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Description

FIELD OF INVENTION

[0001] The present invention relates to an internal
combustion engine, and in particular a uniflow 2-stroke
engine configured to provide an over-expanded combus-
tion cycle.

BACKGROUND

[0002] The development and adoption of battery pow-
ered electric vehicles is restricted by the high cost of
batteries and the ability of current battery technology to
store enough energy to enable long journeys on a single
charge. This is exacerbated by current infrastructure
deficiencies suchas the lackof a robust chargingnetwork
and the inability of the grid to support charging of large
batteries. To provide a commercially acceptable ’single
charge’ range of operation, electric vehicles may be
provided with an auxiliary power unit, known as a ’range
extender’. The range extender may consist of an internal
combustion engine that is used to drive an electric gen-
erator, which charges the vehicle’s battery as it is driven.
The internal combustion engine is only used to supple-
ment the ’plug in’ charge of the battery, and as such the
fuel usage of such vehicles is significantly lower than
vehicles with an internal combustion engine powertrain.
Indeed, in circumstanceswheregridgeneratedelectricity
is derived from fossil fuels, it is possible that a highly
efficient hybrid vehicle could produce lower CO2 than a
corresponding electric vehicle. Nonetheless, there is a
conflict between the sustainable, green energy model of
electric vehicles and the use of an internal combustion
engine range extender. It is therefore important that
automotive range extenders are as efficient as possible
and provide low emissions. It is also preferable for the
size of range extender to be kept to aminimum in order to
maximise the available space within the vehicle.
[0003] Developments in 4-Stroke engine technology
have led to significant improvements in efficiency and
emissions. However, 4 stroke engines are large and
complexmachines and there is often a trade-off between
improving emissions and maintaining performance. In
order to maintain power density in a 4-stroke engine,
boosting is applied, which can result in compromises in
terms of cycle peak temperature, leading to higher NOx
emissions and efficiency penalties in terms of compres-
sion ratio, ignition retard and intercooling requirements.
For the same power output, a 2-stroke enginemay fire at
twice the frequency of a 4-stroke engine with half the
mean effective pressure. This enables an improved effi-
ciency without the same compromises on performance.
2-stroke engines can also be smaller and less complex,
requiring as they do fewer cylinders and other moving
parts.Nonetheless, there remain challenges in achieving
2 stroke engines that has the efficiency and emissions
performance suitable for range extender applications.

[0004] Over-expanded engine cycles, commonly re-
ferred to asMiller or Atkinson cycles, are used to improve
the efficiency of internal combustion engines. In an over-
expanded engine cycle the expansion ratio is larger than
the compression ratio, which allows more energy to be
extracted from a given charge and peak pressure and
temperature. However, this can result in a lower power
density, which is to say a lower peak power for a given
swept volume. A common way to apply an over-ex-
panded cycle in a poppet valve 4-stroke engine is either
late inlet valve closing (LIVC) or early inlet valve closing
(EIVC), which results in a lower mass of intake charge
being trapped in the cylinder. With EIVC, the inlet valve
closes before the piston has reached the bottom of its’
travel (bottom dead centre / BDC), which limits the mass
of air that is drawn into the cylinder. From the point the
inlet valve closes, the pressure in the cylinder drops
below inlet pressure as the piston continues to travel
downwards, and then rises again as it travels back up.
Compression of the charge is consequently delayed until
the piston returns to the valve closure point and the
pressure begins to rise above inlet pressure.
[0005] Conversely, LIVC holds the inlet valve open
past bottom dead centre. The inlet valve remains open
as the piston begins the compression stroke, allowing
charge air to exit the cylinder via the inlet before the valve
eventually closes. As a result, a reduced mass of air is
trapped in the cylinder and the commencement of effec-
tive compression is again delayed.
[0006] EIVC and LIVC require the ability to selectively
vary the timing of the inlet valve closure, which is not
possible in most 2-stroke engines. In a uniflow 2-stroke
engine for example, the inlet, or scavenge port is con-
trolled by the position of the piston, which opens and
closes the inlet port. The timing of the inlet opening is
therefore fixed by the timing of the piston cycle and
cannot be varied relative to the piston position. The
inability to vary the expansion ratio or compression ratio
using inlet valve timing means there has conventionally
been limited opportunity for the application of an over-
expanded cycle with a uniflow 2-stroke engine. In con-
trast to an over-expanded cycle, the exhaust valve of a 2-
stroke engine is typically opened before the inlet port in
order to prevent pressurised exhaust gasses flowing into
the inlet system. Therefore, in practice the expansion
ratio of a uniflow 2-stroke engine is actually slightly lower
than the compression ratio, resulting in reduced effi-
ciency.
[0007] In current and other future engines, exhaust (or
burnt) gas is used tomodify the engine operation in order
to achieve a range of outcomes. It can be used to reduce
NOx formation by absorbing heat and slowing combus-
tion, reduce throttling loss by displacing fresh charge
(which requires an increase in throttle opening to com-
pensate), reduce knock, provide improved combustion
stability and even initiate combustion (’controlled auto
ignition’). Its use is complex and can be optimised for any
engine operating point and for a given outcome. How-
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ever, it is clear that as an additional tuning parameter to
the engine operation it can be very advantageous,
although often leads to additional cost and complexity.
Depending on the optimisation, a different amount and
temperature of the exhaust gas may be desired, there-
fore coolers and control valves are typically employed.
When burnt gases are left in the cylinder from a previous
cycle, these are called ’residuals’. Deliberately leaving
these gases within the cylinder is sometimes called ’In-
ternal Exhaust Gas Recirculation (iEGR)’. In a typical
uniflow2-stroke engine, in order tomove the exhaust gas
from the exhaust system back into the inlet volume, it
must be pumped, due to the inlet pressure being above
the exhaust pressure. This pumping work can either be
provided bya separate pump, or by passing the flowback
through the charging device. Either way, there is an
efficiency penalty and an increase in cost and size of
the system.
[0008] For example, DE 102010054206 A1, DE
102005063377 A1 and DK 177398 B1 disclose such
kinds of uniflow 2-stroke engines with backflow of ex-
haust gas into the inlet.
[0009] It should also be considered that for ’lean burn’
engines, where more air is supplied to the cylinder than
required to burn the fuel, there may be significant
amounts of oxygen in the cylinder after expansion and
lower concentration of combustion products. Therefore,
in a lean-burn engine, the recirculation volume flow rates
may be expected to be higher than ’typical’ EGR, and the
advantages of efficient recirculation increased.
[0010] It is therefore desirable to provide an improved
internal combustion engine such as a 2-stroke engine
whichaddresses theabovedescribedproblems, enables
an over-expanded cycle and/or which offers improve-
ments generally.

SUMMARY

[0011] According to the present invention there is pro-
vided an internal combustion and method of operating
the same, as described in the accompanying claims.
[0012] In anaspect of the invention there is providedan
internal combustion engine comprising a cylinder having
a side wall, an upper end and a lower end. A piston is
arranged to reciprocate within the cylinder, the piston
having a piston body and an upper surface facing the
upper end of the cylinder. A combustion chamber is
defined by the section of the cylinder between the upper
surface of the piston and the upper end of the cylinder.
The upper end of the cylindermay comprise a closed end
to the cylinder or may be the inner face of an opposing
piston in the case of an opposed piston engine. A fuel
supply inlet is also provided. An air inlet port comprising a
plurality of apertures is arranged around the side wall of
the cylinder, the air inlet port being arranged to supply air
to the combustion chamber and the piston, and the inlet
port being arranged such that the reciprocating move-
ment of the piston within the cylinder opens and closes

the inlet port. An air supply channel is arranged to supply
air to the inlet port. An exhaust port and exhaust port
closure means are arranged for opening and closing the
exhaust port. A secondary outlet port and a secondary
outlet valve are provided for opening and closing the
secondary outlet port, the combustion chamber having
a trapped volume defined as the volume of the combus-
tion chamber when the exhaust port, secondary port and
inlet port are closed; and a recirculation channel having
an inlet end connected to the secondary outlet port and
an outlet end fluidly connected to the air supply channel.
The recirculation channel fluidly connects the secondary
outlet port to the inlet port downstream to recirculate gas
from the combustion chamber to the inlet port when the
secondary outlet valve is open.
[0013] Closing of the secondary outlet during upward
movement of the piston initiates a compression stroke in
which the trapped volume decreases between the posi-
tion of the piston at which the secondary outlet valve
closes and top dead centre and opening of the exhaust
port during downwardmovement of the piston terminates
an expansion stroke in which the trapped volume in-
creases between top dead centre and the position of
the piston at which the exhaust port opens. The engine
further comprisesflowcontrolmeansarranged toprevent
the reverse flowof gas from the recirculation channel into
the cylinder via the secondary outlet port when the inlet
pressure is greater than the cylinder pressure. This may
be when the inlet port, exhaust port and recirculation
ports are all open. The flow controlmeans includemeans
of pressure regulation to ensure the outlet of the recircu-
lation channel is at a lower pressure that the inlet, and
may further include a flow barrier such as a valve.
[0014] The flow control means comprise a pressure
regulator arranged to reduce pressure at the outlet end of
the recirculation channel to cause gas to flow from the
recirculation channel to the inlet port and prevent the
reverse flowof gas from the recirculation channel into the
cylinder via the secondary outlet port. The recirculation
channel is arranged to recirculate gas flowing into the
secondary outlet port from the combustion chamber to
the inlet port. Fluidly connecting the secondary outlet port
to the inlet port in thiswayensures that thepressureat the
secondary outlet port is substantially equal to the inlet
pressure, and that the cylinder pressure remains at inlet
pressure when the secondary outlet port is the only port
open.The recirculationchannel alsoenablesburntgases
to be recirculated to the inlet port for the purpose of
combustion control and NOx reduction.
[0015] Thepressure regulator comprisesa flow restric-
tion in the air supply channel arranged proximate the
outlet end of the recirculation channel. The flow restric-
tion may be in the form of a venturi. The term air supply
channel may refer to a supply conduit, an airbox or
channel surrounding the inlet ports, or a combination
of both. The recirculation channel is fluidly connected
to the air supply channel, meaning that gas from the
recirculation channel is able to flow into to the air supply

5

10

15

20

25

30

35

40

45

50

55



4

5 EP 4 248 072 B1 6

channel either directly or via an intermediate conduit,
connection or junction. The air supply channel fluidly
connects the recirculation channel to the inlet port. For
clarification, where the term ’air’ is used anywhere down-
stream of the recirculation port connection to the inlet, it
may contain a proportion of burnt gases and may other-
wise be referred to a ’fresh charge’ or just ’charge’.
[0016] The flow restriction is configured to generate a
region of reduced pressure and the recirculation channel
is connected to the air supply channel at the region of
reduced pressure. The air supply channel may narrow at
the inlet port, and forms a plurality of nozzles each
respectively associated with one of the plurality of aper-
tures of the inlet port, wherein each nozzle creates a flow
restriction. An air inlet chamber surrounds the plurality of
apertures of the inlet port, the air inlet chamber formspart
of the air supply channel and the plurality of nozzles are
formed within the air supply chamber that are each
associated with the plurality of apertures of the inlet port
respectively. The flow control means may comprise a
check valve arranged anywhere along the recirculation
channel toallowuni-directional flow from the recirculation
channel into the air supply channel.
[0017] The term inlet port refers to the plurality or
apertures defining the charge inlet to the cylinder. Pre-
ferably the engine includes control means operative to
control the timing of the secondary outlet valve and
exhaust valve. The control means may comprise an
arrangement of cams operating poppets of the second-
ary outlet valve and exhaust valve. The cam operation
maybefixedcamormaycompriseavariable valve timing
arrangement.
[0018] The exhaust port may be controlled to open to
terminate the expansion stroke prior to opening of the
inlet port to relieve pressurewithin the combustion cham-
ber in a process known as blow down.
[0019] The secondary outlet valve is preferably con-
trolled to open prior to closure of the inlet port and to
remain open after closure of the inlet port. Opening the
secondary outlet valve prior to closure of the inlet port
ensures that the no compression occurs when the inlet
port closes and the cylinder pressure remains equal to
the inlet pressure. The secondary outlet valve is prefer-
ably controlled to openprior to closure of the exhaust port
and to remain open after closure of the exhaust port. A
heat exchangermay be provided to cool at least a portion
of the gas flowing from the secondary outlet port prior to
the gas flowing to the inlet port, which is preferably
located along the recirculation channel.
[0020] A pressurised air source may be connected to
the air supply channel for supplying pressurised air to the
inlet port, and wherein the recirculation channel is con-
nected to the air supply channel downstream of the
pressurised air supply. The pressurised air source may
be any suitable pressure charge device such as a turbo-
charger or supercharger, or may be partially or wholly
provided by using the area under the piston as a pump. In
uniflow 2-stroke engines, the device providing the pres-

surised air is sometimes called a ’blower’. The exhaust
port is preferably arranged connected to the exhaust
system or the pressure charger, with the result that the
exhaust pressure is lower than the pressure at the inlet
port. The supply channel may narrow immediately prox-
imate the inlet port to create each nozzle, and wherein
each nozzle creates the flow restriction. This reduces the
overall pressure drop through the inlet system and im-
proves flow into the inlet port compared to an additional
flow restrictionupstreamof the inlet port. The timingof the
secondary outlet valve may be variable. The secondary
valve may be closed at a lower position during warm-up
conditionssuch that thecompressionstroke is increased.
[0021] The inlet port comprises the plurality of aper-
tures arranged about the cylinder wall, an air inlet cham-
ber surrounds the plurality of apertures of the inlet port,
the air inlet chamber forms part of the air supply channel
and the plurality of nozzles are formed within the air
supply chamber that are associated with the plurality of
apertures of the inlet port. The engine is preferably a
uniflow scavenged two-stroke engine.
[0022] The engine may be an opposed-piston engine,
where the second (exhaust side) piston forms the upper
end of the cylinder and also provides themeans of open-
ing and closing the exhaust port.
[0023] In another aspect of the invention there is pro-
vided a method of operating an internal combustion en-
gine comprising a cylinder having a side wall, an upper
end and a lower end; a piston arranged to reciprocate
within the cylinder, the piston having a piston body and a
piston head; a combustion chamber defined by the sec-
tionof thecylinderbetween thepistonheadand theupper
end of the cylinder; a fuel supply; an inlet port located in
the side wall of the cylinder, the inlet port being arranged
such that reciprocating movement of the piston opens
and closes the inlet port; an exhaust port and ameans for
opening and closing the exhaust port; and a secondary
outlet port and a secondary outlet valve for opening and
closing the secondary outlet port. The combustion cham-
ber has a trapped volume defined as the volume of the
combustion chamber when the exhaust port, secondary
port and inlet port areclosed, and thepiston isarranged to
open the at least one inlet port as it moves downwards
and to close the at least one inlet port prior to the com-
pression stroke as it moves upwards the method com-
prising closing the secondary outlet valve during upward
movement of thepiston to initiate a compression stroke in
which the trapped volume decreases between the posi-
tion of the piston at which the secondary outlet valve
closes to top dead centre, and opening the exhaust port
during downwardmovement of the piston to terminate an
expansion stroke in which the trapped volume increases
between top dead centre and the position of the piston at
which the exhaust port opens; and wherein the second-
ary outlet valve is closed to initiate the compression
stroke when the piston is at a higher position in the
cylinder than theposition atwhich theexhaust port opens
such that the change in the trapped volume during the
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expansion stroke is greater than the change in the
trapped volume during the compression stroke.
[0024] The method may further include the step of
opening the exhaust port prior to opening of the inlet port
to relieve pressure within the combustion chamber. The
method may further include the steps of opening the
secondary outlet valve prior to closure of the inlet port
andholding the secondary outlet valve openafter closure
of the inlet port.
[0025] The method may further include the steps of
opening the secondary outlet valve prior to closure of the
exhaust port and holding the secondary outlet valve open
after closure of the exhaust port. Themethodmay further
include the step of closing the secondary outlet valve
before the piston reaches the upper end of the cylinder,
that is to say before it reaches top dead centre.
[0026] The method may further include the step of
closing the exhaust port prior to closure of the inlet port.
The engine comprises a recirculation channel connected
to the secondary outlet port that is arranged to fluidly
connect the secondary outlet port to the inlet port, and the
method may further include the step of channelling gas
from the combustion chamber to the inlet port via the
recirculation channel.
[0027] The engine may further comprise a heat ex-
changer arranged along the recirculation channel to vary
the temperature of the recirculated gas and the method
comprising recirculating gas from the combustion cham-
ber to the inlet port via the recirculation channel when the
secondary outlet valve is open, and using the heat ex-
changer to cool at least a proportion of the gas during
recirculation.
[0028] The method may further include the step of
operating the engine with an over-expansion ratio
bounded by functions of temperature ratio RT and inlet
burnt gas volume fractionBGFas below [seeDescription
of Embodiments].

[0029] The engine of the present invention may be a
spark ignition or compression ignition engine. It may also
be applied to a hydrogen fuelled engine. The invention
may also be applied to large uniflow 2-stroke engines,
such as those used in marine propulsion. It may also suit
other applications where efficiency and power density
are critical. i.e. where 2-stroke engines are desirable for
their power density but may otherwise lead to excessive
fuel load requirement, for example in aviation and UAVs
(Unmanned Aerial Vehicles).
[0030] The engine may comprise a means for slowing
or retarding the motion of the piston at top dead centre to
provide increased dwell time. These may include a CAM
mechanism or a Scotch-Yoke, which improves combus-
tion when the engine is run with a lean mixture and
significant burnt gas fraction.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] The present invention will now be described by
way of example only with reference to the following
illustrative figures in which:

Figure 1 is a cross section of a 2-stroke engine
illustrating some aspects of the present invention;
Figure 2 shows the engine of figure 1 at the start of
blow-down with the recirculation valve and inlet port
in the closed position and the exhaust valve starting
to open as the piston descends;
Figure 3 shows the engine of figure 1 during scaven-
ging with the exhaust valve open, the recirculation
valve closed and inlet port open as the piston des-
cends;
Figure 4 shows the engine of figure 1 with the ex-
haust valve, recirculation valveand inlet port openas
the piston ascends;
Figure 5 shows the engine of figure 1 with the ex-
haust valve closed, the recirculation valve open and
inlet port closed as the piston ascends;
Figure 6 shows the engine of figure 1 at the start of
compression with the exhaust valve, the recircula-
tion valveand inlet port closedas thepistonascends;
Figure 7 is a plot of a combustion cycle for an engine
according to an embodiment of the invention;
Figure 8 is a plot of the inlet port, exhaust valve and
recirculation valve opening as a function of crank
angle;
Figures 9A-C show various schematics of gas re-
circulation systems for use with the engine of the
claimed invention;
Figure 10 shows how the junction(s) between the
recirculation channel and the air supply channel is
provided adjacent to the inlet port;
Figure 11 shows a section through Figure 10, which
includes a plurality of nozzles around the inlet ports,
within which the recirculation inlets are placed; and
Figure12shows theexpected ’over-expansion ratio’
plotted against inlet burnt gas fraction for a typical
operation.

DESCRIPTION OF EMBODIMENTS

[0032] Referring to Figure 1, there is provided auniflow
scavenged 2-stroke engine 1. The engine 1 comprises a
cylinder housing 2 within which is located a cylinder 4. A
piston 6 is provided within the cylinder 4. The piston 6 is
arranged to reciprocatewithin the cylinder 4 and includes
anupper surfacedefiningapistoncrown8.Thevolumeof
the cylinder 4 between the piston crown 8 and the top of
the cylinder 4 defines a combustion chamber 12. The
cylinder housing includes a side wall 14 and cap 16. An
inlet port 18 comprises a plurality of openings located in
the side wall 14 that are arranged to allow the flow of air
into the cylinder 4 transversely to the longitudinal axis of
the cylinder 4 and the direction of travel of the piston 6.
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The plurality of openings of the inlet port 18 are arranged
in an annular array, aligned at a common position along
the length of the cylinder 4. An air box 20 comprising a
nominally annular chamber surrounds the inlet port 18.
Pressurised fresh charge air is supplied to the airbox 20
bya supercharger 22.However, it will be appreciated that
the pressurised air supply may alternatively be provided
by other pressure chargers such as a turbocharger, a
hybrid device such as an electrified turbocharger, or any
other suitable means.
[0033] The supercharger 22 includes an ambient air
inlet 23. The supercharger 22 supplies external air from
the ambient air inlet 23 to the airbox 20 via an air supply
channel 24. In the illustrated example, a flow restriction
26 is created along theair supply channel 24 by a tapered
region of reduced diameter which creates a venturi effect
along theair supply channel aswill bedescribed in further
detail. A recirculation inlet 28 is connected to the supply
channel 24 at the flow restriction 26. An exhaust port 30
and a recirculation port 32 are located at the upper end of
the cylinder 4, in the cylinder cap 16, which supply an
exhaust duct33and recirculationduct 35 respectively.An
exhaust valve 34 is provided to control flow from the
cylinder 4 into the exhaust duct 33. A recirculation valve
36 is provided to control flow from the cylinder 4 into the
recirculation duct 35. The exhaust valve 34 and recircu-
lation valve 36 are preferably poppet valves, although
other suitable valvesmay be utilised. In the arrangement
of Figure 1 a single exhaust valve 34 and single recircu-
lation valve 36 are provided. However, it will be appre-
ciated by those skilled in the art that multiple valves may
be used, for example to improve flow area, without chan-
ging the basic operation. Additionally, those skilled in the
art would recognise that the exhaust valve 34 and re-
circulation valve 36 may be replaced by a rotary valve
having an exhaust outlet and a recirculation outlet. The
basic opening timingand functionality of the valveswould
nonetheless be the same as described below. A spark
plug 37 and fuel injector 39 are located between the
exhaust valve 34 and recirculation valve 36 in open
contact with the combustion chamber, although such is
not essential to the invention. The recirculation duct 35
connects to a recirculated gas system 38. An outlet
channel 40 from the recirculated gas system38 connects
to the recirculation inlet 28 of the air supply channel 24.
[0034] In the arrangement of Figure 2, the piston 6 is
descending at the commencement of a new cycle. The
exhaust valve 34 is beginning to open and the recircula-
tion valve 36 is closed. The inlet valve port 18 is fully
covered by the piston 6 preventing the flow of fresh
charge into the cylinder 4.Theelevated cylinder pressure
following combustion begins to reduce as the exhaust
valve 34 opens. As the piston 4 continues to descend the
exhaust valve 34 opens further. Exhaust valve opening is
coordinated to occur just prior to the inlet port 18 opening.
This process is known as ’blow-down’ and allows the
cylinder pressure to drop rapidly in order to prevent
excessive pressurised burnt gases pulsing into the inlet

port 18 as it opens. The recirculation valve 36 remains
closed at this stage.
[0035] As shown in Figure 3, as the piston 6 descends
further the exhaust valve 34 continues to open and the
inlet port 18 begins to be uncovered by the piston 6. The
timing of the opening of the exhaust valve 34 is controlled
such that the cylinder pressure as the inlet port 18 begins
to open is substantially equal to the inlet pressure. Pres-
surised fresh charge from the airbox 20 enters the cylin-
der at what at this stage is the bottom of the combustion
chamber 12. The incoming pressurised air forces hot
burntgasoutof the topof thecylinder through theexhaust
valve 34. This process is referred to as uniflow scaven-
ging. Scavenging performance is optimised by minimis-
ing the mixing of incoming charge and outgoing exhaust
gas. The area of the inlet port 18 defined by the array of
openings is significantly larger that the area of the ex-
haust valve 34 opening annulus that defines exhaust port
30 and as such the cylinder pressure approximates to the
inlet pressure rather than exhaust pressure. As a result,
there isminimal pressuredropbetween theairbox20and
the internal volume of the cylinder 4, which minimises
inlet air velocity and reduces turbulence and mixing. In
one embodiment the inlet port 18 may be designed to
generate a swirl motion in the cylinder, which is suffi-
ciently turbulent for combustion but does not generate
excessivemixingalong thecylinderaxis.Thescavenging
air flow rate of the engine 1, for a given inlet port 18 area,
is substantially governed by the differential pressure
between the airbox 20 and exhaust port 30 and degree
and duration of exhaust valve 34 opening. The exhaust
valve 34 lift may be selectively varied by variable valve
actuationand the inlet pressuremaybeselectively varied
for example by variable speed supercharging or inlet
pressure limiting / relief valve. These variables may be
controlled to optimise scavenge performance, turbu-
lence and charge density.
[0036] The inlet port 18 continues to open as the piston
6 descends with maximum opening occurring when the
piston 6 is at around bottom dead centre. As the inlet port
18 reaches maximum opening the exhaust valve 34
begins to close. In Figure 4 the piston 6 has begun to
move upwards, the inlet port 18 is almost fully open and
the exhaust valve 34 and recirculation valve 36 are
partially open.
[0037] As in a typical uniflow 2-stroke engine, the ex-
haust valve 34 is fully closed before the inlet port 18
closes to ensures that the cylinder pressure increases
to close to inlet pressure in order tomaximise themass of
charge gas. As the piston 6 ascends, and while the inlet
port 18 is still open the recirculation valve 36 is opening.
The timing of the exhaust valve 34 closure is also con-
trolled to prevent excessive fresh air from the inlet port 18
from passing into the exhaust duct 33, which would
reduce efficiency by wasting the energy consumed to
pump the air into the cylinder 4 at pressure (sometimes
known as short-circuiting).
[0038] In the arrangement shown in Figure 5 the inlet
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port 18 is fully closed by the piston 6. The gas within the
cylinder will at this stage be amixture of fresh charge gas
and some residuals from the previous combustion cycle,
with the residual concentration andmixed temperature of
the gas being greatest at the top of the cylinder. The
pressure in the cylinder will be very close to the inlet
pressure at this stage as there have been two connec-
tions to the inlet system as the cylinder 4 is open to the
recirculation duct, the pressure of which approximates
the inlet pressure. As the piston 6 continues to ascend,
with the exhaust valve 34 closed, the cylinder pressure
would begin to rise due to compression in a typical 2
stroke engine. However, in the present arrangement the
gas within the cylinder 4 flows through the recirculation
port 32 into the recirculation duct 35. While this happens
the pressure in the cylinder 4 remains substantially con-
stant at a pressure close to inlet pressure.
[0039] The location of the recirculation valve 36 at the
top of the combustion chamber 12 means that it is the
hotter gases within the combustion chamber 12 having
higher residual concentration that are initially expelled
from the cylinder 4 into the recirculation port 32. This is in
contrast to Late Inlet Valve Closing in a 4-stroke engine,
where the fresh inlet air that has recently entered the
cylinder is ejected. The present arrangement thereby
allows the total burnt gas concentration in the cylinder,
the trapped volume and the temperature of the trapped
charge to be controlled by controlling fresh air flow rate
and the variables of the recirculation system. For exam-
ple, by increasing the freshair flow rate though theengine
(known as the delivery ratio) the overall lower burnt gas
concentrations and initial charge temperatures may be
lowered, however peak cycle temperatures may be high
due to the lackofburnt gas.Foragiven recirculationvalve
timing, reducing the delivery ratio leads to an overall
increase in burnt gas concentration. Increasing the
amount of cooling applied to the recirculated gas will
reduce the initial charge temperature, the tendency for
knock, the peak cycle temperature and also therefore
NOxemissions.Reducing the cooling appliedor even the
amount of gas allowed to recirculate (see later), can also
be used to improve mixture preparation and reactivity
when required.
[0040] The piston continues to ascend and at some
stage, which may for example by a third of the distance
from inlet port closure to topdeadcentre, the recirculation
valve 36 is closed.Naturally the pressure in the cylinder 4
will begin to rise slightly as the recirculation valve 36 is
closing due to the restriction and piston 6 motion. With
both the exhaust valve 34 and recirculation valve 36
closed, the combustion chamber 12 is sealed and the
remaining gas is trapped, as shown in Figure 6. This
commences thecompressionstroke.The term ’compres-
sion stroke’ as used hereinmeans the effective compres-
sion stroke, that is to the say the length of travel of the
piston 4 during which the piston 4 is doing work to com-
press the gas within the combustion chamber 12. This
occurs when the recirculation valve 36, inlet port 18 and

exhaust valve34areeffectively closeddefininga trapped
volume of the combustion chamber 12, that is to say the
valves are closed to the extent that flow is restricted and
compression begins - as stated above, in practice com-
pression begins before complete valve closure. In the
case that most of the residuals from the previous cycle
have passed into either the exhaust or recirculation pas-
sages, the pressure and temperature in the combustion
chamber at the start of the compression stroke are ap-
proximately at inlet conditions. However the volume of
the combustion chamber 12 is less than it was at the point
the inlet port 18 was closed. As a result, the mass of
charge within the combustion chamber 12 has reduced.
From this point onwards, the trapped charge is com-
pressed by the piston 6 as the trapped volumedecreases
until piston 6 reaches top dead centre, that is to say the
uppermost point of the piston’s travel at which it changes
from an upward to a downward stroke. The temperature
and pressure of the gas has increased substantially by
thus point. The effective compression ratio may for ex-
ample be 13:1, and the greater the effective compression
ratio, the higher the temperature and pressure at this
point. With a compression ratio of 13:1, the change in
volume during compression is 12 times the clearance
volume.
[0041] Fuel inlet may occur at any stage between near
bottom dead centre to top dead centre depending on the
fuel typeand the typeand locationof the fuel injector.At or
near topdeadcentre the fuel is ignited,whichaddsheat to
the charge and increases the temperature and pressure
of the gas. The increase is determined largely by the
amount of fuel added to the charge. This is themaximum
temperature and pressure of the cycle and is critical for
engine design and for the level of engine-out NOx emis-
sions. The peak temperature and pressure, along with
the expansion ratio also determines the amount of work
that can later be extracted from the gas. If compression
ratio is increased, the amount of fuel added relative to the
amount of gas may need to be reduced to prevent ex-
cessive temperature and pressure. Therefore, allowing a
larger expansion ratio than compression ratio is bene-
ficial.
[0042] After top dead centre the expanding gas trans-
ferswork to the piston and the piston 6 once again begins
to move downward in the cylinder 4, commencing the
expansion stroke, which is defined as the length of stroke
between top dead centre and the position at which the
exhaust valve opens. The gas continues to expand, and
the trapped volume of the combustion chamber in-
creases until the exhaust valve is opened at a piston
position past, that is to say below, the position where the
recirculation valve 36 closed on the upward stroke. The
cycle is therefore ’over-expanded’ as the change in
trapped volume during the expansion stroke is greater
than the change in trapped volume during the compres-
sion stroke. For the given example location of the recir-
culation valve 36 closure, the change in volume during
expansionmay approach a value 50%higher than during
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compression, which for the example compression ratio
would result in an expansion ratio of 19:1. Since useful
expansion of the gas, that is to say the period during
which expansion of the gas imparts work to the piston, is
terminated when the exhaust valve 34 is opened for blow
down, the later the exhaust valve is opened, the closer
the expansion ratio will be to 19:1.
[0043] The gas forced into the recirculation port 32
flows through the recirculated gas system 38 and is
subsequently mixed with the fresh air in the inlet supply
channel 24 at the recirculation inlet 28. The temperature
of the recirculated gas at the recirculation inlet 28may be
controlled by the recirculated gas system 38.
[0044] According to the invention, as shown in Figures
10and11, the recirculation inlet 28 is formedasaplurality
of recirculation inlets 28’. The geometry around the inlet
ports 18 is extended in order to generate a plurality of
nozzles in order to generate flow restriction 26’, into
which the recirculation inlets 28’ are connected. Since
the flow velocity is high at the inlet ports 18, this is an
efficient location for the connection and the nozzle shape
can help to improve the inlet flow conditions.
[0045] Reverse flow into the cylinder 4 through the
recirculation valve 36 can be further minimised by timing
the opening of the recirculation valve to coincide with the
slight increase in pressure in the top of the combustion
chamber caused by the closing of the exhaust valve and
the momentum of the airflow.
[0046] A reed-valve, or other type, of check valve may
be located along the supply channel 24. In this arrange-
ment thecoolingof the recirculatedgas in the recirculated
gas system 38 causes a cyclic drop in pressure in the
recirculation duct 35 which will help draw gas from the
cylinder into the recirculation duct 35. That is to say,when
the recirculation valve 36 closes, flow into and out of the
recirculation port 32 stops and cooling of the trapped
mass of gas in the recirculation duct 35 causes a pres-
sure drop. Consequently, when the recirculation valve 36
is opened the reduced pressure acts to create an initial
surge in flow out of the cylinder 4 into the recirculation
duct 35, which may improve overall performance. The
useof thecheckvalvemayalsoallow theexhaust valve to
remain open longer and the recirculation valve to open
earlier without reverse flow occurring, which would allow
more time for scavenging and valvemotion events. In the
case that the engine is a multi-cylinder arrangement,
there is naturally the choice to combine the recirculation
passages / systems together or operate them indepen-
dently, which together with the number of cylinders may
affect the chosen connection method due to pulsing
affects etc.
[0047] The chart of Figure 7 plots the pressure and
volume of the combustion chamber for the stages of the
above described combustion cycle, which closely follows
an idealised Miller cycle. The cycle only includes the
stages of the cycle that represent the thermodynamic
processes and does not include the full range of piston
motion, such as the motion of the piston 6 beyond the

closure point of the inlet port 18. At point A on the cycle,
the exhaust valve 34 opens at the maximum chamber
volume. As a result there is a drop in pressure between
points A and B which correspond to the ’blow down’
process in which pressure is relieved prior to inlet port
opening. At point B the piston 6 has returned frombottom
dead centre, the exhaust valve 34 and inlet port 18 are
closed and the pressure in the combustion chamber 12 is
substantially equal to the inlet pressure. Between point A
and point B, the temperature (not shown) of the gas in the
cylinder has also reduced substantially due to the
scavenging process. At this point the recirculation valve
36 is open. As a result, as the piston 6 moves between
points B and C the volume is reduced but the pressure
remains constant asgas flowsout of the recirculationport
32 rather than being trapped and compressed. At point C
the piston 6 has passed the point of inlet port closure, the
volumehas further reducedand the recirculation valve36
is closed. The volume at this point is less than the volume
at pointB, but thepressure in thecombustion chamber12
still approximates inlet pressure. At this point, with the
recirculation valve 36 closed, the remaining gas within
the combustion chamber 12 is trapped and begins to
compress as the piston 6 ascends. It is only at this stage
that the pressure begins to rise, as represented by the
curve between points C and D. As the piston 6 continues
to travel towards top dead centre the pressure rises and
the volume of the combustion chamber 12 continues to
reduce. This is the compression stage. At point D the
piston 6has reached topdeadcentre and the volume is at
a minimum. The air and fuel charge is then ignited,
resulting in a sharp increase in pressure between points
D and E as the gas heats up. The piston 6 then begins to
descend between points E and A, causing a drop in
pressure as the volume in the combustion chamber 12
increases. During this period work is imparted to the
piston 6 by the expanding gas. This is the expansion
stroke. Immediately prior to thepoint of inlet port opening,
the exhaust valve 34 is opened and the expansion stroke
is terminated.
[0048] The expansion ratio is the change in volume
during the expansion stroke E-A. The compression ratio
is the change in volume during the compression stageC-
D.Openingof the recirculation valve36delays the start of
the compression by keeping the pressure constant be-
tween points B-C. As a result, the change in volume
during the expansion stroke between points E-A is great-
er than the change in volume during the compression
stage between points C-D. The recirculation valve 36
therefore enables an over expanded cycle in a uniflow 2-
stroke engine where the excess piston stroke is used to
efficiently recirculate cooled gas to the inlet system:
which has not been previously achieved.
[0049] Figure 8 plots the typical opening profile of the
inlet port 18, the exhaust valve 34 and the recirculation
valve 36 against the crank angle from top dead centre
(ATDC). In the arrangement of Figure 8 theexhaust valve
opening occurs first at an ATDC of approximately 120

5

10

15

20

25

30

35

40

45

50

55



9

15 EP 4 248 072 B1 16

degrees from top dead centre (TDC). Inlet port 18 open-
ing then occurs at an ATDC of approximately 140 de-
grees while the exhaust valve 34 is still opening. At an
ATDC of approximately 160 degrees the exhaust valve
34 begins to close while the inlet port 18 is still opening.
The recirculation valve 36 begins to open at an ATDC of
approximately 180 degrees i.e. bottom dead centre
(BDC), which coincides with full opening of the inlet port
18 and the continued closing of the exhaust valve 34. At
BDC, the inlet port 18 is fully open, the exhaust valve 34 is
closingand the recirculation valve36 is opening.Exhaust
valve 34 closing occurs at anATDCof approximately 200
degrees, at which point the recirculation valve 36 is
substantially open. The inlet port 18 is still closing at this
stage and there is an overlap period during which the
exhaust valve 34 is closed and the inlet port 18 and
recirculationport 32 remain open. The inlet port 18 closes
at anATDCof approximately 220 degrees. The recircula-
tionport 32 remainsopenafter inlet port closureuntil at an
ATDC of approximately 260 degrees, and at which point
the compression stroke begins. It should be highlighted
that the timing of the valve in a 2 stroke engine may be
limitedby the timeavailable for openingandclosingof the
valve. For example, due to the limitation of valve accel-
erations, it may be necessary to start opening a valve
slightly earlier than the ’ideal case’. The ideal case would
havean instant openingof theexhaust valve tomaximum
opening just before the inlet port opens toallowmaximum
expansion ratio and fast blow-down.
[0050] The recirculated gas system 38 connects the
cylinder 4 to theair supply channel 24 via the recirculation
duct 35. The pressure in the recirculation duct 35 is
therefore substantially equal to the inlet supply pressure,
assuming no restriction valves are operated within the
recirculatedgassystem.Asa result, because thecylinder
pressure is also substantially equal to the inlet pressure
when the recirculation valve 36 is opened, there is no
notable drop in cylinder pressure at that time. In contrast,
because2-strokeengines rely on the inlet pressurebeing
greater than the exhaust pressure, where a valve con-
nected to the exhaust system is used to provide an over-
expanded (Miller) cycle, theremaybeasignificant drop in
cylinder pressurewhen theexhaust valve30 isopen.Use
of the recirculation port 32 as an outlet port enables the
volume of gas in the cylinder to be easily controlled
without requiring complex control of valve lift and valve
timing to maintain the cylinder 4 at inlet pressure. The
recirculated gas system38may be any arrangement that
fluidly connects the recirculation port 32 to the supply
channel 24. The recirculated gas system 38 may have
varying complexity depending on the preferred mode of
operation and the requirements of the recirculated gas
system 38. It will be appreciated that components from
existing exhaust gas recirculation systems may be uti-
lised.
[0051] The benefits of fluidly connecting the recircula-
tion port 32 to the inlet port 18, to ensure the recirculation
port 32 is kept at the inlet pressure, are realised even if

minimal burnt gases are returned to the cylinder 4. The
term ’recirculation’ as used herein does not therefore
require any substantial flow of burnt gases to be returned
to the cylinder 4 from the recirculation port 32. Under
conditions where the engine 1 is operating with relatively
large fresh air flow rates, most of the burnt gases are
flushed from the cylinder 4 through the exhaust valve 34
during scavenging, leaving very little burnt gas within the
cylinder 4. In these conditions, the gas that enters the
recirculation port 32 will be predominantly fresh air. In
these conditions, the benefit of the system is largely the
added efficiency of the over-expansion cycle. However,
some cooling of the recirculated gas may still be bene-
ficial due to the unavoidable mixing and heat transfers
that occur within the cylinder 4.
[0052] Under conditions where the engine 1 is operat-
ing with relatively lower fresh air flow rates, there may be
a substantial volume of residual hot burnt gas remaining
at the top of the combustion chamber 12 after scaven-
ging. In this case, the gas entering the recirculation port
32 may be predominantly burnt gas from the previous
cycle. In this situation the invention is also providing the
opportunity to tune the combustion parameters aswell as
providing the over-expanded cycle, by controlling the
amount and/or temperature of burnt gases returned to
the cylinder 4. As described above, the air flow rate
(delivery ratio) is easily adjusted with inlet pressure or
variable exhaust valve opening, and as such there is
significant opportunity to optimise the engine operation
at any given speed and load. The scavenging benefits of
the described operation should also be highlighted. In a
normal uniflow 2-stoke requiring cooled external EGR
(not ’internal EGR’), the cylinder needs to be near com-
pletely filled with fresh charge and there is likelihood of
significant fresh charge loss to the exhaust system.
When this ’short circuiting’ occurs, there are typically
’pockets’ of hot burnt gas in the corners of the combustion
chamber. By leaving a significant amount of burnt gas in
the combustion chamber at the end of scavenging, very
little fresh charge is lost. By closing one valve (i.e. the
exhaust valve 34) and opening a different set (i.e. recir-
culation valve 36), any remaining pockets of hot burnt
gases can be removed.
[0053] By applying some boundaries to the operation,
it is possible to numerically define the method of opera-
tion where the mechanical invention is specifically ben-
eficial. The volume ’V’ is defined as the enclosed com-
bustion chamber volume at the point the inlet port opens /
closes i.e. as shown inFigure5.Theover-expansion ratio
’x’ is theexpansion ratiodividedby thecompression ratio.
It can therefore be realised that the trapped volumewhen
the recirculation port is closed is =V/x. As x increases, the
trapped volume reduces and the recirculated volume
increases. The Burnt Gas Fraction (BGF) is the propor-
tion of the inlet charge volume that is recirculated burnt
gas. Finally, the temperature ratio RT is defined as the
residual gas temperaturedividedby the freshcharge inlet
temperature, which also is the volume change of the
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burnt gas fraction from the end of blow down to returning
to the cylinder through the inlet port.
[0054] In the ideal case, wheremixing in the cylinder is
not considered, the recirculated volume is at least as
large as the burnt gas volume in the incoming trapped
chargemultiplied by the volume change ratio. Therefore;

[0055] Additionally, because it is desirable to not lose
excessive fresh charge to the exhaust, a limit to the
required cylinder filling can be applied. Those skilled in
the art would appreciate that up to around 80% fresh
charge of the enclosed volume can be delivered during
scavenging before significant loss in trapping efficiency,
and preferably <75%. If the over-expansion ratio is too
high, the trapped volume becomes low, therefore the
required amount of burnt gas after scavenging is low
and there is more fresh charge lost to exhaust. So the
required volume of recirculated burnt gas should be
larger than 20% of the cylinder volume V. Therefore;

[0056] For a given burnt gas fraction, this allows a
range of over-expansion ratios to be defined that would
allow optimal operation ‑. For example, for a temperature
ratio of 1.86 (670 K residual gas and 360 K inlet charge)
and a burnt gas fraction of 0.2 gives: 1.37 ≤ x ≤ 1.86 and
preferably 1.37 ≤ x ≤ 1.50
[0057] A value of x larger than the minimum recircu-
latesmore gas andwill providemore cooling considering
the inevitable amount of mixing, however, power output
will reduce. A value of x less than the maximum will help
ensure very low loss of fresh charge to exhaust. Finally, it
should be highlighted that RT is dependent on x, since
over-expansion reduces the residual temperature, so an
iterative approach is needed in engine design - though
the final operation is expected to be defined by these
boundaries.
[0058] Figure 12 shows these boundaries plotted for
the temperature ratio of 1.86. It should be noted, that for
the temperature ratio given, the invention achieves its
intended operation with a BGF > around 0.14, and pre-
ferred operation with BGF > 0.18. Therefore, the inven-
tion is specifically arrived at when researching a spark
ignition engine for highefficiency and low emissions op-
eration with modern ignition and combustion design -

which uses higher BGFs at high load. The larger the
BGF, the larger the window of highly efficient operation.
[0059] Figures 9A‑9C show various recirculated gas
system 38 arrangements which have additional features
compared to a simple channel. Figure 9A shows a re-
circulated gas system 38 in which a heat exchanger 44,
configured to function as a cooler, and associated pas-
sages, connects the recirculation port 32 to the recircula-
tion inlet 28. The heat exchanger 44 may be an indepen-
dent component ormay comprise part of theengineblock
and/or cylinder head configured to include heat transfer
features,with theheat being transferred to thewater or oil
cooling circuits or even external air. The recirculated gas
from the cylinder 4 is passed through the heat exchanger
44, which cools the gas before it flows to the supply
channel 24. This has the effect of reducing the tempera-
ture of the charge gas in the cylinder at the start of
compression. This also reduces the temperature at the
end of compression, thereby allowing either more heat
energy to be added or a higher compression ratio to be
used before a critical temperature is reached. The lower
gas temperature also means a higher mass of recircu-
lated gas enters the cylinder for the same volume. The
highermass of gas absorbs the heat of combustion in the
cylinder 4, which in turn reduces the peak temperature of
the cycle. This improves emissions or allowsmore fuel or
compression ratio before emissions occur. Cooled EGR
is also known to help reduce the occurrence of knock,
which allows more optimal spark timing and improved
efficiency, which also applies to the recirculated gas
having significant burnt gas content.
[0060] Figure 9B shows an arrangement including
variable restriction control valve 46, which is provided
in addition to the heat exchanger 44. The variable re-
striction control valve 46 is used to vary the flow through
the recirculation duct 35 in order to control parameters
such as effective compression ratio and gas recirculation
rate. When the engine is cold at startup, it may tolerate a
higher compression ratio before having issues with
knock. It may also be beneficial to retain some hot burnt
gas in the cylinder to aid complete combustion. Closing
the variable restriction control valve 46 increases the
effective compression ratio by reducing the size of the
recirculation duct 35. Doing so restricts flow out of the
recirculation port 32 as piston is moves up due to a
pressure build up within the recirculation duct 35 up-
stream of the control valve, which in turn raises the
cylinder pressure. A greatermass of gas is trappedwithin
the combustion chamber at a partially elevated pressure,
having an effect equivalent to early closure of the recir-
culation valve 36, which changes the effective compres-
sion ratio. The use of the variable restriction control valve
46 may provide an alternative means of controlling com-
pression ratio that is more cost effective than reliance on
control of recirculation valve 36 actuation. The elevated
pressure in the recirculation duct 35, upstream of the
variable restriction control valve 46, may also be used to
restrict thegas recirculation rateasa result of the residual
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pressure elevation in the recirculation duct 35 causing
gas from within the recirculation duct 35 to re-enter the
cylinder 4 when the recirculation valve 36 is opened.
Reduced recirculation ratemay for example bebeneficial
during warmup.
[0061] In the alternative arrangement of Figure 9C a
bypass control valve 48 provides a means of selectively
controlling the temperature of the recirculated gas by
passing the gas through the heat exchanger 44 or divert-
ing the gas flow away from the heat exchanger via a
bypass channel 50. Such as system may be beneficial
when compensating for external variability such as dur-
ing cold start, variable ambient conditions or with varying
fuel grades. The bypass control valve 48maybea simple
flap or damper valve as used in current EGR cooler
systems such that the flap varies the flow rate between
bypass and cooled passages, which enables flow diver-
sion without adding any restrictions that may affect the
over-expansion cycle operation.
[0062] A further type of ’uniflow 2-stroke engine’ is the
opposed piston engine, which instead of having a cylin-
der head and exhaust valves, uses an additional piston
and an exhaust port. It has benefits in terms of scavenge
efficiency due to the overall stroke / bore ratio and lower
heat rejection; however, it cannot use an over-expanded
cycle. The benefits of the invention can also be applied to
the opposed piston engine. In this case, the additional
port would be connected into the cylinder wall of the
exhaust side piston, for example 2/3 of the way from
Inner DeadCentre to Outer DeadCentre. The port would
be opened during the compression stroke to allow a
portion of the gas to recirculate, preferably through a
heat exchanger, and a significant portion of that gas
may be hot ’residual’ gases due to the location of the
port on the exhaust side and method of operation. The
ability of the present invention to provide an over-ex-
panded cycle in a uniflow 2-stroke engine significantly
improves theefficiencypotential of theengineandmakes
highly suitable for range extender applications.
[0063] The present invention further provides efficient
scavenging and cooled exhaust gas recirculation at high
load with no significant cost or efficiency penalty. By
opening the recirculation valve as the piston is on the
upward stroke, prior to compression, the motion of the
piston acts to pump the burnt into the gas recirculation
system 38. Typically, in a normal 4-stroke engine using
lateor early inlet valve closing toprovideover-expansion,
the piston motion is essentially being wasted in returning
gas to the inlet, resulting in zero net gas motion. In the
arrangement of the present invention, the piston motion
is used to pump the hottest combustion gasses out of the
recirculation port 32 and direct the gases back into the
supply channel 24. Using the piston motion in this way
obviates the requirement to operate a separate pump to
transfer exhaust gases from the lower pressure exhaust
system to the higher pressure inlet, thereby lowering cost
and improving efficiency. The present invention provides
the benefits of cooled EGR, which has been shown to

work well in combination with lean-burn and over-ex-
panded cycle to give very high brake thermal efficiency
and low emissions in 4-stroke engines, even with rela-
tively low grade fuel and conventional spark plugs, with
the added benefit of power-density, smooth running and
lower friction of a 2-stroke engine. The intended engine
design is suitable for spark ignition operation under lean
conditions with a standard high-energy ignition system.
In a further embodiment, the engine may be configured
and controlled to operate under enhanced lean burn
conditions. It is well known that increasing the Air/Fuel
ratio provides improvements in efficiency providing rea-
sonable mechanical and compressor efficiencies are
achieved. The efficiency benefit comes primarily from
reduction in peak temperatures around top dead centre
which reduces heat transfer out of the gas andmeans the
gas behavesmore like an ideal gas, that is to say there is
less dissociation. To increase lean burn performance the
present inventionmay includemeans to enhance ignition
such as ’prechamber’ ignition and alternative ’ignitors’.
[0064] In a further embodiment, the cylinder 4 may
include direct fuel injection arranged to avoid any sig-
nificant fuel from entering the exhaust system, that is to
say that the fuel may be injected sufficiently late in the
cycle that it does not flow into the closing exhaust port.
The timing and location of the direct injector is also
configured to avoid fuel flow through the recirculation
port 32. Direct injector may include high-pressure, low-
pressure, and airassisted injectors. Preferably the injec-
tor is located in the cylinder cap, but may also be located
further down the cylinder proximate or even within the
inlet ports 18. Location of the injector lower down in the
cylinder mitigates the risk of fuel exiting the exhaust port
30 and may allow earlier injection compared to cylinder
head locations. The lower location may also suit lower
cost injectors with low pressure supply, thereby avoiding
the cost and losses of a high-pressure system.
[0065] In one embodiment, variable exhaust valve ac-
tuation may be used to optimise the air flow through the
engine for a given speed, load and inlet pressure. In
another embodiment, variable control of the recirculation
valve 36 may be also applied. The recirculation valve 36
may be controlled to delay closure in order to reduce the
compression ratio. This may be advantageous for exam-
ple if knock is detected with lower fuel grades or during
highboost conditions. As the expansion ratio remains
high, any effect on efficiency will be minimal. The recir-
culation valve 36 may also be controlled to close earlier
using a variable or switchable profile to increase the
effective compression ratio. This may allow the engine
to change combustion modes from standard spark igni-
tion to controlled auto-ignition or spark controlled com-
pression ignition for example. An increase in compres-
sion may also be beneficial during cold start.
[0066] In a yet further embodiment, the engine may
comprise a water injection system for limiting peak tem-
perature in the cylinder4.Thewater injection systemmay
supply water to the supply channel 24 or directly into the
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cylinder 4. The use of water injection provides additional
cycle efficiency due to the expansion of water into steam
during the cycle. The engine may further include means
for cooling the exhaust gas to remove water, thereby
providing a permanent supply of water for use during
continuous operation and/or in a temporary ’boost-
mode’.
[0067] In the above described arrangements, the ex-
haust valve 34 and recirculation valve 36 comprise pop-
pet valves. Alternatively, the valves may comprise a
rotary valve or valves which allow rapid changes in valve
opening area. A 2-stroke cycle like this has significantly
shorter amount of time to open and close the valveswhist
still maintaining enough time for scavenging. Rotary
valves allow a fast opening area profile, which in terms
the exhaust valve 34 means the opening of the valve for
blow down can be delayed, thereby allowing greater
expansion of the gas and improved efficiency. Regarding
the recirculation valve 36, the increased speedallows the
area to be closed more quickly which enables the ideal
over-expanded cycle to be more closely followed. In
addition, increasing the speed of closing of the recircula-
tion valve 36 reduces any restriction to the out-flowing
gas and therefore reduces pumping loss. Some rotary
valve designs may have a single port connection to the
cylinder with 2 outlet connections. The function however
is unchanged.
[0068] The present invention is primarily concerned
with range extender applications, high efficiency and
low emissions at relatively high load are the primary
targets, as opposed to changing the operation with vary-
ing load conditions. The low complexity of the basic
layout is asignificant advantageovermanyotherengines
for this application. With regards to load control of spark
ignition embodiments, there remains a range of options
for the invention, and therefore the flexibility becomes
apparent. In one method, reducing the delivery ratio
leaves more burnt gas in the cylinder and therefore less
air and fuel for a fixed air/fuel fixed ratio. Delaying the
recirculation valve closure further reduces the trapped
volume of charge in the cylinder and therefore engine
load in the case of a relatively fixed air/fuel ratio. At the
same time, inlet pressure can remain relatively high to
ensure sufficient scavenging of burnt gasses. Since ex-
cess volume is returned to the inlet, the overall pumping
work is minimal.
[0069] In an alternative method of load control, under
certain conditionssuchas low loadorduringwarmup, the
controller may reduce the delivery ratio and advance the
closure of the recirculation valve (or disable its operation)
in order to trap large quantities of hot residual gas and
increase the trapped compression ratio. The hot gas
retained can help to evaporate the fuel, aid spark ignition
combustion stability or even initiate combustion when
combined with the compression ratio increase. The early
closure of the recirculation valve also allows an earlier
fuel injection allowing more time for mixing and evapora-
tion. Further alternatively, when low charge pressure is

applied, only a small amount of burnt gas is displaced by
fresh charge after the scavenge process. The controller
may in this circumstance, decide to not inject fuel on that
cycle and wait for another (or multiple) scavenging pro-
cesses before injecting and igniting fuel again. Because
of the direct injection, fuel is not lost and there are no
hydrocarbon emissions from this operation.
[0070] In a further embodiment, the exhaust system of
the engine is fitted with a restrictor valve. This may be
employed at low rpm or at cold start conditions to help
increase the inlet charge temperature. Increasing the
inlet pressure can be used increase in charge density
and also temperature at inlet, which may be desirable
during warm-up. However, normally this would lead to an
increase in air flow through the engine and short-circuit-
ing thatwould lead to a reduction in exhaust temperature.
By placing a restrictor valve in the exhaust (preferably
down-streamof any catalyst), the overall flow rate can be
controlled back to a similar level, whilst providing in-
creased temperature and pressure in the cylinder and
importantly also the catalyst. This operation is less effi-
cient than ’normal operation’ due to the additional com-
pressor work, however it may be important for controlling
emissions during cold start and warm-up.
[0071] The specific layout and method of operation of
the present invention advantageously provides an over-
expanded engine cycle at relatively high load in both
spark ignition and diesel engines, by allowing recircula-
tion of some of the cylinder charge volume.
[0072] Recirculated flow does not exit the exhaust
valve and therefore the pressure in the gas is not ’lost’.
Furthermore, recirculated flow is returned into the inlet
system down-stream of the charging device and there-
fore requiresminimal pumpingeffort. Thearrangement of
the present invention also allows hot residual gas from
the previous cycle to be preferentially removed from the
cylinder (as opposed to fresh intake gas), and provides
opportunity to cool the hot recirculating gas and return it
to the intake without additional pumping devices or pas-
sing through the charging device again (as would be
required for ’exhaust gas recirculation’ EGR). Where
some residual (or burnt gas) is used, the present inven-
tion allows for improved scavenging performance over a
uniflow 2-stroke with external EGR. i.e. less fresh charge
air will be lost to the exhaust during scavenging. In addi-
tion, the use of variable CAM timing is not required to
provide the above advantages. In a further advantage,
high ’trapped’ compression ratioand fuel gradearenot as
critical to achieving efficiency in an enginewith the above
features and benefits. The charging device as described
herein is the device providing themajority of the pressure
increase at high-load on the intake side. The charging
device is preferably connected upstreamof the recircula-
tion connection. In certain applications, an additional
charging device may be located along the inlet passage
downstream of the recirculation connection. For exam-
ple, where an upstream turbocharger is used to deliver
the high-load pressure a positive displacement super-

5

10

15

20

25

30

35

40

45

50

55



13

23 EP 4 248 072 B1 24

charger may be provided downstream for starting and
low speed operation.

Claims

1. An internal combustion engine (1) comprising:

a cylinder (4) having a side wall (14),
an upper end and a lower end;
a piston (6) arranged to reciprocate within the
cylinder, the piston having a piston body and an
upper surface facing the upper end of the cylin-
der;
a combustion chamber (12) defined by the sec-
tion of the cylinder between the upper surface of
the piston and the upper end of the cylinder;
a fuel supply inlet (39);
an air inlet port (18) comprising a plurality of
apertures arranged around the side wall (14)
of the cylinder, the air inlet port I (18) being
arranged to supply air to the combustion cham-
ber (12) and the piston (6) and the inlet port (18)
being arranged such that the reciprocating
movement of the piston within the cylinder
opens and closes the inlet port;
an air supply channel (24) arranged to supply air
to the inlet port (18),
an exhaust port (30) and exhaust port closure
means (34) arranged for opening and closing
the exhaust port; and
a secondary outlet port (32) and a secondary
outlet valve (36) for opening and closing the
secondary outlet port, the combustion chamber
(12) having a trapped volume defined as the
volume of the combustion chamber when the
exhaust port (30), secondary port (32) and inlet
port (18) are closed; and
a recirculation channel I (35, 40) having an inlet
end connected to the secondary outlet port (32)
andan outlet end (28) fluidly connected to the air
supply channel (24);
wherein:

the recirculation channel fluidly connects
the secondary outlet port (32) to the air
supply channel (24) downstream to recircu-
late gas from the combustion chamber (12)
to the inlet port (18) via the air supply chan-
nel (24) when the secondary outlet valve
(36) is open;
closing of the secondary outlet port (32)
during upward movement of the piston (6)
initiates a compression stroke in which the
trapped volume decreases between the po-
sition of the piston at which the secondary
outlet valve (36) closes and top dead centre
and opening of the exhaust port (30) during

downward movement of the piston (6) ter-
minates an expansion stroke in which the
trapped volume increases between top
dead centre and the position of the piston
at which the exhaust port closure means
(34) opens; and
characterized in that
the engine further comprises flow control
means formed of a plurality of nozzles each
respectively associatedwith one of the plur-
ality of apertures of the inlet port (18), each
nozzle creating a flow restriction (26’) to
generate a region of reduced pressure in
the air supply channel (24) and the outlet
end (28, 28’) of the recirculation channel is
fluidly connected to each nozzle such that
the regions of reduced pressure cause gas
to flow from the recirculation channel (35,
40) to the inlet port (18) and prevent the
reverse flow of gas from the recirculation
channel (35, 40) into thecylinder (12) via the
secondary outlet port (32).

2. An internal combustion engine according to claim 1
comprising an air inlet chamber (20) surrounding the
inlet apertures, the plurality of nozzles being ar-
ranged within the air inlet chamber, and the air inlet
chamber forming part of the air supply channel (24).

3. An internal combustion engine according to claim 1
or 2 wherein the secondary outlet valve (36) and
exhaust port closuremeans (34) are configured such
that the secondary outlet valve closes to initiate the
compression stroke when the piston is at a higher
position in the cylinder than the position at which the
exhaust port (30) opens such that the change in the
trapped volumeduring theexpansion stroke is great-
er than the change in the trapped volume during the
compression stroke.

4. An internal combustion engine according to any
preceding claim wherein the exhaust port closure
means (34) is an exhaust valve.

5. An internal combustion engine according to claim 4
wherein the secondary outlet valve (36) is controlled
to open prior to closure of the exhaust valve (34) and
to remain open after closure of the exhaust valve.

6. An internal combustion engine according to claim 5
wherein the exhaust valve (34) is controlled to close
before closure of the inlet port (18).

7. An internal combustion engine according to any
preceding claim wherein the secondary outlet valve
(36) is configured to open prior to closure of the inlet
port (18) and to remain open after closure of the inlet
port as the piston moves upwards.
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8. An internal combustion engine according to any
preceding claim further comprising a pressurised
air source (22) connected to the air supply channel
(24) for supplying pressurised air to the inlet port
(18), and wherein the recirculation channel (35, 40)
is connected to the air supply channel (24) down-
stream of the pressurised air source (22).

9. An internal combustion engine according to any
precedingclaim further comprisingaheat exchanger
arranged along the recirculation channel (35, 40) to
vary the temperature of the recirculated gas.

10. An internal combustion engine according to claim 9
wherein the engine includes a cylinder block and a
cylinder head and at least part of the heat exchanger
comprises heat exchange elements integrally
formedwithin the cylinder block or the cylinder head.

11. An internal combustion engine according to claim 9
or 10 wherein the heat exchanger is configured to
cool the recirculated gas.

Patentansprüche

1. Eine Brennkraftmaschine (1), die Folgendes bein-
haltet:

einenZylinder (4), der eineSeitenwand (14), ein
oberes Ende und ein unteres Ende aufweist;
einen Kolben (6), der dazu eingerichtet ist, sich
in dem Zylinder hin‑ und
herzubewegen,wobeiderKolbeneinenKolben-
körper und eine obereOberfläche, die demobe-
ren Ende des Zylinders zugewandt ist, aufweist;
eine Verbrennungskammer (12), die durch den
Abschnitt des Zylinders zwischen der oberen
Oberfläche des Kolbens und dem oberen Ende
des Zylinders definiert wird;
einen Brennstoffzufuhreinlass (39);
einen Lufteinlassanschluss (18), der eine Viel-
zahl von Öffnungen beinhaltet, die um die Sei-
tenwand (14) des Zylinders herum eingerichtet
sind, wobei der Lufteinlassanschluss (18) dazu
eingerichtet ist, der Verbrennungskammer (12)
Luft zuzuführen, und wobei der Kolben (6) und
der Einlassanschluss (18) so eingerichtet sind,
dass die Hin‑ und Herbewegung des Kolbens
innerhalb des Zylinders den Einlassanschluss
öffnet und schließt;
einen Luftzufuhrkanal (24), der dazu eingerich-
tet ist, dem Einlassanschluss (18) Luft zuzufüh-
ren,
einen Ausstoßanschluss (30) und ein Ausstoß-
anschluss-Verschlussmittel (34), das dazu ein-
gerichtet ist, den Ausstoßanschluss zu öffnen
und zu schließen; und

einen sekundären Auslassanschluss (32) und
ein sekundäres Auslassventil (36) zum Öffnen
und Schließen des sekundären Auslassan-
schlusses, wobei die Verbrennungskammer
(12) ein eingeschlossenes Volumen aufweist,
das als das Volumen der Verbrennungskammer
definiert ist, wenn der Ausstoßanschluss (30),
der sekundäre Anschluss (32) und der Einlass-
anschluss (18) geschlossen sind; und
einen Rückführkanal (35, 40), der ein Einlas-
sende, das mit dem sekundären Auslassan-
schluss (32) verbunden ist, und ein Auslassen-
de (28), das mit dem Luftzufuhrkanal (24) flui-
disch verbunden ist, aufweist;
wobei:

der Rückführkanal den sekundären Aus-
lassanschluss (32)mit demLuftzufuhrkanal
(24) stromabwärts fluidisch verbindet, um
Gas von der Verbrennungskammer (12)
über den Luftzufuhrkanal (24) zu dem Ein-
lassanschluss (18) zurückzuführen, wenn
das sekundäre Auslassventil (36) geöffnet
ist;
das Schließen des sekundären Auslassan-
schlusses (32)während der Aufwärtsbewe-
gung des Kolbens (6) einen Kompressions-
hub initiiert, bei dem das eingeschlossene
Volumen zwischen der Position des Kol-
bens, in der das sekundäre Auslassventil
(36) schließt, und dem oberen Totpunkt
abnimmt, und das Öffnen des Ausstoßan-
schlusses (30) während der Abwärtsbewe-
gungdesKolbens (6) einenExpansionshub
beendet, bei dem das eingeschlossene Vo-
lumen zwischen dem oberen Totpunkt und
der Position des Kolbens, in der das Aus-
stoßanschluss-Verschlussmittel (34) öff-
net, zunimmt; und
dadurch gekennzeichnet, dass
die Maschine ferner ein Durchflusssteuer-
mittel beinhaltet, das aus einer Vielzahl von
Düsen gebildet ist, von denen jede jeweils
mit einer der Vielzahl von Öffnungen des
Einlassanschlusses (18) assoziiert ist, wo-
bei jede Düse eine Durchflussbegrenzung
(26’) schafft, umeinenBereichmit reduzier-
tem Druck in dem Luftzufuhrkanal (24) zu
erzeugen, und das Auslassende (28, 28’)
des Rückführkanals mit jeder Düse derart
fluidisch verbunden ist, dass die Bereiche
mit reduziertemDruck das Fließen vonGas
von dem Rückführkanal (35, 40) zu dem
Einlassanschluss (18) bewirken und den
Rückfluss von Gas von demRückführkanal
(35, 40) über den sekundären Auslassan-
schluss (32) indenZylinder (12) verhindern.
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2. Brennkraftmaschine gemäß Anspruch 1, die eine
Lufteinlasskammer (20) beinhaltet, die die Einlas-
söffnungen umgibt, wobei die Vielzahl von Düsen
innerhalb der Lufteinlasskammer eingerichtet sind
und die Lufteinlasskammer einen Teil des Luftzu-
fuhrkanals (24) bildet.

3. Brennkraftmaschine gemäß Anspruch 1 oder 2, wo-
bei das sekundäre Auslassventil (36) und das Aus-
stoßanschluss-Verschlussmittel (34) derart konfigu-
riert sind, dass das sekundäre Auslassventil
schließt, um den Kompressionshub zu initiieren,
wenn sich der Kolben in einer höheren Position in
dem Zylinder befindet als der Position, in der der
Ausstoßanschluss (30) öffnet, sodass die Änderung
des eingeschlossenen Volumens während des Ex-
pansionshubs größer ist als die Änderung des ein-
geschlossenen Volumens während des Kompres-
sionshubs.

4. Brennkraftmaschine gemäß einem der vorhergeh-
enden Ansprüche, wobei das Ausstoßanschluss-
Verschlussmittel (34) ein Ausstoßventil ist.

5. Brennkraftmaschine gemäß Anspruch 4, wobei das
sekundäre Auslassventil (36) gesteuert wird, um vor
dem Schließen des Ausstoßventils (34) zu öffnen
und nach dem Schließen des Ausstoßventils geöff-
net zu bleiben.

6. Brennkraftmaschine gemäß Anspruch 5, wobei das
Ausstoßventil (34) gesteuert wird, um vor dem
Schließen des Einlassanschlusses (18) zu
schließen.

7. Brennkraftmaschine gemäß einem der vorhergeh-
enden Ansprüche, wobei das sekundäre Auslass-
ventil (36) konfiguriert ist, um vor demSchließen des
Einlassanschlusses (18) zu öffnen und nach dem
Schließen des Einlassanschlusses, während sich
der Kolben aufwärts bewegt, geöffnet zu bleiben.

8. Brennkraftmaschine gemäß einem der vorhergeh-
enden Ansprüche, die ferner eine Druckluftquelle
(22) beinhaltet, die mit dem Luftzufuhrkanal (24)
verbunden ist, um dem Einlassanschluss (18)
Druckluft zuzuführen, und wobei der Rückführkanal
(35, 40) stromabwärts von der Druckluftquelle (22)
mit dem Luftzufuhrkanal (24) verbunden ist.

9. Brennkraftmaschine gemäß einem der vorhergeh-
enden Ansprüche, die ferner einen Wärmetauscher
beinhaltet, der entlang des Rückführkanals (35, 40)
eingerichtet ist, um die Temperatur des zurückge-
führten Gases zu variieren.

10. Brennkraftmaschine gemäßAnspruch 9, wobeimin-
destens ein Teil des Wärmetauschers Wärmeaus-

tauschelemente beinhaltet, die innerhalb eines Zy-
linderblocks oder eines Zylinderkopfes integral ge-
bildet sind.

11. Brennkraftmaschine gemäß Anspruch 9 oder 10,
wobei der Wärmetauscher konfiguriert ist, um das
zurückgeführte Gas zu kühlen.

Revendications

1. Un moteur à combustion interne (1) comprenant :

un cylindre (4) présentant une paroi latérale
(14), une extrémité supérieure et une extrémité
inférieure ;
un piston (6) agencé pour se déplacer en va-et-
vient à l’intérieur du cylindre, le piston présen-
tant un corps de piston et une surface supéri-
eure faisant face à l’extrémité supérieure du
cylindre ;
une chambre de combustion (12) définie par la
section du cylindre comprise entre la surface
supérieuredupistonet l’extrémité supérieuredu
cylindre ;
une entrée d’alimentation en carburant (39) ;
un orifice d’entrée d’air (18) comprenant une
pluralité d’ouvertures agencées autour de la
paroi latérale (14) du cylindre, l’orifice d’entrée
d’air (18) étant agencé pour alimenter en air la
chambre de combustion (12), et le piston (6) et
l’orifice d’entrée (18) étant agencés de telle
sorte que lemouvement de va-et-vient du piston
à l’intérieur du cylindre ouvre et ferme l’orifice
d’entrée ;
un canal d’alimentation en air (24) agencé pour
alimenter en air l’orifice d’entrée (18),
un orifice d’échappement (30) et un moyen de
fermeture d’orifice d’échappement (34) agencé
pour l’ouverture et la fermeture de l’orifice d’é-
chappement ; et
un orifice de sortie secondaire (32) et une sou-
pape de sortie secondaire (36) pour l’ouverture
et la fermeture de l’orifice de sortie secondaire,
la chambre de combustion (12) présentant un
volumepiégédéfini commeétant le volumede la
chambre de combustion lorsque l’orifice d’é-
chappement (30), l’orifice secondaire (32) et
l’orifice d’entrée (18) sont fermés ; et
un canal de recirculation (35, 40) présentant une
extrémité d’entrée raccordée à l’orifice de sortie
secondaire (32) et une extrémité de sortie (28)
raccordéefluidiquementaucanald’alimentation
en air (24) ;
dans lequel :

le canal de recirculation raccorde fluidique-
ment l’orifice de sortie secondaire (32) au
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canal d’alimentation en air (24) en aval pour
remettre en circulation du gaz provenant de
la chambre de combustion (12) vers l’orifice
d’entrée (18) par l’intermédiaire du canal
d’alimentation en air (24) lorsque la sou-
pape de sortie secondaire (36) est ouverte ;
la fermeture de l’orifice de sortie secondaire
(32) pendant le mouvement vers le haut du
piston (6) lance une course de compression
dans laquelle le volume piégé décroît entre
la position du piston à laquelle la soupape
de sortie secondaire (36) se ferme et un
point mort haut, et l’ouverture de l’orifice
d’échappement (30) pendant le mouve-
ment vers le bas du piston (6) achève une
course de détente dans laquelle le volume
piégé croît entre le point mort haut et la
position du piston à laquelle le moyen de
fermeture d’orifice d’échappement (34)
s’ouvre ; et
caractérisé en ce que
le moteur comprend en outre un moyen de
régulation de débit formé d’une pluralité
d’ajutages associés chacun respective-
ment à une ouverture de la pluralité d’ou-
vertures de l’orifice d’entrée (18), chaque
ajutage créant une restriction de débit (26’)
pour générer une zone de pression réduite
dans le canal d’alimentation en air (24), et
l’extrémité de sortie (28, 28’) du canal de
recirculation est raccordée fluidiquement à
chaque ajutage de telle sorte que les zones
de pression réduite amènent du gaz à s’é-
couler depuis le canal de recirculation (35,
40) vers l’orifice d’entrée (18) et
empêchent l’écoulement inverse de gaz
depuis le canal de recirculation (35, 40)
jusque dans le cylindre (12) par l’intermé-
diaire de l’orifice de sortie secondaire (32).

2. Un moteur à combustion interne selon la revendica-
tion 1 comprenant une chambre d’entrée d’air (20)
entourant les ouvertures d’entrée, la pluralité d’aju-
tages étant agencés à l’intérieur de la chambre
d’entrée d’air, et la chambre d’entrée d’air faisant
partie du canal d’alimentation en air (24).

3. Un moteur à combustion interne selon la revendica-
tion 1 ou la revendication 2 dans lequel la soupape
de sortie secondaire (36) et le moyen de fermeture
d’orifice d’échappement (34) sont configurés de telle
sorte que la soupape de sortie secondaire se ferme
pour lancer la course de compression lorsque le
piston est à une position plus haute dans le cylindre
que la position à laquelle l’orifice d’échappement
(30) s’ouvre de telle sorte que la variation du volume
piégé pendant la course de détente soit plus grande
que la variation du volume piégé pendant la course

de compression.

4. Un moteur à combustion interne selon n’importe
quelle revendication précédente dans lequel le
moyen de fermeture d’orifice d’échappement (34)
est une soupape d’échappement.

5. Un moteur à combustion interne selon la revendica-
tion 4 dans lequel la soupape de sortie secondaire
(36) est commandée pour s’ouvrir avant la fermeture
de la soupape d’échappement (34) et pour rester
ouverte après la fermeture de la soupape d’échap-
pement.

6. Un moteur à combustion interne selon la revendica-
tion 5 dans lequel la soupape d’échappement (34)
est commandée pour se fermer avant la fermeture
de l’orifice d’entrée (18).

7. Un moteur à combustion interne selon n’importe
quelle revendication précédente dans lequel la sou-
pape de sortie secondaire (36) est configurée pour
s’ouvrir avant la fermeture de l’orifice d’entrée (18) et
pour rester ouverte après la fermeture de l’orifice
d’entrée tandis que le piston se meut vers le haut.

8. Un moteur à combustion interne selon n’importe
quelle revendication précédente comprenant en ou-
tre une source d’air sous pression (22) raccordée au
canal d’alimentationenair (24) pour l’alimentationen
air sous pression de l’orifice d’entrée (18), et dans
lequel le canal de recirculation (35, 40) est raccordé
au canal d’alimentation en air (24) en aval de la
source d’air sous pression (22).

9. Un moteur à combustion interne selon n’importe
quelle revendication précédente comprenant en ou-
tre un échangeur de chaleur agencé le long du canal
de recirculation (35, 40) pour faire varier la tempé-
rature du gaz remis en circulation.

10. Un moteur à combustion interne selon la revendica-
tion 9, le moteur incluant un bloc-cylindres et une
culasse et au moins une partie de l’échangeur de
chaleur comprenant des éléments d’échange de
chaleur formés à l’intérieur du bloc-cylindres ou de
la culasse.

11. Un moteur à combustion interne selon la revendica-
tion 9 ou la revendication 10 dans lequel l’échangeur
dechaleur est configurépour refroidir le gaz remisen
circulation.

5

10

15

20

25

30

35

40

45

50

55



17

EP 4 248 072 B1



18

EP 4 248 072 B1



19

EP 4 248 072 B1



20

EP 4 248 072 B1



21

EP 4 248 072 B1



22

EP 4 248 072 B1



23

EP 4 248 072 B1



24

EP 4 248 072 B1



25

EP 4 248 072 B1



26

EP 4 248 072 B1



27

EP 4 248 072 B1



28

EP 4 248 072 B1

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• DE 102010054206 A1 [0008]
• DE 102005063377 A1 [0008]

• DK 177398 B1 [0008]


	bibliography
	description
	claims
	drawings
	cited references

