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1

SPLIT-CYCLE ENGINE WITH HIGH RESIDUAL EXPANSION RATIO

TECHNICAL FIELD

This invention relates to split-cycle engines and,
more particularly, to such an engine having a high residual
expansion ratio and optionally incorporating an air-hybrid

system.

BACKGROUND OF THE INVENTION

For purposes of clarity, the term “conventional
engine” ags used in the present application refers to an
internal combustion engine wherein all four strokes of the
well-known Otto cycle (i.e., the intake {or inlet),
compression, expansion (or power) and exhaust strokes) are
contained in each piston/cylinder combination of the engine.
Each stroke requires one half revolution of the crankshaft
(180 degrees crank angle (CA)), and two full revolutions of
the crankshaft (720 degrees CA) are required to complete the
entire Otto cycle in each cylinder of a conventional engine.

Also, for purposes of clarity, the following
definition is offered for the term “split-cycle engine” as
may be applied to engines disclosed in the pricor art and as
referred to in the present application.

A split-cycle engine as referred to herein
comprises:

a crankshaft rotatable about a crankshaft axis;

a compression piston slidably received within a
compression cylinder and operatively connected to the
crankshaft such that the compression piston reciprocates
through an intake stroke and a compression stroke during a

single rotation of the crankshaft;
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an expansion (power) piston slidably received
within an expansion c¢ylinder and operatively connected to
rhe crankshaft such that the expansion piston reciprocates
through an expansion stroke and an exhaust stroke during a
single rotation of the crankshaft; and

a crossover passage (port) interconnecting the
compression and expansion cylinders, the crossover passage
including at least a crossover expansion (XovrE) valve
disposed therein, but more preferzably including a crossover
compression (XovrC) valve and a crossover expansion (XovrE)
valve defining a pressure chamber therebetween.

United States Patent No. 6,543,225 granted April
8, 2003 to Scuderi and United States Patent No. 6,952,923
granted Octcber 11, 2005 to Branyon et al., both of which
are incorporated herein by reference, contain an extensive
discussion of split-cycle and similar-type engines. In
addition, these patents disclose details of prior versions
of an engine of which the present disclosure details further
developments.

Split-cycle air-hybrid engines combine a split-
cycle engine with an air reservoir and various controls.
This combination enables a split-cycle air-hybrid engine to
store energy in the form of compressed air in the air
reservoir. The compressed air in the air reservoir is later
used in the expansion cylinder to power the crankshaft.

A split-cycle air-hybrid engine as referred to
herein comprises:

a crankshaft rotatable about a crankshaft axis;

a compression piston slidably received within a
compression cylinder and operatively connected to the
crankshaft such that the compression piston reciprocates
through an intake stroke and a compressicn stroke during a

single rotation of the crankshaft;
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an expansion (power} piston slidably received
within an expansion cylinder and operatively connected to
the crankshaft such that the expansion piston reciprocates
through an expansion stroke and an exhaust stroke during a
single rotation of the crankshaft;

a crossover passage (port) interconnecting the
compression and expansion cylinders, the crossover passage
including at least a crossover expansion (XovrE) valve
disposed therein, but more preferzbly including a crossover
compression (Xovr(C) valve and a crossover expansion (XovrE)
valve defining a pressure chamber therebetween; and

an air reservoir operatively c¢onnected tao the
crossover passage and selectively operable to store
compressed air from the compression cylinder and to deliver
compressed air to the expansion cylinder.

United States Patent No. 7,353,786 granted April
8, 2008 to Scuderi et al., which is incorporated herein by
reference, contains an extensive discussion of split-cycle
air-hybrid and similar-type engines. In additiecn, this
patent discloses details of prior hybrid systems of which
the present disclosure details further developments.

A split-cycle air-hybrid engine can be run in a
normal operating or firing (NF) mode (also commonly called
the Engine Firing (EF) mode) and four basic air-hybrid
modes. In the EF mode, the engine functions as a non-air
hybrid split-cycle engine, operating without the use of its
alr reservoir. In the EF mode, a tank valve operatively
connecting the crossover passage to the air reservolir
remains closed to isolate the air reservoir from the basic
split-cycle engine.

The split-cycle air-hybrid engine operates with
the use of its air reservoir in four hybrid modes. The four

hybrid modes are:
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1) Air Expander (AE) mode, which includes using
compressed air energy from the air reservoilr
without combustion;

2y Air Compressor (BAC) mode, which includes storing
compressed air energy into the air reservoir
withcut combustion;

3) Air Expander and Firing (AEF) mode, which includes
using compressed air energy from the alir reservoilr
with combustion; and

4) Firing and Charging (FC) mode, which includes
storing compressed air energy intc the air
reservoir with combustion.

However, further optimization of these modes, EF, AE, AC,
AEF and FC, is desirable to enhance efficiency and reduce

emissions.

SUMMARY QF THE INVENTION

The present invention provides a split-cycle
engine in which the use of the Engine Firing (EF) mcde is
optimized for potentially any vehicle in any drive cycle for
improved efficiency.

More particularly, an exemplary embodiment of an
engine in accordance with the present invention includes a
crankshaft rotatable about a crankshaft axis. A compressicn
piston is slidably received within a compression cylinder
and operatively connected to the crankshaft such that the
compression piston reciprocates through an intake stroke and
a compression stroke during a single rotation of the
crankshaft. An expansion piston is slidably received within
an expansion cylinder and operatively connected to the
crankshaft such that the expansion piston reciprocates

through an expansion stroke and an exhaust stroke during =&
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single rotation of the crankshaft. A crogsover passage
interconnects the compression and expansion cylinders. The
crossover passage includes a crossover expansion ({XovrE)
valve disposed therein. The engine is operable in an Engine
Firing (EF) mode. In the EF mode, the engine has a residual
expansion ratio at XovrE valve closing eof 10.0 to 1 or
greater, and more preferably 15.7 to 1 or greater.

2 method of operating an engine is also disclosed.
The engine includes a crankshaft rotatable about a
crankshaft axis. A compressicn piston is slidably received
within a compression cylinder and operatively connected to
the crankshaft such that the compression piston reciprocates
through an intake stroke and a compression stroke during a
single rotation of the crankshaft. An expansion piston is
slidably received within an expansion cylinder and
operatively cennected to the crankshaft such that the
expansion piston reciprocates through an expansion stroke
and an exhaust stroke during a single rotation of the
crankshaft. L crossover  pASsage interconnects the
compression and expansion cylinders. The crossover passage

includes a crossover expansion (XovrE) valve disposed

therein. The engine is operable in an Engine Firing (EF)
mode . The methed in acccordance with the present invention
includes the follecwing steps: drawing in and compressing

inlet air with the compression piston; admitting compressed
air from the compression cylinder into the expansion
cylinder with fuel, at the beginning of an expansion stroke,
the fuel being ignited, burned and expanded on the same
expansion stroke of the expansion piston, transmitting power
to the crankshaft, and the combustion products being
discharged on the exhaust stroke; and maintaining a residual
expansion ratio at XovrE valve closing of 10.0 teo 1 or

greater, mcre preferably 15.7 to 1 or greater.
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These and other features and advantages of the
invention will be more fully understocd from the following
detailed description of the inventicn taken together with the

accompanying drawings.

BRIEF DESCRIPTION CF THE DRAWINGS

In the drawings:

FIG. 1 is a lateral sectional view of an exemplary
split-cycle air-hybrid engine in accordance with the present
inventiocon;

FIG. 2 is a graphical illustration of a preferred
exemplary range of residual expansion ratic {i.e., effective
volumetric expansion ratio) versus cleosing angle of a
crossover expansion (XovrE) valve in accordance with the
present invention;

FIG. 3 is a graphical illustration of inlet valve
cpening timing with respect to engine speed and leoad;

FIG. 4 is a graphical illustration of inlet wvalve
closing timing with respect to engine speed and load;

FIG. 5 is a graphical illustration of inlet valve
duration with respect to engine speed and load:;

FIG. 6 is a graphical illustration of crossover
compression (XovrC) valve opening timing with respect to
engine speed and load;

FIG. 7 is a graphical illustraticn of XovrC valve
closing timing with respect to engine speed and load;

FIG. 8 is a graphical illustration of XovrC valve
duration with respect to engine speed and load;

FIG. @ is a graphical illustration of XovrE valve
cpening timing with respect to engine speed and load;

FIG. 10 is a graphical illustration of XovrE valve

closing timing with respect to engine speed and load;
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FIG. 11 is a graphical illustration of XovrE valve
duration with respect t¢ engine speed and load;

FIG. 12 is a graphical illustration of exhaust
valve copening timing with respect tc engine speed and load;

FIG. 13 is a graphical illustration of exhaust
valve closing timing with respect to engine speed and lcad;
and

FIG. 14 is a graphical illustration of exhaust

valve duration with respect to engine speed and load.

DETAILED DESCRIPTION OF THE INVENTION

The following glossary of acronyms and definitions
of terms is provided for reference.
In General

Unless otherwise specified, all valve opening and
closing timings are measured in crank angle degrees after
top dead center of the expansion piston (ATDCe) .

Unless otherwise specified, all wvalve durations
are in crank angle degrees (CA).

Air tank (or air storage tank): Storage tank for compressed

air.
ATDCe: After top dead center of the expansicn piston.
Bar: Unit of pressure, 1 bar = 10° N/m’

BEMEFP: Brake mean effective pressure. The term “Brake”

refers to the output as delivered to the crankshaft (or
output shaft), after friction losses (FMEE) are accounted
for. Brake Mean Effective Pressure (BMEP) is the engine's
brake torgque output expressed in terms of a mean effective
pressure (MEP) wvalue. BMEP is equal to the brake torque
divided by engine displacement. This 1s the performance
parameter taken after the losses due to friction.

Accordingly, BMEP=IMEP-friction. Friction, in this case is
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usually also expressed in terms of an MEP value known as
Frictional Mean Effective Pressure (or FMEP).

Compressor: The compression c¢ylinder and its assoclated
compression piston of a split-cycle engine.

Exhaust (or EXH) duration: Exhaust valve duration.

Exhaust (or EXH) valve: Valve controlling outlet of gas from

the expander cylinder.

Expander: The expansion c¢ylinder and 1its assoeciated
expansion piston of a split-cycle engine.

IMEP: Indicated Mean Effective Pressure. The term
“Tndicated” refers to the output as delivered to the top of
the piston, before friction losses (FMEP) are accounted for.
RPM: Revolutions Per Minute.

Tank valve: Valve connecting the Xovr wpassage with the
compressed air storage tank.

Valve duration: The interval in crank degrees between start

of valve opening and end of valve closing.

VVA: Variable valve actuation. A mechanism o¢r method
operable to alter the shape or timing of a valve's 1lift
profile.

Xovr (or Xover) valve, passage or port: The crossover

valves, passages, and/or ports which connect the compressicn
and expansion cylinders through which gas flows from
compression to expansion cylinder.

XovrC (or Xover() valves: Valves at the compresscr end of

the Xovr passage.

XovrC Duration: The interval in crank degrees between start

of XovrC valve opening and end of XovrC valve closing.

XovrE {or XoverE) valves: Valves at the expander end of the

crossover (Xovr) passage.

XovrE duration: The interval in crank degrees between start

of XovrE valve opening and end of XovrE valve closing.
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Referring to FIG. 1, an exemplary split-¢ycle air-
hybrid engine is shown generally by nunmeral 10. The split-
cycle air-hybrid engine 10 replaces two adjacent cylinders
of a conventional engine with a combination of one
compression cylinder 12 and one expansion cylinder 14. A
cylinder head 33 is typically disposed over an open end of
the expansion and compression cylinders 12, 14 to cover and
seal the cylinders.

The four strokes of the Qtto cycle are “split”
over the two cylinders 12 and 14 such that the compression
cylinder 12, together with its assoclated compression piston
20, perform the intake and compression strokes, and the
expansion cylinder 14, together with its asscociated
expansion piston 30, perform the expansion and exhaust
strokes. The Otto cyvcle is therefore completed in these two
cylinders 12, 14 once per crankshaft 16 revolution (360
degrees CA)} about crankshaft axis 17.

During the intake stroke, intake air is drawn inte
the compression cylinder 12 through an intake port 19
disposed in the cylinder head 33. An inwardly opening
(cpening inwardly into the cylinder and foward the pisten)
poppet intake valve 18 controls fluid communication betwsen
the intake port 19 and the compression cylinder 12.

During the compression stroke, the compression
piston 20 pressurizes the air charge and drives the air
charge into the crossover passage (or port) 22, which is
typically disposed in the cylinder head 33. This means that
the compression cylinder 12 and compression piston 20 are a
source of high-pressure gas to the crossover passage 22,
which acts as the intake passage for the expansion cylinder
14. 1In some embodiments, two OI more crossover passages 22
interconnect the compression cylinder 12 and the expansion

cylinder 14.
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The geometric (or volumetric) compression ratic of
the compression cylinder 12 of split-cycle engine 10 (and
for split-cycle engines in general) is herein commonly
referred to as the “compression ratio” of the split-cycle
engine. The geometric (or volumetric) compression ratio of
the expansion cylinder 14 of split-cycle engine 10 (and for
split-cycle engines in general) is herein commonly referred
to as the “expansion ratio” of the split-cycle engine. The
geometric compression ratic of a cylinder is well known in
the art as the ratio of the enclosed (or trapped) volume in
the cylinder (including all recesses) when a pilston
reciprocating therein is at its bottom dead center {(BDC)
position to the enclosed volume (i.e., clearance volume) in
the cylinder when said piston is at 1its top dead center
{TLC) position, Specifically for split-cycle engines as
defined herein, the compression ratio of a compression
cylinder is determined when the XovrC valve is closed. Also
specifically for split-cycle engines as defined herein, the
expansion ratio of an expansion cylinder is determined when
the XovrE valve is closed.

Due to very high compression ratios (e.g., 20 to
1, 30 to 1, 40 to 1, or greater) within the compression
cylinder 12, an outwardly opening {opening outwardly away
from the cylinder and piston) poppet Ccrossover compression
(XovrC) wvalve 24 at the crossover passage inlet 23 1is used
to control flow from the compression cylinder 12 into the
crossover passage 22. Due to very high expansion ratios
(e.g., 20 to 1, 30 te 1, 40 to 1, or greater) within the
expansion cylinder 14, an cutwardly opening poppet crossover
expansion (XovrE) valve 26 at the outlet 27 of the crossover
passage 22 controls flow from the crosscver passage 22 into
the expansion cylinder 14. The actuation rates and phasing

of the Xovr(C and XovrE valves 24, 26 are timed to maintain
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pressure in the crossover passage 22 at a high minimum
pressure (typically 20 bar or higher at full load) during
all four strokes of the Otto cycle.

At least one fuel injector 28 injects fuel into
the pressurized air at the exit end of the crossover passage
22 in correspondence with the XovrE valve 26 opening, which
occurs shortly before expansion piston 30 reaches its top
dead center position. The air/fuel charge enters the
expansion cylinder 14 when expansicn piston 30 is close to
its top dead center positioen. Az piston 30 begins its
descent from its top dead center pesition, and while the
XovrE valve 26 is still copen, spark plug 32, which includes
a spark plug tip 32 that protrudes into cylinder 14, 1is
fired to initiate combustion in the region arcund the spark
plug tip 39. Combustion can be initiated while the
expansion piston is between 1 and 30 degrees CA past its top
dead center (TIDC) position. More preferably, combustion can
be initiated while the expansicn piston is between 5 and 25
degrees CA past its top dead center (TDC) position. Most
preferably, combustion can be initiated while the expansion
piston is hetween 10 and 20 degrees CA past its top dead
center (TDC) position. Additionally, combustion may be
initiated through other ignition devices and/or methods,
such as with glow plugs, microwave ignition devices or
through compression ignition methoeds.

During the exhaust stroke, exhaust gases are
pumped out of the expansion cylinder 14 through exhaust port
35 disposed in cylinder head 33, An inwardly opening poppet
exhaust wvalve 324, disposed in the inlet 31 of the exhaust
port 35, controls fluid communication between the expansicn
cylinder 14 and the exhaust port 35. The exhaust wvalve 34
and the exhaust port 35 are separate from the crossover

passage 22. That is, exhaust valve 34 and the exhaust port
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35 do not make contact with, or are not dispesed in, the
crossover passage 22.

With the split-cycle engine concept, the geometric
eangine parameters (i.e., Dbore, stroke, connecting rod
length, volumetric compression ratio, etc.} of the
compression 12 and expansion 14 cylinders are generally
independent from one another. For example, the crank throws
36, 38 for the compression cylinder 12 and expansion
cylinder 14, respectively, may have different radii and may
be phased apart from one another such that top dead center
(TDC) of the expansion piston 30 occurs prior to TDC of the
compression piston 20. This independence enables the split-
cycle engine 10 to peotentially achieve higher efficiency
levels and greater torques than typical four-stroke engines.

The geometric independence of engine parameters in
the split-cycle engine 10 is alsc one of the main reasons
why pressure can be maintained in the crossover passage 2z
as discussed earlier. Specifically, the expansion piston 30
reaches its top dead center position prior to the
compression piston reaching its top dead center position by
a discreet phase angle (typically between 10 and 30 crank
angle degrees). This phase angle, together with proper
timing of the XovrC valve 24 and the XovrE valve 26, enables
the split-cycle engine 10 to maintain pressure in the
crossover passage 22 at a high minimum pressure {typically
20 bar absolute or higher during full load operation) during
all four strokes of its pressure/volume cycle. That is, the
split-cycle engine 10 is operable to time the XovrC valve 24
and the XovrE valve 26 such that the XovrC and XovrE valves
are both open for a substantial period of time (or period of
crankshaft rotation) during which the expansion piston 30
descends from its TDC position towards its BDC position and

the compression piston 20 simultaneously ascends from its
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BDC position towards its TDC position. During the period of
time (or crankshaft rotation) that the crossover valves 24,
26 are both open, a substantially equal mass of alr 1is
transferred (1) from the compression cylinder 12 into the
crossover passage 22 and (2) from the crossover passage 22
to the expansien cylinder 14. Accordingly, during this
period, the pressure in the crossover passage 15 prevented
from dropping relow a predetermined minimum pressure
(typically 20, 30, or 40 bar absclute during full load
operation). Moreover, during a substantial portion of the
engine cycle (typically 80% of the entire engine cycle or
greater), the XovrC valve 24 and XovrE wvalve 26 are both
closed tc maintain the mass of trapped gas in the crossover
passage 22 at & substantially constant level. As a result,
the pressure in the crossover passage 2Z 1s maintained at a
predetermined minimum pressure during all four strokes of
the engine’s pressure/volume cycle.

For purposes herein, the method of having the
XovrC 24 and XovrE 26 valves open while the expansion piston
30 is descending from TDC and the compression piston 20 is
ascending toward TDC in order to simultaneously transfer a
substantially equal mass of gas into and out of the
crossover passage 22 is referred to herein as the Push-Pull
methed of gas transfer. It is the Push-Pull method that
enables the pressure in the crossover passage 22 of the
split-cycle engine 10 t¢ be maintained at typically 20 bar
or higher during all four strokes of the engine’s cycle when
the engine is operating at full load.

As discussed earlier, the exhaust valve 34 1is
disposed in the exhaust port 35 of the cylinder head 33
separate from the crossover passage Z22. The structural
arrangement of the exhaust valve 34 not being disposed in

the crossover passage 22, and therefore the exhaust port 35
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not sharing any common portion with the crossover passage
22, is preferred in order to maintain the trapped mass of
gas in the crossover passage 22 during the exhaust stroke.
Accordingly, large cyclic drops in pressure are prevented
which may force the pressure in the crossover passage below
the predetermined minimum pressure.

¥ovrE valve 26 cpens shortly before the expansion
piston 30 reaches its top dead center position. At this
time, the pressure ratio of the pressure 1in <crossover
passage 22 to the pressure in expansion cylinder 14 is high,
due to the fact that the minimum pressure in the crossover
passage is typically 20 bar absolute or higher and the
pressure in the expansion cylinder during the exhaust stroke
is typically about one to two bar absolute. In other words,
when XovrE valve 26 opens, the pressure in Crossover passage
22 is substantially higher than the pressure in expangion
cylinder 14 (typically in the oxrder of 20 to 1 or greater).
This high pressure ratioc causes initial flow of the air
and/or fuel charge to flow into expansion cylinder 14 at
high speeds. These high flow speeds can reach the speed of
sound, which is referred to as sonic flow. This scnic flow
is particularly advantageous to split-cycle engine 10
because it causes a rapid combustion event, which enables
the split-cycle engine 10 to maintain high compustion
pressures even though ignition 1is initiated while the
expansion piston 30 is descending from its top dead center
positien.

The split-cycle air-hybrid engine 10 also includes
an air reservoir (tank) 40, which is operatively connected
to the crossover passage 22 by an air reservoir (tank) valve
47 . Embodiments with two ©r more crossover passages 22 may
include a tank valve 42 for each crossover passage 22, which

connect to & common air reservoir 40, or alternatively each
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crossover passage 22 may operatively connect to separate air
reservoirs 40.

The tank valve 42 is typically disposed in an air
reservoir (tank) port 44, which extends from c<rossover
passage 22 to the air tank 40. The air tank port 44 is
divided into a first air reservoir (tank) port section 46
and a second air reserveir (tank) port section 48. The
first air tank port section 46 connects the air tank valve
42 to the crossover passage 22, and the second air tank port
section 48 connects the air tank valve 42 to the air tank
40, The wvolume of the first air tank port section 46
includes the volume of all additional ports and recesses
which connect the tank valve 42 to the crossover passage 22
when the tank valve 42 is closed.

The tank valve 42 may be any suitable valve device
or system. For example, the tank valve 42 may be an active
valve which is activated by wvarious valve actuation devices
(e.g., pneumatic, hydraulic, cam, electric or the like).
2dditionally, the tank valve 42 may comprise a tank valve
system with twoe or more valves actuated with twe or more
actuation devices.

Air tank 40 is utilized to store energy in the
form of compressed air and to later use that compressed air
To power the crankshaft 16, as described in the
aforementioned United States Patent No. 7,353,786 to Scuderi
et al. This mechanical means for storing potential energy
provides numerous potential advantages over the current
state of the art. For instance, the split-cycle engine 10
can potentially provide many advantages in fuel efficiency
gains and NOx emissions reduction at relatively low
manufacturing and waste disposal costs in relation to other
technologies on the market, such as diesel engines and

electric-hybrid systems.
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By selectively controlling the opening and/or
closing of the air tank valve 42 and thereby controlling
communication of the air tank 40 with the crossover passage
22, the split-cycle air-hybrid engine 10 is operable in an
Engine Firing (EF) mode, an Air Expander (Ak) mode, an Air
Compressor (AC) mode, an Air Expander and Firing (AEF) mode,
and a Firing and Charging (FC) mode. The EF mode is a non-
hybrid mode in which the engine ¢perates as described above
without the use of the air tank 40. The AC and FC modes are
energy storage modes. The AC mode is an air-hybrid
operating mode in which compressed air is stored in the air
tank 40 without combustion cccurring in the expansion
cylinder 14 {i.e., no fuel expenditure), such as by
utilizing the kinetic energy of a vehicle including the
engine 10 during braking. The FC mode is an air-hybrid
operating mode in which excess compressed air not needed for
combustion is stored in the air tank 40, such as at less
than full engine load (e.g., engine idle, vehicle cruising
at constant speed). The storage of compressed air in the FC
mode has an energy cost (penalty); therefore, it 1is
desirable to have a net gain when the compressed air is used
at a later time. The AE and AEF modes are stored energy
usage modes. The AE mode is an air-hybrid operating mode in
which compressed air stored in the air tank 40 is used to
drive the expansion piston 30 without combustion occurring
in the expansion cylinder 14 (i.e., no fuel expenditure).
The AEF mode is an air-hybrid operating mode in which
compressed air stored in the air tank 40 is utilized in the
expansion cylinder 14 for combustion.

in the EF mode, the air tank wvalve 42 is kept
closed through the entire rotation of the crankshaft 16 to
isolate +the air tank 40 from the rest of the engine 10.

Thus, compressed alr is not received in the air tank 40 nor
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is stored compressed air released from the air tank. The
compression piston 20 and expansion piston 30 are in their
respective compression and power modes, in that the
compression piston 20 draws in and compresses inlet air for
use in the expansion cylinder 14, and compressed air is
admitted to the expansion cylinder 14 with fuel, at the
beginning of an expansion stroke, which is ignited, burned
and expanded on the same expansion stroke cof the expansion
piston 30, transmitting power toc the crankshaft 16, and the
combustion products are discharged on the exhaust stroke.

The timing of the XovrE valve 26 closing at the
beginning of the expansion stroke (as the expansion piston
30 descends from top dead center) is significant to the
efficiency of the engine 10 in the EF mode. This 1is
because, when the XovrE valve 26 is open, the volume of the
crossover passage 22 is part of the clearance space above
the piston wherein combustion takes place. Yet wvirtually
all of the fuel is in the expansion c¢ylinder 14, and none of
it is in the crosscover passage 22. Once the XovrE valve 26
is closed, the entire combustion process is confined to the
expansion cylinder 14, and the expanding combusting mass of
fuel and air can most effectively do work upcn the piston
30.

The later the XovrE valve 26 closes, the smaller
the residual (i.e., effective volumetric) expansion ratio,
which is defined as the ratio (a/b) of (a) the trapped
volume in the expansion cylinder 14 (i.e., the volume of a
chamber generally defined by the cylinder 14 wall, the top
of the expansion piston 30, and the bottom of the cylinder
head 33) when the expansion piston 30 is at Dbottom dead
canter to (g) the trapped volume in the expansion cylinder
14 at the time just when the XovrE valve 26 closes. Once

the XovrE valve 26 is closed during the expansion stroke of
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the expansion piston 30, the expanding trapped mass is
present solely in the expansion cylinder 14 and work is
produced as the mass expands. Clearly, the later the XcvrE
valve 26 closes, the farther the expansion piston 30 is from
top dead center, thus the smaller the residual expansion
ratio and the less work that is produced during the
expansion stroke.

As shown in FIG. 2, to avcocid significant
deterioration in engine efficiency in the EF mode, the
residual expansion ratio should be 10.0:1 or greater. More
preferably, the residual expansion ratio should be 15.7:1 or
greater. In this exemplary embodiment, in order to achieve
a residual expansion ratio of 10:1 or greater, the ZXovrk
valve should be closed at approximately 30 degrees or less
ATDCe, and more preferably should be closed at 22 degrees or
less ATDCe.

FIGS. 3 through 14 are graphical illustrations of
exemplary valve timings and durations (time from opening to
closing) across z range of engine speeds (1000 to 4000 rpm}
and engine loads (1 to 5 bar IMEP). For example, at
approximately 2500 rpm and 3 bar IMEP: (i) the inlet valve
18 is opened at about 36 degrees ATDCe and closed at about
102 degrees ATDCe resulting in a inlet valve open duration
of about 66 degrees; ({ii) the XovrC valve 24 is opened at
about -18 degrees ATDCe and closed at about 24 degrees ATDCe
resulting in a XovrC valve open duration of about 42
degrees; (iii) the XovrE valve 26 is opened at about -14
degrees ATDCe and closed at about 22 degrees ATDCe resulting
in a XovrE valve open duration of about 36 degrees; and (iv}
+he exhaust valve 34 is opened at about 148 degrees ATDCe
and closed at about =-13 degrees ATDCe resulting in an

exhaust valve open duration of abcut 199 degrees.
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Although the invention has been described by
reference to a specific embodiment, it should be understood
that numercus changes may be made within the spirit and scope
of the inventive concepts described. Accordingly, it is
intended that the invention not be limited to the described
embodiment, but that it have the full scope defined by the

language of the follewing claims.
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CLAIMS
What is claimed is:
1. An engine comprising:

a crankshaft rotatable about a crankshaft axis;

a compression piston slidably received within a
compression cylinder and operatively connected to the
crankshaft such that the c¢ompression piston reciprocates
through an intzke stroke and a compression stroke during a
single rotation of the crankshaft;

an expansion piston slidably received within an
expansion cylinder and operatively connected to the
crankshaft such that the expansion piston zreciprocates
through an expansion stroke and an exhaust stroke during a
single rotation of the crankshaft; and

a crossover passage interconnecting the
compression and expansion cylinders, the crosscover passage
including a crossover expansion (XovrE) valve dispoesed
therein;

the engine being operable in an Engine Firing (EF)
mode, wherein, in the EF mode, the engine has a residual
expansion ratio at XovrE valve closing of 10.0 to 1 or
greater.

2. The engine of c¢laim 1, wherein, in the EF
mode, the residual expansion ratio at XovrE valve closing is
15.7 to 1 or greater.

3. The engine of claim 1, wherein, in the EF
mode, the XovrE valve is clcsed at 30 degrees or less after
top dead center of the expansion piston (ATDCe) .

4. The engine of c¢laim 1, wherein, in the EF
mode, the XovrE valve is cleosed at 22 degrees or less after

top dead center of the expansion piston (ATDCe) .
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5. The engine of c¢laim 1, wherein the crossover
passage includes a crossover compression (XovrC) wvalve
disposed therein, the crossover compression (XovrC) valve
and the crossover expansion (XovrE) valve defining a
pressure chamber therebetween.

6. The engine of claim 5, including:

an air reservoir operatively connected to the
crossover passage and selectively operable to store
compressed air from the compression cylinder and to deliver
compressed air to the expansion cylinder; and

an air reservoir valve selectively contreolling air
flow into and out of the air reservoir, wherein, in the EF
mode, the air reservoir valve is closed.

7. The engine of c¢laim 1, wherein, in the EF
mode, the compression piston draws in and compresses inlet
air for use in the expansion cylinder, and compressed air is
admitted to the expansion cylinder with fuel, at the
beginning of an expansion stroke, which is ignited, burned
and expanded on the same expansion strcke of the expansion
piston, transmitting power to the c¢rankshaft, and the
combustion products are discharged on the exhaust stroke.

8. A method of operating an engine including:

a crankshaft rotatakle about a crankshaft axis;

a compression piston slidably received within a
compression cylinder and operatively connected to the
crankshaft such that the compression piston reciprocates
through an intake stroke and a compression stroke during a
single rotaticn of the crankshailt;

an expansion piston slidably received within an
expansion <cylinder and operatively connected to  the
crankshaft such that the expansion piston reciprocates
through an expansion stroke and an exhaust stroke during a

single rotation of the crankshaft; and
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a crossover passage interccnnecting the
compression and expansiocon cylinders, the crossover passage
including a crossover expansion (XovrE) valve disposed
therein;

the engine being operable in an Engine Firing (EF)
mode;

the method including the steps of:

drawing in and compressing inlet air with the
compression piston;

admitting compressed air from the compression
cylinder into the expansion cylinder with fuel, at the
veginning of an expansion stroke, the fuel being ignited,
vurned and expanded on the same expansion stroke of the
expansion piston, transmitting power to the crankshaft, and
the combustion products being discharged on the exhaust
stroke; and

maintaining a residual expansion ratic at Xovrk
valve closing of 10.0 to 1 or greater.

9. The method of claim 8, including the step of
maintaining the residual expansion ratio at XovrE valve
closing at 15.7 to 1 or greater.

10. The methed of claim 8, including the step of
closing the XovrE valve at 30 degrees or less after top dead
center of the expansion piston (AIDCe).

11. The method of claim 8, including the step of
closing the XovrE valve at 22 degrees oxr less after top dead
center of the expznsion piston (ATDCe).

12. The method of claim 8, wherein the engine
includes a <crossover compression (XovrC) valve disposed
therein, the crossover compression (XovrC) valve and the
crossover expansion (XovrE) valve defining a pressure
chamber therebetween, an air reservoir operatively connected

to the crosscover passage and selectively operable to store
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compressed air from the compression cylinder and to deliver
compressed air to the expansion cylinder, and an air
reservoir valve selectively centrelling air flow into and
out of the air reserveoir: and

the method further includes the step of keeping
the air reservoir valve closed when the engine is operated

in the EF moede.
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FIG. 4
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FIG. 6
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FIG. 8
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FIG. 9

XovrE Valve Opening

-14.0
-12.0
-10.0
-8.00
-6.00
-4.00

\l \/ ’ 7 -2.00

) Max. -3.00
Min. -14.00

1
A \/

1000 2000 3000 4000
Engine Speed (rpm)

I 13}
OO R WN

w

IMEP (bar)




WO 2011/115866 PCT/US2011/028274

10/14

FIG. 10
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FIG. 11
XovrE Duration
SIF v \ \¥ 1 18.0
2 20.0
Y 3 22.0
# \(B\\} 4 24.0
N 5 26.0
4 ‘xxj | 6 28.0
: 7 30.0
\\\ 8 32.0
= 1 9 34.0
f. 3 NG 10 36.0
L
=

WY NNEE
A (N XJ/ /; |

1000 2000 3000 4000
Engine Speed (rpm)




WO 2011/115866 PCT/US2011/028274

12/14

FIG. 12
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FIG. 13
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2, D This opinion has been established taking into account the rectification of an obvious mistake authorized by or notified
1o this Authority under Rule 91 {Rule 434is.1(a))

3. With regard to any nucleotide and/or amino acid sequence disciosed in the international application, this opirion has been
established on the basis of a sequence listing filed or furnished:

8. (means)
D on paper

D in elecironic form

b. {time)
D in the international application as filed
D together with the international application in electronic form

D subsequently to this Authority for the purposes of search

4. D 1n addition, in the case that more than one version of copy of & sequence listing has been filed or furnished, the required
- glatements that the information in the subsequent or additional copics is identical o that in the application as filed or
does not go beyond the application as filed, as appropriate, were furnished.

5. Additional comments:
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Box No. V Rensoned statement under Rule 438és.1(a){i) with regard to novelty, inventive step or industrial applicability;
citations and explanations supporting such statement

1. Swatement

Novelty (N) . Claims 1-12 YES
Claims None NO

tnventive step (IS) Claims None YES
Claims 1-12 ) NO

Industrial applicability (1A) Claims 1-12 YES
Claims Nane NO

2. Citations and explanations:

Clairns 1-5 and 7-11 lack an inventive step under PCT Article 33(3) as being cbvious over Branyon st al., hereafier Branyon.

With respect 1o ctaim 1, Branyon discioses an engine (Engine 100. figure &) comprising: a crankshatt (Crankshaft 108, figure &) rotatable
about {Paragraph [0064), states thet the crankshaft rotates) a crankshalt axis {Axls 110, figure B): a compression plston (Piston 116, figure
6) siidably received (Paragraph [0067]. reciprocates or slides, see Brow 140, figure 6 and the Abstract) within @ compression cylinder
(Cylinger 106, figure 8) and operalively conhucted (Figure & shows the piston 116 operatively connected to the crankshaft 108 by rod
124} to the crankshat (108) such that the compression piston (116) reciprocates (Paragraph {DOBT7]) through an intake stroke (Paragraph
[0078]} and a compression stroka (Paragraph {0080]) during s single rotation of the crankshaft {Abstract); an expansion piston (Piston
114. figure 6) slidably received (Abstract} within an expansion cylinder (Cylinder 104, figure 6) and operatively connected (Via rod 122,
figure 6) to the crankshaft (108) such that the expansion plston (114} reciprocatas through (Abstract) an expangion stroke (Paragraph
[0081]) and an exhaust stroke (Paragraph [0080]) during a single rotation of the crankshaft (Abstract); and a crossover passage
{Crossover passaga 144, figure 6) interconnecting (Paragraph [0071), interconnects the cylinders) the compression (Cylinder 106) and
expansion (Cylinder 104) cylinders, the crossover passaga (144) including a crossover sxpansion [Xowrt) valve (Crossover valve 150,
figure 6) disposed thersin (Figure & shows the valve 150 in the passage 444); the engine {100) being opsrable in an Engine Firing (EF)
mode (The engine 400 usas a spark plug 170 fo fire) but does not explicitly disclose wherein, in tha EF mode, the angine has a residual
expansion ratio at XowrE valve closing of 10.0to  or greater.

However, Branyon teaches that it Is well known to provide the engine with a compression ratio of 100.0 to 1. Note that applicant admils on
pags 17, line 24 of the specification that the residual expansion ratio gets smailer the later the crossover expansion valve closes; clearly,
the res!dual expansion ratio depends on the valva timing, making the ratic a result offsctive variable. The residual expansion ratio would
alsc depend on the bors, stroke, and other factors of the engine.

Therefore, it would have besn obvious to one of ordinary skill in the art at the time tha invention was made o optimize the valve timing and
the residual expansion ratio, since discovering the optimum valus of a result effactive variable involves only routine skillinthe art. The
motivation for doing $0 would be to achieve greater efficlency and performance.

With respect to clalm 2, Branyon teaches the comb!nation of claim 1 but does not explicitly disciose the residual expansion ratio at XowrE
valve closing is 15.7 to 1 or greater.

However, Branyon teachas that it s welt known to provide the engine with & compression ratio of 100.0 to 1. Note that applicent admite on
page 17, line 24 of the spacification that the residual expansion ratio gets smailer the later the crossover expansion valve closes; clearly,
the residual expansion ratio depends on the valve timing. The residual expanslon ratio would also depend on the bore, stroke, and other
factors of the engine,

Therefore, It would havs bean obvious to one of ordinary skill in the art at the time the invention was made to optimize the valve timing.
since discovering the optimum value of a result effective variable involves only routine skilt in the art. The moiivation for doing 8o would be
to achlsve greater efficiency and performancs.

With respect to clalm 3, Branyon lsaches the combingtion of claim 1 but does not explicitly disciose the XovrE valve Is closed a1 30
doegrees or less after top dead centser of the expansion piston (ATDCe). '

However, Branyon teaches that it is we!l known to provide the crossover valve closing at or near (Slightty aftar) top dead center
{Paragraph [0086), the crossover vaive should remain open for a short period after top dead center), the valve closing at top dead center
is st O degreas which is less than 30 degrees.

Therefore, it would have been obvious to a person having ordinary skill In the art at the time the Invention was made to modify the
disciozure of Branyon as described with tha motivation of providing greater efficiency and performance.

With respact to claim 4, Branyon leaches the combination of claim 1 but does not explicitly disclose the XovrE valve is closed at 22
degress or less after top dead cenier of the expansion piston {ATDCe).

However, Branyon teaches that i Is well known to provida the crossover vaive closing at or near {Slightly aftar) top dead conter
(Paragraph [0086], the crossover valve should remain open for a short period after top dead centar), the valve closing at top dead canter
Is a1 0 degrees which is less than 22 degrees.

Therefore, it wouk! have been obvicus lc a person having ordinary skill in the art at the tims the invention was made to modily the
disclosure of Branyon as described with the motivation of providing greater efficiency and performance,

(Continued In Supplemental Boxes)
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With respect to claim 5, Branyon teaches the combination of clalm 1 whareln the crossaver passage {Passege 144, figure 6) includes &
crossover compression (XovrC) vaive (Inlet valve 146, figure 6} disposed therein (Figure & showa the valve 146 in the passage 144), the
crossover compression [XovrC) valve (146) and the crossover expansion (XowE) valve (Crossovar valve 150, figura &) dafining a pressure
chamber (Pressure chamber 148, figure 6, paragraph [0071]) therebetwean {Paragragh {0071]).

With raspect to claim 7, Branyon teaches the combination of claim 1 wherain, In the EF mode (The mode of engine 100 cperation), the
comprassion piston (Piston 116, figure ) draws in and compresses inlet air {Figure 7 and paragraph [00BO]} fof use In the sxpansion
cylindar (Cylinder 104, figure G), and compressed air is admitted (Figure 9 shows the air admitted 1o the expansion cytinder 104) to the
expansion cylinder (104) with fuel (Paragraph [0077]). &t the baginning of an expansion stroke (Paragraph [0084]}, which is Ignited, bumed
and expandad on the same sxpansion stroke (Pamgraph [0084]) of the sxpansion piston {114}, ransmitting power to the crankshaft {108),
am the combustion products are discharged on the axhaust stroke (Paragraph (0080]).

With respect to claim 8, Branyon discloses a method {The structure of tha engine s disclosed, thus the method is disclosed) of operating
an angine {(Engine 100, figure 8) including: @ crunkshaft (Crankshatt 103, figure 6) rotatablo (Paragraph [0064]) abouta crankshefl axis
{Axis 110, figure B); @ compression piston (Piston 118, figure 8) slidably received {Abstract) within a compression cylinder (Cylinder 1086,
figure 8) and operatively connected {Via rod 124, figure 6) lo the crankshaft {108) such that the compression piston (116) recipracates
(Paragraph {0078 and Abstract} through an Iniake siroke {Parsgraph [0078]) and a compression stroke (Paragraph {0060)) during & single
rotation {Abstract) of the crankshaft (108); an expansion piston (Piston 114, figure 6) slidably received (Abstract) within an expansion
cylindsr {Cylinder 104, figure 6) and operatively connected (Via the rod 122, figure ) to the crankshaft (10B) such that the expansion
piston (114) meciprocates through (Abstract) an expansion stroke {Paragraph [D0B1)) and an exhaust stroke {Paragraph [00B0]) during &
single rotation (Abstract)of the crankshaft (108); and a crossover passage (Crossover passape 144, figure 6) interconnecting (Paragraph -
{0071]) the compression {Cylinder 106) and axpanglon {Cylinder 104} cylinders, the crossovar passage {144) including a crossever
expansion (XovrE) vaive (Crossover valve 150, figure B6) dsposed thersin (Figure & shows the valve 150 in the passags 144); tha sngine
being oparable (Via the spark plug 170, figure 6) In an Englne Firing (EF) moda (The engine would opemate or fire the spark plug 170); the
method including the steps of: drawing in (Figures 6 and 7 and parsgraphs [0078]40079]) and compressing inlet alr {Figure 7 and
paragraph [0080]) and with the compression piston (Piston 116);, admitting compressed air (Figure 9 shows the valve 150 open) from the
compression cyfinder {106} into the expansion cylindsr (104) with fuel {Paragraph [0080], air/fuel mbxture), at the beginning of an
expansion stroke {Paragraph [0081]). the fuel being gnited, bumed and expanded on the same axpansion stroka (Paragraph [0084]) of the
expansion piston (114), ransmitting power to the crankshaf (108}, and the combustion products being dischamged on the exhaust stroke
{Paragraph {0080], piston 114 ascends to exhaust the spent fuel products) but does not axplicitly disciose maintaining a rasidual
axpansion ratio at XowiE valve closing of 10.0t0 1 of greater.

However, Branyon teaches that it is well known to provide the engine with & compression ratic of 100.0 to 1. Note that applicant admits on
page 17, ling 24 of the specification that the residual expansion ratio gets smallar the later the crossover expansion valve closes; cleary.
tha residual expansion ratio depends on the valve timing, making the ratio a result eflactive variable. The residual expangion ratio would
also depend on the bore, stroke, and other fagtors ot the engine.

Theretore, it would have besn obvious o one of ardinary skill in the art at the time the invention was made to optimize tha valve liming and
thus the resdual expansion ratio, since discovering the optimum value of & resuit effectiva variable involves only routine skill in the art. Tha
motivation for doing 50 would be to achieve greater efficiency and performance. o

With respect to claim 9, Branyon teaches the combination of clalm 8 but does not explicitly discloss maintalning the residuat expansion
ratic at XovrE valve closing at 15.7 1o 4 of greater.

Howaever, Branyon teaches that it is welt known o provide the engine with a compression ratio of 100.0 to 1. Note that applicant admits on
page 17, line 24 of the specification that the residual expansion ratio gets smalier the later the crossover expansion vatve closes: clearly,
the residual expansion ratio depends on the valve timing. The resldua! expansion ratio would also depend on the bore, stroke, and other
factors of the engine.

Therefore, it would have been cbvious to one of ordinary skill in the art at the time the invention was mada to optimiza the vaiva timing,
since discovering the optimum value of a resutt effective variabie involvas only routine skill in the art, The metivation for dolng 30 would ba
to achleve greater afficiency and performance.

With respect to ctaim 10, Branyon teaches the cambination of clalm B but does not explicily disclose Including the step of closing the
XowrE valve at 30 degrees of less after top dead center of the expansion piston (ATDCe).

However, Branyon teaches that It is well known lo provide the crogsover valve ciosing at or near {Slightly after) top dead center (Paragraph
{0086, the crossover vaive should remain open for a short period aRer top dead canter), the valve closing at top daad center isat0
degress which 1s less than 30 degress.

Therefore, It would have been obvious to a parson having ordinary skiil in the art ot the time the invantion was made to modify the
disclosure of Branyon as dascribed with the motivation of providing greatsr efficiency and performance.

With respect to claim 11, Branyon taaches the combination of claim 8 but does not explicitly disclose inctuding the step of closing the
XovrE valve at 22 degrees or less after top dead canter of the expansion piston (ATDCe}.

However, Branyon teaches that it is wall known 1o provide the crossover valve closing at or near (Siightly aRer) top dead center (Paragreph
[0086}, the crossover valve should remain open for a short periad after top dead canter), the valve closing at top dead center is at 0
degrees which is less than 22 degrees,

Therefore, it would have been obvious 10 8 parson having ordinary skill in the art al the time the invention was made to modify the
disclosure of Branyon as descriped with the motivation of providing greater efficiency and performance.
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Clalms & and 12 lack an Inventive step undar PCT Article 33(3} as being cbvious over Branyon et al., hereafter Branyon, In view of Scuderi
et al_, hereafter Scuden. ’

With respect 1o claim 6, Branyon as modified teaches the combination of cialm 5 but does not explicitly disclose an alr reservoir operalively
connected 1o tha crossover passage and selectively operable 10 store compressad alr from the compression cylinder and to deliver
compressed alr to the expansion cyiinder: and an air resarvoir vave salectively controlling air ow into and out of the alr reservoir, wherein,
In the EF mode, the air reservoir valve is closed,

However, Scuder, in a related field, teaches that it is well known to provide an air reservoir (Alr reservolr 36, figures 2 and 3) operatively
connected (Via the reservoir passage 78, figure 3) to the crossover passage {Crossover passags 76, figure 3) and selectively operable
{Via the velve 82, figure 3} to stors compressed air {Paragraph {0064)) from the compression cyfinder (Cylinder 16, figure 3) and to deliver
comprassed air (Via the passage 76) {o the expansion cylinder (Cylinder 14, figure 3); and an air reservoir valve (Valve B2, figure 3)
salectively controliing alr flow {Paragraph [0066], cut off connection with the passage 76 whan so desired) Into and out of the alr reservoir
(36}, wherein, in the EF mode (ICE mode, paragraph {0067]), the alr reservolr valve (Valve 82, figure 3, paragraph [0067)) is closed
{Paregraph [0067}. all comprassed air can be made to flow through tha passage 76).

Therefare, it would have been obvious to a parson having ordinary skill In the art at the time the invention was madas lo modify the
disclosure of Branyon with the teachings of Scuder as described with the metivation of providing efficient operation of the engine.

With respect to claim 12, Branyon as modified teaches the comblnetion of clalm 8 but doas not explicitly disclose whersin the engine
inchudes a crossover compression (XovrC) valve disposed therein, the crossover compression {XovrC) valva and the crossover expansion
{XowE) valve defining e pressure chambeér therebetween, an air reservoir operativaly connected to the crossover passage and selactively
operable to store compressed air from the compression cylinder and to deliver compressed air to the expanaion cylinder, and an air
reservoir vaive salectivaly controliing alr fiow into and out of the alr reservolr; and the mathod further includes tha step of keeping the air
raservoir valve closad when the engine |8 operated in the EF mode.

However, Scuderd, in a relstad field, teaches that it is well known to provide the engine {Engine 74, figures 2 and 3) with a crossover
compression (XovrC) valve (Valve 46, figure 2) disposed therein (Figures 2 and 3 show the vatve In the engina), the crossover ’
comprossion {XovrC) valve (46) and the crossover expansion (XovrE) valve (Valve 50, figures 2 and 3} defining a pressure chamber
{(Paragraph [0064), the passage 76 transfers compressed gas, since the compressed gas is under pressure, the passage 76 comprises a
prassure chamber} therebetwean, an air resarvoir (Resarvolr 36, figures 2 and 3) operatively connected (Via the passage 78, figures 2 and
3) to the crossover passage {76) and selsctively operable {Via the valve 82, figurs 3) to store compressed alr from the comprassion
cylinder (16) and to deliver comprassed alr (Via the passage 76) to the expansion cylinder (14), and an air reservoir valve (Valve 82, figure
3) selectively (Paragraph [0066], when desired) controlling alr fiow into and out of the air resarvolr (36); and the method further includes
the step of keeping the air raservolr valve (Valve 82) closed whan the engine is operaled in the EF mode {Paragraph [0067], ICE mode}.
Tharefore, # would have besn obvious 1o a person having ordinary skill in the an at the time the Invention was made to modify tha
disclosura of Branyon with the teachings of Scuderi as described with tha motivation of providing efficient operation of the engine.

Claims 1-12 meet the criteria set out In PCT Article 33(4), and thus have industrial applicability because the subject matter claimed can be
made or used in industry.
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