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A split-cycle air hybrid engine (10)
operatively connects an air reservoir
(38) to a split cycle engine. A power
piston (24) is received within a power
cylinder (14) and operatively connected
to a crankshaft (18) such that the power
piston (24) reciprocates through an
expansion stroke and an exhaust stroke
during a single revolution of the
crankshaft. A compression piston (28) is
received within a compression cylinder
(16) and operatively connected to the
crankshaft such that the compression
piston reciprocates through an intake
stroke and a compression stroke in a
single rotation of the crankshaft. The
compression cylinder is selectively
controllable to place the compression
piston in a compression mode or an idle
mode. An air reservoir is operatively
connected between the compression
cylinder and the power cylinder and
selectively operable to receive
compressed air from the compression
cylinder and to deliver compressed air
to the power cylinder for use in
transmitting power to the crankshaft
during engine operation.
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SPLIT-CYCLE AIR HYBRID ENGINE
TECHNICAL FIELD

This invention relates to splitcycle engines and, more particularly, to such an

engine incorporating an air hybrid system.
BACKGROUND OF THE INVENTION

" The ter'n3 split-cycle engine as used iq the present application may not have yet
received a fixed meaning commaonly known to those skilled in the engine art.
Accordingly, for purposes of clasity, the following dafinition is offered for the term split-
cycle engine as may be applied to engines disclosed in the prior 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 power piston slidably recelved within a power cylinder and operatively
connected to the crankshaft such that the power piston reciprocates through a power
(or expansion) stroke and an exhaust stroke during a single rotation of the crankshaft;

a compression piston slidably received within a compression cylinder and

operatively connacted to the crankshaft such that the compression
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piston reciprocates through an intnio stroke and a compruseion stroke during o
single rotation of the crenkshaft; and

a gas passage h:terconnecting the power and compression
cylinders, the gas passage including an inlet valve and an outlet {or crossover)
vaive defining a pressure chamber therebetween.

For purposes of clarity, the following is a Hst of scronyms for the
various engine operating modes described herein:

AC  Air compressor;

AM  Air motoring;

CB  Compression hraking,

ICE Internal combustion engine;

PAP Pre-compressed alr power;

PCA Pre-compressed combustion air.

United States patents US 6,543,225 B2, US 6,609,371 B2 and
US 6,952,923, all assigned to the assignee of the present invention, disclose
examples of split-cycle internal combustion engines as herein defined. These
patents contain an extensive list of United States and foreign patents and
publications cited as background in the allowance of these patents. The term
“split-cycle” has been used for theso engines becauso they literally split the four
strokes of a conventional pressure/volume Otto cycle (i.c., intake, compression,
power and exhaust) over two dedicated cylinders: one cylinder dedicated to the
high pressure compression stroke, and the otber cylinder dedicated to the high
pressure power stroke.

Considerable research has been recenty devoted to air hybrid
cugines ns compared, for exemple, to eloctric hybrid systoms. The electric
hybrid system requires the addition to the conventional four stroke cycle engine
of batteries and an electric gonerator and motor. The air hybrid needs only the
sddition of an air pressure reservoir added fo an engine incorporating the
functions of 8 compressor and an air motor, fogether with tho functions of a

AL 20082483
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convontional enylne, Sy providing the hybrid systom Bunefits, Thowse functions
include storing pressurized air during breking and using the pressurized air for
driving the engine during subsequent stasting and acceleration.

However, the prior art sppears to involvo only adapting a
conventional four stroks cycle engine to perform the comapression, combustion
and motoring functions in a single cylinder. This, then, requires a complex
valve and drivetrain system nad oontrol which is capable of switching from a
compression-braking (CB) mode ®© an air motoring (AM) mode and back to a
conventional internal combustion engine (ICE) mode during operstion.

In a typical example, when not storing or utilizing compressed
air to drive the vehicle, a prior art air hybrid engine opcrates as a conventional
internal combustion engine, where the four strokes of the Otto cycle (intake,

‘compreuion,poweranduhnm)mperfomedinmhpisbnemytwn

revolutions of the crankshaft, However, during the compression-braking mode,

each cylinder of the conventional engine is configured o operate as a
reciprooating piston two-stroke atr compressor, driven from the vehicle wheols
by vehicle motion. Air is received from outside atmosphere into the engine
cylihdeu, compressed there, and displaced into an air-reservoir. Work
performed by the engine pistons absorbs the kinetic energy of the vehicle and
siows it down or restricts its motion. In this way the kinetic encrgy of the
vehicle motion is transformed into energy of compressed air stored in the air

reservoir,

During the air motoring mode, each cylinder of the sngine is
configured % utilize the stored compressed air fo produce power strokes for
propulsion without combustion. This may be accomplished by first expanding
the stored, compressed air into the cylinders to drive the pistons down from top
dead center (TDC) to botiom doad center (BDC) for a first power stroks. Then
the pistons compress the expanded gas as they travel from BDC to TDC. Fuel
is then injected into the cylinders and ignited just bofore TDC. The expanding

“4 JL 2008
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products of combustion then drive the pistons down again for & second power
stroke on the second revolution of the crankshaft.

Alternatively, air-motoring may be accomplished by expanding
the stored compressed air to drive the power piston down from TDC to BDC for
a power stroke without combustion for each revolution of the crankshaft, This
alternative method of air motoring may continue until the pressure in the air
reservoir falls below a threshold level, whereupon tho engine may switch to
either the previously described air motoring mode or a conventional ICE engine
mode of operation.

Problematically, in order to switch smong the CB, AM and ICE
modes, the valve/drive train system becomes complex, costly and hard to
control or maintain. Additionally, since each oylinder must perform all of the
functions for each mode, they cannot be optimized easily. For example, the
pistons and'cylinders must be designed to withstand sn explosive combustion

event, even when just acting as an sir compressor.  Accordingly, due to the
tolerances and materials reguired to withstand the heat of combustion, some
sacrifice must be made to the efficiency of the compressor made.

Another problem with performing afl functions for each mode
(ICE, CB and AM) in every cylinder is that no two modes can be performed in
parallel (i.e. simultancously). Because prior art air hybrid systerus utilize
conventional engines, they are restricted to operating in each mode serially,
which imposes inherent limitations on their capabilities, For example, because
the CB mode cannot be utilized when the engine is operating as an internal
combustion engine (in ICE mode), the air reservoir can only be charged during
the braking function of a moving vehicle. This limitation leads to probloras in
maintaining the stored charge in the air reservoir. Additionally, this limitation
also means that prior art air hybrid systems are only applicable to moving
vehicles, and are not practical for stationary applications such as stationary
generators.

o

Ay
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SUMMARY OF TEE INVENTION

The present invention combines the features of the split cycle
engine with the air reservoir of the air hybrid concopt and various simplified
control featurea to provide novel arrangements for operation and control of the
resulting hybrid engine embodiments, A distinct advantage of the invention is
that two or more emgine modes as described hersin can be operated
simultaneously (i.e., in pamallel), because the splitcycle engine includes
dedicated compression and power pistons.

Taken as a broad comcept, a splitcycle air hybrid engine
according to the invention prefarably includes:

a crankshaft rotatable about a crankshaft axis;

8 power piston slidably received within a power cylinder and
operatively connected to the crankshaft such that the power piston reciprocates
through an expension (or power) stroke and an exhsust stroke during a single
rotation of the crankshaft; |

a compression piston slidably recsived within a compression
cylinder and operatively connected to the crankshaft such that the compreszion
piston reciprocates through an intake stroke and a compression stroke during a
gingle rotation of the crankshaft, the comprossion cylinder being sclectively
controllable to place the compression piston in a compression mode or an idle
mode;

an air reseevoir operatively conmected between the compression
cylinder and the power cylinder and sclectively operable to receive compressed
air from the compression oylinder and to deliver compressed air to the power
cylinder for usc in transmitting power to tho crankshaft during engine operation;
and

valves selectively controlling gas flow imto and out of the
compression and power cylinders and the air resecvois.

*4 JuL 2008 200652483
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Altornatively, the powor syiinder muy nlw be selestively
controllable to place the power piston in a power mode or an idle mode.

For purposes herein, when the compression piston is placed in
idle mode, it means that for a single rotation of the crankshaft, the total amount
of net negative work (opposing the direction of rotation of the crankshaft)
petformed on the crankshaft by the compreasion piston is negligible. Typically,
negligible work in the compression piston's idle mode would be less than 20%
of the negative work performed on the crankshaft had the compression piston
been in its compression mode,

Additionally for purposes herein, when the power piston is
placed in idle mode, it means that for a single rotation of the crankshaft, the
total amount of net positive work (advancing the direction of rotation of the
crankshaft) performed on the crankshaft by the power piston is negligible.
Typically, nogligible work in the power piston's idle modo would be less than
20% of the positive work performed on the crankshaft had the power piston
been in its power modo.

In gencral, an engine according to the invention is capable of
operation in at least three modes, including an internal combustion engine (ICE)
mode, an air compressor (AC) mode and a pre-compressed sir power (PAF)
mode.

In the ICE mode, the compression piston and powet piston are
typically in their respective compressor and power modes. The compression
piston draws in and compresses inlet air for use in the power cylinder.
Compressed air is admitted 10 the power cylinder with fuel sbortly after the
power piston reaches its top dead center (TDDC) position at the beginning of an
expansion stroke. The fuel/air mixture is then ignited, bumed and expanded on
tho samo cxpansion stroke of the power piston, transmilting power to the
crankshaft. The combustion products are discharged on the exhaust stroke.
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In the AC mods, the compression piston is in compression mode
and draws in and compresses sir which is stored in the resetvoir for later use in

the power cylinder.

In the PAP mode, the power cylinder is in power mode and
receiveacompmednirﬁomﬂnfeaemhwhichhexpmdedonﬂ:eemnﬁon
stroke of the power piston, transmitting powaer to the crankshaft. The expanded
air is discharged on the exhaust stroke.

In certain preferred embodiments of the invention, power is
developed in the PAP mode in similar fashion to that of the ICE mode. That is,
during operation in the PAP mode, fuel is mixed with the compressed air shortly
after the power piston bas roeched its TDC position at the beginning of an
expansion stroke. The mixture is ignited, buned and expanded on the samo
expansion stroke of the power piston, transmitting power to the crankshaft. The
combustion products are discharged on the exhaust stroke.

In other alternative embodiments of tho cngine, power may be
developed in the PAP mode in similar fashion to that of the previously
described sir motoring modes. That is, during operation in the PAP mode, the
compressed air admitted to the power cylinder is expanded without adding fsel
or initiating combustion.

In a first exemplary embodiment of the engine, tho air reservoir
compriscs a gas passage sized to reccive and store compressed air fiom a
phirality of compression strokes, the gas passage interconnocting the
compression and power cylinders. The ges psssage includes an inlet vaive and
an outlet valve defining a pressure chamber theyebetween.

In a second exemplary embodiment of the engine, & gas passage
also intercopnects the compression and power cylinders, and the gas passago
inchudes an inlet vaive and an outlet valve defining a pressure chamber
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thetobotwean, However, the air rosorvoir is connccted by a rosorvoir passage to
the pressure chamber at a Jocation between the inlet valve and the outlet vaive.

A thind exemplary embodiment of the engine adds a reservoir
conirol valve in the reservoir passage to allow separation of the reservoir from

the pressure chamber during ICE cperation.

In a fourth exemplary embodiment of ths engine, the air
reservoir is an accumulator adapted to maintain a relatively comstant pressure
theroin within a predetermined pressure range.

A fifth embodiment of the engine inchudes multiple pairs of
compression and power cylinders interconmected by gas passages baving
pressure chambers, wherein the pressure chambers are all connected with a
ginglo air reservoir.

In a sixth alternative embodiment of the invention, the engine
inchudos a gas passage Interconnecting the compression and power cylinders,
the gas passage including an inlet valve and an outlet valve defining & pressure
chamber therebetween. The air reservoir is connected in parallel with the gas
passage, with inlet and outlet connections from the air reservoir to the
compression and power cylinders.

These and other features and advantages of the invention will be
more fully understood from the following detailed description of the invention
taken together with the accompanying drawings.
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BRIEF DESCRIEPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is & scheoatic diagram showing a first embodiment of &
split-cycle air hybrid engine having an sir reservoir and control valves according
to the invention;

FIG. 2 is a view similar o FIG. 1 but showing 2 second
embodiment with a separste crossover {or gas) passage connected with the air
reservoir and an added control valve;

FIG. 3 is a view similar to FIG. 2 but showing a third embodiment
with an added reservoir control valve;

FIG. 4 is a view similar ® FIG. 3 but showing a fourth
embodiment including s constant pressure accummlator in the air reservoir;

FIG. § is a view similar to FIG. 3 showing a fifth embodiment

having a common reservoir for multiple cylinder pairs; and

FIG. 6 is a view similar to FIG. 3 showing a sixth embodiment
having the reservoir in parallel with the crossover passage and separately valved
DETAILED DESCRIPTION OF THE INVENTION

Referring first to FIG. 1 of the drawings in detsil, numeral 10
geneaally indicatoes a first exemplary embodiment of a split cycle air hybrid cagine

acconding to the invention. Engine 10, shown schematically, is generalty of the
Mbwdhbudhﬂppmw‘mmﬁﬂ3ms B2,

20082483 "4 JuL2W
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6,089,371 B2 and 6952923 B2 (Bouderl patents), herein Incorporsied by
reference in their ontirety.

As shown, the engine inchades an engine block 12 having a first
cylinder 14 and an adjecent second cylinder 16 extending theretheough. A
crapkshaft 18 is jounaled in the block 12 for roistion about a crankshaft axis 20,
extending perpendicular to the plane of the drawing. Upper ends of the cylinders
14, 16 are closed by a cylinder head 22

The first and second cylinders 14, 16 define internal bearing
surfaces in which are received for reciprocation s first power piston 24 and a
second compression piston 26, respectively. The cylinder head 22, the power
piston 24 and the first cylinder 14 define a variable volums combustion chamber
25 in the power cylinder 14. The cylinder head 22, the compression piston 26 and
the second cylinder 16 define a varisble volume compression chamber 27 it the

compression cylinder 16,

The crankshaft 13 inchxies axially displaced and angularly offset
first and second crank throws 28, 30, having a phasc angle 31 therchotween, The
first crank theow 28 is pivotally joined by a first connecting rod 32 to the first
power piston 24 and the sscond crank throw 30 is pivotally joined by a second
connecting rod 34 to the second compression piston 26 to reciprocate the pistons
in their cylinders in timed relation determined by the anpular offset of their crank
throws and the geometric relationships of the cylinders, crank and pistons,

Alternative mechanisms foor relating the motion and timing of the
pistons may be utilized if desired. The timing may be similar to, or varied as
desired from, the disclosures of the Scudexi patents. The rotational direction of the
crankshaft and the relstive motions of the pistons near their botiom dead conter
(BDC) positions are indicated by the amows associated in the drawings with their
comresponding components, ‘

r4
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The oylinder head 22 includos any of various passages, ports and
valves suitable for accomplishing the desired purposes of the split-cycle air hybrid
oogino 10, In the illusirated first embodiment, tho gas passaga/pressure chamber
of the previously mentioned patents is replaced by a much larger air reservoir 36
connected 1o the head 22 theough a reservoir inlet port 38 opewing into the closed
end of the second cylinder 16 and a reservoir outlet port 40 opening into the closed
end of the first cylinder 14. As opposed to a smaller gas passage of a type
exemplified in the Scuderi patents, the air ressrvoir 36 is sized to receive and
store compressed air energy from a phimality of compression strokes of the
compression piston 26. The second cylinder 16 also connects with a conventional
intake port 42 and the first cylinder 14 also connects with a conventional exhaust

port 44,

Valves in the cylinder head 22, which are similar to valves of the
engine in the Scuderi patents, inchude a reservoir inlet check valve 46 and three
cam actuated poppet valves, a reservoir outlet valve (or crossover valve) 50, a

second cylinder intake valve 52, and 2 first cylinder exhaust valve 54. The check
valve 44 atiows only one way comproased air flow into the reservoir inlet post 38

from the second (compression) cylinder 16. The reservoir outlet valve 50 iy
opened © allow high pressure air flow from the reservoir 36 into the first (power)
cylinder 14.

The present engine 10 includes two additional valves that may be
solenoid actuated. These include &n intake conirol valve 56 in the cylinder intake
poﬁ42mdarwvoiouﬂetcontulvahe§8inﬂumirouﬁutpoﬂ40.
These valves may be two position on-off vaives but could include variable
position controls 30 thet they could be opemted a3 throttle valves if desired.

The poppet valves 50, 52, 54 may be actusted by any suitablo
devices, such as camshafts 60, 62, 64 baving cam lobes 66, 68, 70 rospectively
engaging the valves 50, 52, 54 for actuating the valves as will be subsequently
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discussad, Alternatively, the valves 50, 51 and 54, as well us the other valves
46, 56 and 58, may be elecironically, pneumatically or hydraulically actuated.

A spark plug 72 is also mounted in the cylinder head with
electrodes extending into the combustion chamber 25 for igniting air-fuel charges
at precise times by an ignition control, not shown. It should be understaod that the
engioe roay be mado as a diesel engine and be operated without a spark plug if
desired. Moreover, the engine 10 may be designed (o operate on any fitel
suitable for reciprocating piston engines in general, such as hydrogen or patural
gas,

“FIGS. 2 through 6 of the drawings disclose various alternative
embodimenty which are variations of the engine 10 of FIG. 1 and are described
below. Opecation of all six of the exemplary embodiments will be described
thereafier. |

Referring to FIG. 2, a sccond embodiment of engine 74 is disclosed
wherein Hike referonce mumierals indjoats lke parts. Bngine 74 is genecally stmllar
to engine 10, but differs in that a small volume crossover (or gas) passage 76 is
connected between the inlet port 38 and inlet check valve 46 at one end end the
outlet port 40 and outlet valve 50 at an opposite end. This crossover passage 76
extends between the compression chamber 27 in the second cylinder 16 and the
combustion chamber 25 in the first cylinder 14 and is similar to the crossover
passage in the prior Scuderi patents. As opposed to an air reservoir, this
crossover passage 76 is not sized to store a substantial amount of compressed
air energy for later use. Rather the passage 76 is typically designed to be as
smali as practically possible for the most efficient transfer of compressed gas
during the ICE mode of the engine 74.

In an additional modification, sepagate air reservoir 36 is connected
through a reservoir runner or reservoir passage 78 to the crossover passage 76 and
connects to the inlet and outlet ports-38, 40 through the crossover passage 76. The

04 SEP 200
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reservolr outlet solenold control vatve 58 is jocated in the paseage 76 between the
outlet port 40 and the reservoir runner 78. Valve 58 is open during ICE modoe to
allow compressed air o follow the path of least resistance and flow primarily
through passage 76 into combustion chamber 25. Valve 58 may be closed
during AC mode to pump compressed air into reservoir 36 and may be open
during PAP mode to retrieve compressed air from the reservoir 36.

Referring now to FIG. 3 of the drawings, a third embodiment of
engine 80 is disclosed, which differs from engine 74 in F1(1. 2, only in the addition
of a third solenoid valve 82. Valve 82 is located in the runner 78 at its junction
with the crossover passage 76 to cut off the connection of the air reservair 36 with
the crossover passage when desired.

By isolating the air reservoir 36 via valve B2, the overall enginc
80 performance can be more effectively optimized during the ICE mode of
operation. For example, during the ICE mode all compressed air can be made
to flow through the crossover passage 76. Accordingly, the crossover passage
76 can bo designed far tho mast efficient transfer of gas without interacting with
the air reservoir. Additionzally valvs 82 can also b utilized as a throttling valve
for part load conditions during the PAP maode.

FIG. 4 sbows a fourth embodiment of engine 84 vimilar to the
engine 80 of FIG. 3. It differs in the conversion of the air reservoir into a pressure
sccumulator 86 by the addition of a diaptwagm or bladder 87 and spring
mechanism 83. These act t pressurize air that is present in the accurmulator 86
and to maintain the contenis at a relatively constant pregsure betwean conditions
where the reservoir is either empty or is filled up to the maximum control pressure.

FIG. 5§ iltusirates a fifth embodiment of a mubticylinder engine 89
having at least two cylinder pairs 90, cach equivalent to the engine 80 of FIG. 3.
Enginc 89 is modified to include a common supply reserveir 92 that is joined to
crossover passages 76 of all the cylinder pairs with a reservoir control solenoid

04 SEP 200
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valve 82 controlling communiontion of each resecvoir nmner 78 with its respective
crossover passage 76.

FIG. 6 discloses a sixth embodiment of engine 94 that is most
similar to engine 80 of FIG. 3. Engive 94 differs in that the air reservoir 36 is
separated from direct connection with the crossover passage 76, which remains
controlled by check valve 46, solenoid valve 58 and outlet valve 50. The air
reservoir 36 is connected in paraflel with the crossover passage 76 by first sud
second reservoir runmers (or passages) 96, 98, respectively connecting the
reservoir directly to the combustion chamber 25 of the first cylinder 14 and the
compression chamber 27 of the second cylinder 16, Fourth and fifth solenoid
control valves 100, 102 respectively control flow between the muners 96, 98 and
the cylinders 14, 16,

Opemation of the described exemplary embodiments of split-cycle
air lybrid engines according to the invention will now be discussed for purposes
of explanation and ot of limitation, it being understood that additional methods
and variations will be apparent that should property fall within the intended scope
of the invention.

Basically, split-cycle air hybrid engines of the present invention
are typically operablo in at least three modes, an internal combustion eagine
(mE)mdqmmwmprm(AC)mmleusdﬁpw
(PAP) mode. The PAP mode preferably includes a pre-compressed
combustion-air power (PCA) mode wherein pre-compressed air and fiiol are
mixed shortly after the power piston reaches its top dead center position during
an expansion stroke and then the fuelair mixture is combusted to drive the
power piston down during the same expansion stroke, Alternatively, the PAP
mode could also include varlous forms of air motoring (AM) modes (as
previously exemplified herein) wherein pro-compressed air is utilized to provide
an expansion stroke without combustion. As will be discussed in greator detail,
because the aplit-cycls air hybrid of the present invention has separate dedicatod

=4 JuL 2008 oNrRDART
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compression and power cylinders, the threo modes, JCE, AC and PAP, can be
run either scrially ot in paraliel as desired.

The ICE mode is basically the normal operating mode of the
engines disclosed in the previously mentioned Scuderi patents. The intake,
compression, power and exhaust strokes of a conventional piston engine cycle are
split between the compression and power cylinders of the split-cycle engine.

Referring to the embodiment of FIQ. 1, aplit eycle engines as
described in the Scuderi US Patents (6,543,225, 6,609,371 and 6,952,923)
include structural parameters that are advantageous over prior art split-cycle
engines. Many of these advantages will be doscribed in rolation to the
following discussion of the ICE mode of the engine 10. 1t is important to note
that the air reservoir 36 of Fig. 1 performs the combined functions of both the
separated crossover {or gas) passage 76 and xir reservoir 36 of subsequent Figs.
2-6. '

In the ICE mode, the intake solenoid valves 56, 58 remiin open.
On the intake stroke, intake valve 52 opens as the mmpﬁuhn piston maves
down, drawing in air to the compression chamber 27. On the compression
stroke, the intake valve 52 closes and the piston 26 moves up, compressing the
air and forcing it through the check valve 46 and the inlet port 38 into the air
reservoir 36, ‘

The power piston 24 leads the compression piston 26 by a phase
angle 31 that is substantially greater than 0 degrees of rotation of the crankshaft.
The phase angle 31 as defined herein is the degrees of crank angle (CA) rotation
the crankshaft 18 must rotate after the power piston 24 has reached ity top dead
center (TDC) position in order for the compression piston 26 to reach its
respective TDC position. [n the particular embodiment illustrated in Fig. 1, the
roagnitude of the angle between the first and second crank throws 28 and 30 is
equal to the phase angle 31. Preferably this phase angle is between 10 and 40

o4 SEP W
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degrees CA and more prefavably botwesn 20 and 30 dogrees CA. The phase
angle 31 is sized such that as the compression piston 26 ascends toward jts TDC
position and the power piston descends from its TDC position, a substantislly
equal mass of compressed air is transferred into and out of the air reservoir 36
(in subascquent Pigs 2-6 a substantially cqual mass of compressed air is
transferred into and out of the gas passage 76).

On the power stroke, outiet (or crossover) valve 50 is typically
open at TDC of the power piston 24. Preferably the outlet valve 50 is openod
within a range of 10 to 0 degrees CA before TDC of the power piston 24, and
more preferably within a range of 7 to 3 degrees CA before TDC of the power
piston. The outlet valve 50 is preferably closed within a range of 10 to 40
degrees CA after TDC of the power piston 24, and more preferably closes
within a range of 20 to 30 degrees CA after TDC of the power piston.

The power piston 24 descends from its TDC position toward a
combustion ignition position, which is typically within a range of 5§ to 40
degrees CA after TDC and more preferably within a range of 10 1o 30 degrees
CA after TDC, Fuel may be injected and mixed with tho compressed air by at
least two methods, i.e., cither in the air reservoir 36 just up stream of the outlet
valve 50 (port fuel injection), or dircctly into the power cylinder 14 (direct
injection). Once the power piston 24 reaches its combustion ignition position,
the fuelVair mixture is ignited by spark plug 72 (or compression ignition if a
diesel engine), forcing the piston 24 down to BDC and delivering power to the
crankshaft 18, The pressure at which combustion ignition occurs is the ignition
(or firing) condition pressure.

On the exhaust stroke, the exhaust valve 54 opens and crossover
valve 50 is closed. As the power piston 24 moves upward from BDC & TDC,
the spent exhaust gases are forced out of the combustion chamber 25 through
the exhaust port 44. '
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The iniake and compression strokes for a pressure/volume cycle
within the engine take place during the same crankshaft revolution as the power
and exhaust strokes of the cycle, except that the power and exbiaust sixokes are

advanced by the fixed phase angle 31. Thus a new pressure/volumne cycle is

completed each revolution of the engine crankshaft instead of in two revolutions
as ih a conventional four-stroke engine. However, the inlet valve 46 and outlet
valve 50 maintain the gas pressure within the sir reservoir 36 at or above
ignition (or firing) condition pressure during the entire four-stroke cycle.

One of the basic differences between the Scuderi Split-Cycle and
the prior art is the parsmeter that pressure in tho gas passagoe is maintained at or
above the firing condition pressure during all four strokes of the Oto cycle
combined with the parameter that ignition in the power cylinder occurs
substantially afier top dead center (l.c., more than 5 degrees and preferably
more than 10 degrees ATDC). This sets up a condition where the combustion
event (or flame speed) is very fast (occurring within 24 degrees CA or kes), and
the NOX emissions output is very low (50 to S0 peroent less than a conventional
engine). Another unique aspect of the Scuderi Split-Cycle, not found in the
prior art, is that the centerline of the power and compression cylinders are offset
from the crankshaft axis. This ensbles the piston skirt © cylinder wall friction
to bo substantislly reduced. All three of these advantageous features
{maintaining firing condition pressures in the gas passage, firing after top dead
centes, and the offsets) are disclosed and claimed in the Scuderi Patéuty.

In addition to the above parameters, soveral other parameters
have also been identified in the Scuderi Patents, which have a significant effiect
on engine officiency. These parameters inchude:

1. Maintaining the compression and expansion ratios equal
to or greater than 26 to 1, preferably equal to or greater than 40
to 1, and more preferably equal to or greater than 80 to 1;
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2. The crossover valve durstion (amount of crank angle
{CA) rotation needed to apen and close valve 50) should be
equal to or less than 69 dogroes, preforably less than 50 degrees,
and more preferable less than 35 degrees; and '
3. The crossover valve 50 should be open for a small
percentage of time after combustion is. initiated in the power
cylinder.

During braking of a vehicle driven by an engine 10, the engine is
switched % operation in the air compressor (AC) mode. Fuel injection is stopped
and the solenoid valve 58 is closed, preventing air flow through the outlet port 40
and suspending power delivery from the power piston 24, thus placing the power
piston 24 in an idle mode, However,thecompmionpiﬂonco%hopm
driven by tho inertin of the moving vehicle, and %0 pump the compressed air into
the sir resecvoir 36, The pumping action effectively slows, or brakes, the vohicle
and the braking action becomes increasingly effective &s the reservoir air pressure
increases. The increased pressure in the reservoir is retained for later use in the
PAP mode,

While in AC mode, the exhaust valve 54 may be held open to
reduce idling Josses on the power piston 24. Morcover, the power piston could
be used to increase the braking effect in various ways, such as by altering the valve
timing and operation ® draw in aod compress further air into the air reservoir.
Alternatively (to keep the air reservoir clean), the piston 24 could be used as a
conventional compression brake, drawing in air on the downstroke, compressing it
on the upstroke and opening the exhaust valve 54 near lop dead conter (TDC) to
discharge the compressed air and dissipate its enecgy. This could increase braking
and reduce brake wear but would limit the recovery of enorgy from the
compressed air in the PCA or AM modes.

Referring still to FIG. 1, the prefecred third mode of operation is
pre-compressed combustion air (PCA) which, from prior AC operation, has stored
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oompressod aly in the ressevolr 36 ot a highet pressare than genernlly cocurs in
ICE operstion. Tho engine has at least slowed down and is ready to be
sccelerated, To run the PCA mode, the outlet solenoid valve 58 is opened and
spark ignition and fuel injection finctions are reactivated. Also, the compression
piston is idled by holding open both the intalw valve 52 and the intake solenoid
valve 56 so that the compression piston 26 moves freely without resistance and no
air js compressed or added w the reservoir 36.

If valve 52 is not independently adjustable, the compression
piston 26 may also be placed in idle mode by closing solenoid valve 56. In this
way the conmpression piston sitemately compresses and expands the gas trapped
in the cylinder. The compression and expansion of the trapped gas altermatos
the nogative and positive work done on the crankshaft by the piston. Since the
negative and positive work is approximately equal, the net work done on the
orankshalt by the piston operating in this mode is negligible. Still another
meothod of placing the compression piston in idle mode is to prevent the
compression piston 26 from reciprocating by opematively disconnecting it from
the crankshaft 18. In any of the above examples of the compression piston's
idle mode, the total amount of net negative work done on the crankshaft is

regligible.

Shortly after or just pror to TDC of the power piston 24, as in [CB
opemation, the reservoir outlet valve 50 opens, forcing a charge of compressed air
(preforably controlled and with edded fue) from tho reservoir 36 into the
combustion chamber. Within a range of 5 to 40 degrees CA after TDC, and
preferably within a range of 10 to 20 degrees CA after TDC, the fuel is quickly
ignited sid burns on the power stroke, providing power to the crankshaft. Exheust
products are discharged on the oxhaust upstroke and the cycle is repested.

As the vebicle is accelerated and returns to normal operation, the

mﬂﬁﬁmmwmbhuﬁﬂormmudonmhmm
14 until the pressure drops to a normal operating pressure snd the engine is

4 JLEE 90082483
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returned o full ICE operation. Howevor, operation in PCA mode as Jong as
possible increases operating efficioncy because compression energy from braking
is returned to the PCA power cycle while the compressor piston 26 is idling using
very little energy, Thus the vehicle braking compression encrgy is used to provide
compreasion enexgy in the PCA power mode,

If the engine is stopped, stored compression energy canbe used to
start the engine, and the vehicle if desired, until a minimum specd is reached,
whareupon the engine may be returnad to ICE operstion. However, a backup
electric starter may be desirable.

Referring again to FIG. 2, operation of the engine 74 is similar to
that of engine 10 (FIG. 1). However, use of the small volume crossover passage
76 for flow between cylinders substantially avoids flow through the air reservoir
36 during ICE operation and potentially reduces undesirable pressure variations in
the gas passige 76 that could adversely affect engine performance.

In the embodiment of FIG. 3, the addition of the solenoid valve 82
at the reservoir connection with the crossover passage 76 allows cutting off the
reservoir o maintain a higher or lower pressure therein while the smaller crossover
passage 76 can operate with rapidly changing pressures in nonmal ICE engine
operation for a split cyele engine.

In FIG. 4, the replacement of the air reservoir with an accumulator
86 allows the storage of a range of air volumes at a relatively constant pressure for
usc, primarily, in controlling air charge volumes delivered to the combustion
chamber by controlling only the outlet valve 50 opening time.

The use of a common air reservoir, or accumulator, as in FIG. 5,
may reduce manufacturing costs. Although the common air reservoir is illustrated
in FIG. 5 as connected directly to the gas passages, one skilled in the art would
recognize that the air reservoir may be configured to connect to the split-cycle

04 SEp 20
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enging {n othor ways. For sxumple, the conmen ais resorvoir may be a jutegral
past of the gas passage as in FIG, 1, or may be connected in parailel with the gas
passage as in FIG. 6.

The embodiment of FIG, 6 further soparstes the offects of the air
reservoir 36 on pressures in the crossover passage 76 and allows more complete
separation of operation in the ICE mode from either the AC mode or the PCA
mode.

Referring to Figs. 1-6 in gonoral, a distinct advantage of the
present invention is that air hybrid systoms utilizing a split-cycle engine 10, 74,
80, 84, 89 and 94 can function in the various operating modes (ICE, AC and
PAP) simultaneously (or in parallal) over the paired compression cylinders 16
and power cylinders 14, rather than being restricted o operating cach mode
serially out of a single cylinder. This parallel mode ability inherently provides
added capabilities and expanded applications for split-cycle air hybrid systoms.

Referring now to Fig. 3 as an example, under part load
conditions the engine 30 can simultancously operate in the ICE mods while
contintously charging the air reservoir in the AC mode. That is, a full charge of
air may be made to enter tho compression cylinder 16 on an intake stroke where
it is compressed and forced into gas passage 76. However, only a fraction of the
air charge is required to operate the ICE mode under part load conditions.
Accordingly, only a portion of the charge may be routed to the power cylindor
14 while the remainder of the charge can be divertad to the air reservoir 36 to
keep it fully charged. In this way, split-cycle air hybrid gystems have the ability
to contimuously charge their air reservoirs under part load conditions.

Additionally, in much the same fashion, waste epergy from
exhaust gas can be re-circulated, either directly or through a turbocharger, back
into the intake of a split-cycle air hybrid engine 80 to be stored as compressed
air energy in the air reservoir 36. Advantageously, this technique of recovering

04 StP 0B
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exhoust gas energy whilo oporsting under part losd conditions can afso be
utilized in stationary applications, e.g., in stationary genecators.

Although the invention has been described by reference to certain
' specific embodiments, it should be understood that mumerous changes may be
made within the scope of the inventive concepts disclosed. Accordingly,
it is intended that the invention not be limited to the described embodiments, but
that it have the full scope defined by the language of the Sollowing claims.

04 SE? 2009
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CLAIMS

I. A split-cycle air hybrid engine (10) comprising:

a crankshaft (18) rotatable about a crankshaft axis (20);

a power piston (24) slidably received within a power cylinder (14) and operatively
connected to the crankshaft (18) such that the power piston reciprocates through an expansion
stroke and an exhaust stroke during a single rotation of the crankshaft, the power cylinder being
selectively controllable to place the power piston in a power mode or an idle mode;

a compression piston (26) slidably received within a compression cylinder (16) and
operatively connected to the crankshaft (18) such that thc compression piston reciprocates
through an intake stroke and a compression stroke during a single rotation of the crankshaft, the
compression cylinder being selectively controllable to place the compression piston in a
compression mode or an idle mode;

an air reservoir (36) operatively connected between the compression cylinder (16) and
the power cylinder (14) and setectively operable 1o receive compressed air from the compression
cylinder and to deliver compressed air to the power cylinder for use in transmitting power to the
crankshafl (18) during engine operation; and

valves (46, 50, 52) selectively controlling gas flow into and out of the compression
and power cytinders (16, 14) and the air reservoir (36) such that the engine is operable in at least
three modes, including an intenal combustion engine (ICE) mode, an air compressor (AC) mode
and & pre-compressed air power (PAP) mode, and wherein:

in the ICE mode, the compression piston and power piston are in their respective
compression and power maodes, in that‘ the compression piston draws in and compresses inlet air
for use in the power cylinder, and compressed air is admitted to the power cylinder with fuel, at
the beginning of an expansion stroke, which is ignited, burned and expanded on the same
expansion stroke of the power piston, transmilting power to the crankshaft (18), and the
combustion praducis are discharged on the exhaust stroke;

in the AC mode, the compression piston is in the compression mode and draws in and
compresses air which is stored in the reservoir for Ister use in the power cylinder; and

in the PAP mode, the power piston is in the power mode and receives compressed air
from the reservoir which is expanded on the expansion stroke of the power piston, transmitting
power to the crankshaft, the expanded air is discharged on the exhaust stroke, and compfessed air
from the compression cylinder (16) is not received in the air reservair (36).

04 SEP 2009
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2. An engine (10) as in claim 1 wherein, in the PAP mode, fuel is mixed with the
compressed air at the beginning of an expansion stroke and the mixture is ignited, burned and
expanded on the same expansion stroke of the power piston (24), transmitling power to the
crankshafl (18), and the combustion products are discharged on the exhauat stroke.

3. Anengine (10) as in claim 2 wherein, in the PAP mode, fuel is ignited within a
range of 5 to 40 degrees crank angle (CA) after the power piston (24) has reached its top dead
center {TDC) pasition.

4. An engine (10) as in claim 3 wherein, in the PAP mode, fuel is ignited within a
range of 10 to 30 degrees crank angle (CA) after the power piston (24) has reached its top dead
center (TDC) position.

5. An engine (10) as in claim 1 wherein, in the PAP mode, the compressed air
admilted to the power cylinder (14) is expanded without adding fuel or initialing combustion.

6. An engine (74) as in claim | wherein the air reservoir (36) compriscs a gas
passage (76) sized to receive and store compressed air from a plurality of compression strokes,
the gas passage interconnecting the compression and power cylinders (16, 14), the gas passage
including an inlet valve (46) and an outlet valve (50} defining a pressure chamber therebetween.

7. An engine (74) as in claim 1 including a gas passage (76) interconnecting the
compression and power cylinders (16, 14), the gas passage including an inlet valve {46) and an
outlet valve (50) defining a pressure chamber therebetween;

wherein the air reservoir (36) is connected by a reservoir passage (78) to the pressure
chamber at a location between the inlet valve (46) and the outlet valve (50).

8. An engine (80) as in claim 7 including a reservoir control valve (82) in the
reservoir passage (78).

9.  An engine (84) as in claim 8 wherein the air reservoir (36) is an accumulator (86)
adapted to maintain a relatively constant pressure therein within a predetermined pressure range.
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10. An engine (39) as in claim 7 including multiple pairs of compression and power
cylinders (90) interconnected by gas passages (76) having pressure chambers, wherein the
pressure chambers are all connected with a common air reservoir (92).

11. An engine (94) as in claim 1 including a gas passage (76} interconnecting the
compression and power cylinders (16, 14), the gas passage including an inlet valve (46) and an
outlet vatve (50) defining a pressure chamber therebetween;

the air reservoir (92) being connected in parallel with the gas passage with inlet and
outlet connections from the air reservoir to the compression and power cylinders.

12. An engine (10) as in claim 1 wherein, in the ICE mode, fuel is ignited within a
range of 5 to 40 degrees crank angle (CA) after the power pision (24) has reached its top dead
center (TDC) position.

13. An engine (10) as in claim 12 wherein, in the ICE mode, fuel is ignited within a
range of 10 to 30 degrees crank angle (CA) after the power piston (24) has reached ita top dead
center (TDC) position.

14. An engine as in claim 1 wherein the engine is operable in the ICE mode and the
AC mode simultaneously.

15. Anengine as in claim | wherein, during one of the ICE mode and the PAP mode,
fuel is ignited within a range of 5 to 40 degrees CA after the power piston reaches its TDC
position.

16. An engine as in claim 15 wherein, during one of the ICE mode and the PAP
mode, fuel is ignited within a range of 10 1o 30 degrees CA afier the power piston reaches its
TDC position.

17. An engine (10) as in claim 1 wherein a compression ratio and an expansion ratio

of the engine is equal to or greater than 26 to 1.

04 SEP 209



10

15

20

25

26

8. An engine as in claim ! wherein a compression ratio and an expansion ratio of

the engine is equal to or greater than 40 to 1.

19. An engine as in claim | wherein a compression ratio and an expansion ratio of

the engine is equal to or greater than 80 to 1.

20, A splitcycle air hybrid engine (94) comprising:

a crankshaft (18) rotatable about a crankshaft axis (20);

a power piston (24) slidably received within a power cylinder (14) and operatively
connected to the crankshaft such that the power piston reciprocates through an expansion stroke
and an exhaust siroke during a single rotation of the crankshaft;

a compression piston (26) slidably reccived within a compression cylinder (16} 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;

a gas passage (76) interconnecting the compression and power cylinders (16, 14), the
gas passage including an inlet valve (46) and an outlet valve (50) defining a pressure chamber
therebetween; and |

an air reservoir (36) connected by a first reservoir passage (96) directly to the power
cylinder (14) and a second reservoir passage (98) directly to the compression cylinder, the air
reservoir separated from direct connection with the crossover passage and connected in parallel
therewith, the air reservoir selectively operable to receive compressed air from the compression
cylinder and to deliver compressed air to the power ¢ylinder for use in transmitting power to the

crankshaft during engine operation.

21. An engine (94) as in claim 20 including a first ceservoir control valve (100) in the
first reservoir passage (96) and a second reservoir control valve (102) in the second reservoir

passage (98).

22. An engine (94) as in claim 20 wherein the engine is operable in at least three
modes, including an internal combustion engine (ICE) mode, an air compressor (AC) mode and a
pre-compressed air power (PAP) mode wherein:

in the ICE mode, the compression piston (26) draws in and compresses inlet air for
use in the power cylinder (14), and the inlet air is admitted to the power cylinder with fuel, at the
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beginning of an expansion stroke, which is ignited, bumed and expanded on the same expansion
stroke of the power piston (24);

in the AC mude, the compression piston draws in and compresses air which is stored
in the air reservoir (36) for later use in the power cylinder (14); and

in the PAP mode, the power cylinder (14) receives stored reservoir air from the air
reservoir (36), and the reservoir air is admitted to the power cylinder with fuel, at the beginning
of an expansion stroke, which is ignited, bumned and expanded on the same expansion stroke of

the power piston (24).

23. An engine (94) as in claim 22 wherein, during one of the ICE moede and the PAP
mode, fuel is ignited within 8 range of 5 to 40 degrees CA alter the power piston (24) reaches its
TDC position.

24. An engine as in claim 23 wherein, during one of the ICE mode and the PAP
mode, fuel is ignited within a range of 10 1o 30 degrees CA after the power piston reaches its
TDC position.

25. Anengine as in claim 22 wherein the engine is operabke in the ICE mode and the
AC mode simultancously.

26. A split-cycle air hybrid engine (10) comprising;

a power piston (24) slidably received within a power cylinder (14) and operatively
connected to a crankshaft {18) such that the power piston reciprocates through an expansion
stroke and an exhaust stroke during a single rotation of the crankshaft;

a compression pistont (26) slidably received within a compression cylinder (16) 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 air reservoir (36) operatively connected between the compression cylinder (16) and
the power cylinder (14) and operable 10 reccive compressed air from the compression cylinder
and to deliver compressed air to the power cylinder for use in transmitting power to the
crankshaft (18) during engine operation; and

valves (46, 50, 52) to contral gas flow into and out of the compression and power
cylinders (16, 14) and the air reservoir (36), wherein:
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the power cylinder (14) is selectively operable to place the power piston (24) in the
following modes:

a power mode, wherein compressed air from the air reservoir (36) or the compression
cylinder (16) is delivered, with or without fuel, to the power cylinder; and

an idle mode, wherein compressed air from the air reservoir or the compression

cylinder is not delivered ta the power cylinder.

27. An engine (10) according to claim 26, wherein the compression cylinder (16) is
selectively operable to place the compression piston (26) in the following modes:

a compression mode, wherein compressed air is received in the air reservoir {36) or
the power cylinder (14) from the compression cylinder; and

an idle mode, wherein compressed air from the air reservoir or the compression
cylinder is not delivered to the power cylinder.

28. An engine (10) according to claim 27, forther comprising:

a control mechanisin operable to sclect any one of at least two of the following modes
of operation of the engine:

internal combustion engine mode, wherein at least some compressed air from the
compression cylinder (16) is delivered, with fuel, to the power cylinder (L4);

air compressor mode, wherein compressed air from the compression cylinder {16) is
received in the air reservoir (36) but compressed air from the air reservoir is not delivered to the
power ¢ylinder (14); and

pre-compressed air power mode, wherein compressed air from the air reservoir is
delivered, with or without fuel, to the power cylinder but compressed air from the compression

cylinder is not received in the air reservoir.

29. An engine (10) according to claim 28, wherein the control mechanism comprises:

a reservoir outlet control valve (58), operatively connected between the air reservoir
(36) and the power cylinder (14), and operable to control the flow of compressed air from the air
reservoir to the power cylinder; and

an intake control valve (56), located in a compression cylinder (16) intake port (42),
and operable to control the air drawn into the compression cylinder. |
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30. An engine (10) according to claim 29, wl_nerein the control mechanism further
comprises a control unit to selectively and independently operate the reservoir outlet control and
intake control valves (58, 56).

3. An engine (10) according to claim 29, configured such that when operating in the
pre-compressed air power mode, fuel is mixed with the compressed air delivered to the power
cylinder (14) at the beginning of an expansion stroke and the mixture is ignited, burned and
expanded on the said expansion stroke of the power piston (24), transmitting power 1o the
crankshaft (18), and the combustion products are discharged on the following exhaust stroke. .

32. An engine according to claim 29, configured such that when operating in the pre-
compressed air power mode, the compressed air delivered to the power cylinder is expanded

without adding fuel or initiating combustion.

33. An engine (10) according to any claim 27, further including a gas crossover
passage (76) interconnecting the compression and power cylinders (16, 14), the gas crossover
passage including an inlet valve (46) and an outlet valve (50) defining a pressure chamber
thercbetween, the valves being independently operable.

34. An engine (80) according to claim 33, wherein the air reservoir (36) is connected
to the gas crossover passage (76) through a reservoir control valve (82).

04 SEP 2009



10

15

E

ABSTRACT

SPLIT-CYCLE AIR HYBRID ENGINE

A split-cycle air hybrid engine (10) operatively connects an air reservoir (36) to a
split cycle engine. A power piston (24) is received within a power cylinder ({4) and
operatively connected to a crankshaft (18) such that the power piston (24} reciprocates
through an expansion stroke and an exhaust stroke during a single revolution of the
crankshaft. A compression piston (26) is received within a compression cylinder (16) and
operatively connected to the crankshaft such that the compression piston reciprocates through
an intake stroke and a compression stroke in a single rotation of the crankshaft. The
compression cylinder is selectively controllable to place thc compression piston in a
compression mode or an idle mode. An air reservoir is operatively connected between the
compression cylinder and the power cylinder and selectively operable to receive compressed
air from the compression cylinder and to deliver compressed air to the power cylinder for use

in transmitting power to the crankshaft during engine operation.

Fig. 1
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