required to be
carried out, including

2. I:‘ Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful interational search can be carried out, specifically:

3. I:I Claims Nos:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a)

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See Supplemental Box for Details

1 I:I As all required additional search fees were timely paid by the applicant, this international search report covers all
searchable claims.

9. As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite
payment of additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report
— covers only those claims for which fees were paid, specifically claims Nos.:

4 No required additional search fees were timely paid by the applicant. Consequently, this international search report is
— restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable,

the payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable
protest fee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.
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DOCUMENTS CONSIDERED TO BE RELEVANT

International application No.

PCT/AU2014/050151

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
EP 0568932 Al (AUDI AG) 10 November 1993
& English language translation obtained from Espacenet
X Figures 1-4, paragraphs [0013], [0015], [0018] (of the English language translation) 1-6, 9-15, 17, 19-20, 24, 29-
44, 46, 49-52, 57, 59-73, 80-
95,97
US 5261361 A (SPEIL) 16 November 1993
X Figures 1-5, abstract, columns 3-4 1-4,11-14, 16-18, 21-22, 27-
48, 57
FR 2616510 A1 (POMMIER) 16 December 1988
& English language translation (Abstract & Description) obtained from Espacenet
X Figure 1, English abstract, English Description (paragraph 6) 1-5,7-8,11-17, 19-20, 23-
26,29-44, 46, 49, 58, 70, 72-
77,79, 90-91, 96-97
US 5501187 A (SPEIL et al.) 26 March 1996
X Figures 1-3, abstract 1-4,11-14, 16-17, 29-44, 46,
97
US 4327677 A (VANDER BOK) 04 May 1982
X Figures 1-2 1-4, 11-14, 17, 29-44, 46, 97
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Supplemental Box

Continuation of: Box III

This International Application does not comply with the requirements of unity of invention because it does not relate to one

invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the claims into distinct

groups:

o Claims 1-48 and 97 are directed to an engine/power generation system comprising a crankshaft, a cylinder, a piston, a head
attached to the cylinder, the head including at least one port group, each port group including a valve arrangement, a bridge
coupled to the valves wherein movement of the bridge relative to the head causes synchronised operation of the valves and an
actuator for causing the bridge to move based on the reciprocation of the piston. The feature of the bridge causing synchronised
operation of the valves is specific to this group of claims.

o Claims 49-96 are directed to an engine/piston machine/valve arrangement comprising a bridge coupled to a valve wherein
movement of the bridge in a first direction causes the valve to close and movement of the bridge in a second direction causes
the valve to open, a closing actuator and the valves being positively opened/closed. The feature of the valve being positively
opened/closed is specific to this group of claims.

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship among the
claimed inventions involving one or more of the same or corresponding special technical features. PCT Rule 13.2, second sentence,

defines a special technical feature as a feature which makes a contribution over the prior art.

When there is no special technical feature common to all the claimed inventions there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the prior art but are not
common to all the claimed inventions and therefore cannot provide the required technical relationship. The only feature common to
all of the claimed inventions and which provides a technical relationship among them is an engine/machine comprising valves and a
bridge coupled to the valve(s) wherein movement of the bridge determines the position of the valve(s) i.e. whether the valve(s) is
open or closed.

However this feature does not make a contribution over the prior art because it is disclosed in:

EP 0568932 Al (AUDI AG) 10 November 1993

Therefore in the light of this document this common feature cannot be a special technical feature. Therefore there is no special
technical feature common to all the claimed inventions and the requirements for unity of invention are consequently not satisfied «

posteriori.
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Information on patent family members

International application No.

PCT/AU2014/050151

This Annex lists known patent family members relating to the patent documents cited in the above-mentioned international search
report. The Australian Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

Patent Document/s Cited in Search Report

Patent Family Member/s

Publication Number Publication Date Publication Number Publication Date
EP 0568932 Al 10 November 1993 EP 0568932 B1 09 Aug 1995
DE 4215056 Al 11 Nov 1993
US 5261361 A 16 November 1993 BR 9107154 A 19 Apr 1994
DE 4039256 Al 11 Jun 1992
EP 0560812 A1l 22 Sep 1993
EP 0560812 B1 10 May 1995
TP H06503142 A 07 Apr 1994
IP 3323196 B2 09 Sep 2002
WO 9210650 Al 25 Jun 1992
FR 2616510 Al 16 December 1988 None
US 5501187 A 26 March 1996 DE 4410122 Al 28 Sep 1995
JP H07293209 A 07 Nov 1995
US 4327677 A 04 May 1982 None
End of Annex

Due to data integration issues this family listing may not include 10 digit Australian applications filed since May 2001.
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