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SPOOL SHUTILE CROSSOVER VALVE IN SPLIT-CYCLE ENGINE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No.
61/847,551, filed July 17ﬂ’, 2013, the content of which is incorporated herein by reference

in its entirety.
BACKGROUND OF THE INVENTION
Field of the Invention

[0002] This disclosure relates generally to split-cycle internal combustion

engines also known as split-cycle engines and, more specifically, to crossover valves.

Description of the Related Art

[0003] Conventional internal combustion engines include one or more
cylinders. Each cylinder includes a single piston that performs four strokes, commonly
referred to as the intake, compression, combustion/power/expansion, and exhaust strokes.
Together, these four strokes form a complete cycle of a conventional internal combustion
engine. However, each part of the cycle is affected differently by the heat rejected from
the working fluid into the piston and cylinder walls: during intake and compression a
high rate of heat rejection improves efficiency whereas during combustion/expansion,
little or no heat rejection leads to best efficiency. This conflicting requirement cannot be
satisfied by a single cylinder since the piston and cylinder wall temperature cannot readily
change from cold to hot and back to cold within each cycle. A single cylinder of a
conventional internal combustion engine cannot be optimized both as a compressor
(requires cold environment for optimal efficiency performance) and a
combustor/expander (requires hot environment and optimal expansion of the working

fluid for optimal efficiency performance) at the same time and space.
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[0004] Conventional internal combustion engines have low fuel efficiency -
more than one half of the fuel energy is lost through the engine structure and exhaust
outlet, without adding any useful mechanical work. A major cause of thermal waste in
conventional internal combustion engines is the essential cooling system (e.g., radiator),
which alone dissipates heat at a greater rate and quantity than the total heat actually
transformed into useful work. Furthermore, conventional internal combustion engines are
able to increase efficiencies only marginally by employing low heat rejection methods in
the cylinders, pistons and combustion chambers and by waste-heat recovery

methodologies that add substantial complexity and cost.

[0005] Further inefficiency results from high-temperature in the cylinder
during the intake and compression strokes. This high temperature reduces engine
volumetric efficiency and makes the piston work harder and, hence, reduces efficiency

during these strokes.

[0006] Theoretically, a larger expansion ratio than compression ratio will
greatly increase engine efficiency in an internal combustion engine. In conventional
internal combustion engines, the maximum expansion ratio is typically the same as the
maximum compression ratio. Moreover, conventional means may only allow for a
decrease in compression ratio via valve timing (Miller and Atkinson cycles, for example)
and may be less efficient than the increase in efficiency, which is possible if all four

strokes would have not been executed in a single cylinder.

[0007] Another shortcoming of conventional internal combustion engines is an
incomplete chemical combustion process, which reduces efficiency and causes harmful

exhaust emissions.

[0008] To address these problems, others have previously disclosed dual-
piston combustion engine configurations. For example, U.S. Pat. No. 1,372,216 to
Casaday discloses a dual piston combustion engine in which cylinders and pistons are
arranged in respective pairs. The piston of the firing cylinder moves in advance of the
piston of the compression cylinder. U.S. Pat. No. 3,880,126 to Thurston et al. discloses a
two-stroke split-cycle internal combustion engine. The piston of the induction cylinder
moves somewhat less than one-half stroke in advance of the piston of the power cylinder.

The induction cylinder compresses a charge, and transfers the charge to the power
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cylinder where it is mixed with a residual charge of burned products from the previous
cycle, and further compressed before igniting. U.S. Pat. Application No. 2003/0015171
Al to Scuderi discloses a four-stroke cycle internal combustion engine. A power piston
within a first cylinder (power cylinder) is connected to a crankshaft and performs power
and exhaust strokes of the four-stroke cycle. A compression piston within a second
cylinder (compression cylinder) is also connected to the crankshaft and performs the
intake and compression strokes of a four-stroke cycle during the same rotation of the
crankshaft. The power piston of the first cylinder moves in advance of the compression
piston of the second cylinder. U.S. Pat. No. 6,880,501 to Suh et al. discloses an internal
combustion engine that has a pair of cylinders, each cylinder containing a piston
connected to a crankshaft. One cylinder is adapted for intake and compression strokes.
The other cylinder is adapted for power and exhaust strokes. U.S. Pat. No. 5,546,897 to
Brackett discloses a multi-cylinder reciprocating piston internal combustion engine that

can perform a two, four, or diesel engine power cycle.

SUMMARY OF THE INVENTION

[0009] The references described above, however, fail to disclose how to
effectively govern the transfer of the working fluid in a timely manner and without
pressure loss from the compression cylinder to the power cylinder, using a valve system
that is durable with high level of sealing. In addition, the separate cylinders disclosed in
these references are all connected by a transfer valve or intermediate passageway
(connecting tube) of some sort that yields a substantial volume of “dead space” between
cylinders reducing the effective compression ratio of the engine below that of a

conventional engine.

[0010] In view of the foregoing disadvantages inherent in the known types of
internal combustion engine now present in the prior art, embodiments described herein
include a Spool Shuttle Crossover Valve and Combustion Chamber (SSCVCC) internal
combustion engine utilizing temperature differentiated cylinders that have the potential of
converting fuel energy into mechanical work more efficiently than conventional internal
combustion engines. Some exemplary embodiments utilize a novel SSCVCC for

facilitating the efficient and reliable transfer of working fluid from a compression
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chamber to a combustion chamber. Although spool shuttle crossover valves are used, in
some instances, to demonstrate some benefits of the embodiments, it should be realized

that the claims may not be limited to a spool shuttle valve and may include other valves.

[0011] In an exemplary embodiment, an internal combustion engine with
SSCVCC includes a first cylinder coupled to a second cylinder, a first piston positioned
within the first cylinder and configured to perform intake and compression strokes but not
exhaust strokes, and a second piston positioned within the second cylinder and configured

to perform power and exhaust strokes but not intake strokes.

[0012] Alternatively, the first and second cylinders can be considered as two
separate chambers, that could be directly or indirectly coupled by the reciprocating
motion of a SSCVCC, wherein the first piston resides in the first chamber and the second
piston resides in the second chamber and the combustion chamber within the spool shuttle

is a third chamber.

[0013] In a further exemplary embodiment, a split-cycle engine further
includes an intake valve coupled to the first cylinder, an exhaust valve coupled to the
second cylinder and a SSCVCC that couples directly, or indirectly (via a separated
combustion chamber, which is part of the spool) an internal chamber of the first cylinder

to an internal chamber of the second cylinder.

[0014] In a further exemplary embodiment, the engine includes two piston
connecting rods, a compression crankshaft, a power crankshaft and two crankshaft
connecting rods. The connecting rods connect respective pistons to their respective
crankshafts. The compression crankshaft converts rotational motion into reciprocating
motion of the first piston. The power crankshaft converts second piston reciprocating
motion into engine rotational output motion. The compression crankshaft relative angle,
with regard to the power crankshaft relative angle, may differ from each other by
implementing a phase angle delay (phase-lag) such that the piston of the power cylinder
moves in advance of the piston of the compression cylinder. In some exemplary
embodiments the phase-lag could be as such that the piston of the compression cylinder
moves in advance of the piston of the power cylinder. In yet another embodiment, the
piston of the compression cylinder and the piston of the power cylinder move in-phase

(no phase-lag). The crankshaft connecting gearwheels mechanism transfers the power
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crankshaft rotation into compression crankshaft rotation. The two pistons and two
cylinders could be designed in line with each other (parallel) or opposed to each other. In
one such embodiment with an in line configuration of the two pistons and two cylinders,
an insulating layer of low heat conducting material could be installed, for example, to
separate the relatively cold compression cylinder from the relatively hot power cylinder,

as is commonly known in the art.

[0015] In a further exemplary embodiment, a split-cycle engine further
includes an intake port coupled to the first cylinder, an exhaust port coupled to the second
cylinder. The intake port and exhaust port open and close by the reciprocating motion of
the SSCVCC. The SSCVCC couples directly an internal chamber of the first cylinder to
an internal chamber of the second cylinder, or indirectly via a separated combustion

chamber which is part of the spool shuttle.

[0016] In some exemplary embodiments, the SSCVCC may be constructed of
several components: a spool cylinder, a spool shuttle, a combustion chamber, which is
located within the spool shuttle, a combustion chamber port, a spool ring on the
compression side, a spool ring on the expansion side, a stationary (retracting) ring
mounted in the spool cylinder, a spool connecting rod and a spool crankshaft, an intake
port and an exhaust port. The combustion chamber may be coupled to or decoupled from
a compression chamber and an expansion chamber depending on the relative position of

the spool as part of the spool reciprocating motion.

[0017] In exemplary embodiments, a split-cycle engine includes: a first
cylinder housing a first piston, wherein the first piston performs an intake stroke and a
compression stroke, but does not perform an exhaust stroke; a second cylinder housing a
second piston, wherein the second piston performs an expansion stroke and an exhaust
stroke, but does not perform an intake stroke; and a valve chamber housing a valve, the
valve comprising an internal chamber that selectively fluidly couples to the first and
second cylinders, wherein the valve and internal chamber move within the valve chamber

and relative to the first and second cylinders.

[0018] In some exemplary embodiments, the internal chamber fluidly couples
with the first cylinder and fluidly couples with the second cylinder during movement of

the valve.
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[0019] In some exemplary embodiments, during movement of the valve, the
internal chamber fluidly couples to the first and second cylinders simultaneously, and the
valve and internal chamber have a maximum velocity and a minimum acceleration within
15 crankshaft degrees of when the internal chamber is fluidly coupled to the first and
second cylinders simultaneously. In some further embodiments, the valve and internal
chamber have a maximum velocity and a minimum acceleration when the internal

chamber is fluidly coupled to the first and second cylinders simultaneously.

[0020] In some exemplary embodiments, the valve fluidly couples with
neither the first nor the second cylinders concurrently, and the valve and internal chamber
have a maximum velocity and a minimum acceleration within 15 crankshaft degrees of
when the internal chamber fluidly couples with neither the first nor the second cylinder.
In some further exemplary embodiment, the valve and internal chamber have a maximum
velocity and a minimum acceleration when the internal chamber fluidly couples with

neither the first nor the second cylinder.

[0021] In some exemplary embodiments, the first piston reaches its top-dead

center when the internal chamber is fluidly coupled to the first cylinder.

[0022] In some exemplary embodiments, the first cylinder has an intake port
to receive an air/fuel mixture. In some further exemplary embodiments, the intake port is
closed by a surface of the valve. In some exemplary embodiments, the intake port is

closed by a poppet valve.

[0023] In some exemplary embodiments, a spark plug initiates combustion. In
some further exemplary embodiments, the spark plug is positioned on the valve and
configured to create a spark within the internal chamber. In some further exemplary
embodiments, the spark plug is positioned in the valve chamber and the valve includes a
combustion port that aligns with the spark plug to initiate combustion within the internal

chamber.

[0024] In some exemplary embodiments, the engine is configured to initiate

combustion by compressing the fluid.

[0025] In some exemplary embodiments, the first piston reaches its top-dead

center before the second piston reaches its top-dead center.
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[0026] In some exemplary embodiments, the second piston reaches its top-

dead center before the first piston reaches its top-dead center.

[0027] In some exemplary embodiments, the first and second piston reach

their respective top-dead centers concurrently.

[0028] In some exemplary embodiments, the engine includes sealing rings
between the valve and the valve chamber. In some further exemplary embodiments, the
sealing rings do not move relative to the valve chamber. In some further exemplary
embodiments, the sealing rings move relative to the valve chamber. In some exemplary
embodiments, the sealing rings include a first sealing ring that does not move relative to

the valve chamber and a second sealing ring that moves relative to the valve chamber.

[0029] In some exemplary embodiments, the valve has a port that fluidly

couples the internal chamber to the first and second cylinder simultaneously.

[0030] In some exemplary embodiments, the valve has a first port that fluidly
couples the internal chamber to the first cylinder and a second port that fluidly couples

the internal chamber to the second cylinder.

[0031] In some exemplary embodiments, an internal volume of the first
cylinder when the first piston is at its bottom dead center is greater than an internal

volume of the second cylinder when the second piston is at its bottom dead center.

[0032] In some exemplary embodiments, an internal volume of the first
cylinder when the first piston is at its bottom dead center is less than an internal volume

of the second cylinder when the second piston is at its bottom dead center.

[0033] In some exemplary embodiments, the engine includes: a first
crankshaft coupled to the first piston; a second crankshaft coupled to the second piston; a
crankshaft connecting mechanism coupled to the first and second crankshafts and
configured to translate motion between the first and second crankshafts, the crankshaft
connecting mechanism comprising a crankshaft connecting rod having first and second

ends coupled to the first and second crankshafts, respectively.

[0034] In some exemplary embodiments, the engine includes a crankshaft

coupled to the first and second pistons.
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[0035] In some exemplary embodiments, the engine includes a first crankshaft
coupled to the first piston; a first gearwheel coupled to the first crankshaft; a second
crankshaft coupled to the second piston; a second gearwheel coupled to the second
crankshaft; a third gearwheel coupled to the first and second gearwheels and configured

to translate motion between the first and second gearwheels.

[0036] In some exemplary embodiments, the internal chamber, a compression

chamber, and an expansion chamber are sized to minimize dead space.

[0037] In some exemplary embodiments, an internal volume of the first
cylinder at top dead center is less than one fiftieth an internal volume of the first cylinder

at bottom dead center.

[0038] In some exemplary embodiments, an internal volume of the second
cylinder at top dead center is less than one fiftieth an internal volume of the second

cylinder at bottom dead center.

[0039] In some exemplary embodiments, the first and second cylinders are
arranged in a configuration selected from an inline configuration, an opposed

configuration, and a V-configuration.

[0040] In some exemplary embodiments, the valve and internal chamber move
linearly and reciprocally within the valve chamber. In some further exemplary

embodiments, the valve is a spool valve.

[0041] In some exemplary embodiments, the first and second cylinders are
thermally isolated from one another and the first cylinder is maintained at a cooler

temperature than the second cylinder.

[0042] In some exemplary embodiments, the first cylinder includes a plurality
of air cooling ribs located on an external surface of the first cylinder and a plurality of
liquid cooling passages within its housing. In some further exemplary embodiments, the
engine includes liquid coolant within the air cooling ribs and liquid cooling passages, and

wherein a temperature of the liquid coolant is mechanically or electrically controlled.

[0043] In some exemplary embodiments, the second cylinder includes a

plurality of exhaust heating passages for utilizing heat provided by exhaust gases expelled
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by the second piston to further heat the second cylinder and is thermally isolated from the
surrounding environment so as to reduce leakage of thermal energy from the second

cylinder.

[0044] In some exemplary embodiments, the valve and internal chamber rotate
within the valve chamber. In some exemplary further embodiments, the valve and

internal chamber move linearly, as well as rotationally, within the valve chamber.

[0045] In some exemplary embodiments, the engine includes: a third cylinder
housing a third piston, wherein the third piston performs an expansion stroke and an
exhaust stroke, but does not perform an intake stroke, and wherein the internal chamber
selectively fluidly couples to the first, second, and third cylinders, and wherein the valve

and internal chamber move relative to the third cylinder.

[0046] In exemplary embodiments, a method of operating a combustion
engine includes compressing a working fluid in a first cylinder, transferring the working
fluid to internal chamber of a valve, and transferring the working fluid to a second
cylinder. In some exemplary embodiments, the first cylinder houses a first piston that
performs an intake stroke and a compression stroke, but does not perform an exhaust
stroke. In some exemplary embodiments, the second cylinder houses a second piston that
performs an expansion stroke and an exhaust stroke, but does not perform an intake

stroke.

[0047] In some exemplary embodiments, transferring the working fluid to the
internal chamber includes transferring the compressed working fluid from the first
cylinder to the internal chamber. In some exemplary embodiments, transferring the
working fluid to the second cylinder includes transferring the compressed working fluid
from the internal chamber to the second cylinder. The valve may be housed in a valve
chamber of the engine. The valve and internal chamber may move within the valve

chamber of the engine and relative to the first and second cylinders.

[0048] In some exemplary embodiments, the valve and internal chamber move
linearly and reciprocally within the valve chamber and relative to the first and second
cylinders. In some exemplary embodiments, the valve has a port that fluidly couples the

internal chamber to the first and second cylinder simultaneously.
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[0049] In some exemplary embodiments, the method further includes, during
movement of the valve, fluidly coupling the first cylinder and the internal chamber

without fluidly coupling the internal chamber and the second cylinder.

[0050] In some exemplary embodiments of the method, the valve and internal
chamber include a maximum velocity and a minimum acceleration within 15 crankshaft
degrees of when the internal chamber is fluidly coupled to the first and second cylinders

simultaneously.

[0051] In some exemplary embodiments of the method, the valve and internal
chamber include a maximum velocity and a minimum acceleration when the internal

chamber is fluidly coupled to the first and second cylinders simultaneously.

[0052] In some exemplary embodiments of the method, the first cylinder has
an intake port, and the method includes receiving an air/fuel mixture through the intake
port. In some exemplary embodiments, the method further includes closing the intake
port with a surface of the valve. In some exemplary embodiments, the method further

includes closing the intake port with a poppet valve.

[0053] In some exemplary embodiments of the method, the second cylinder
has an exhaust port, and the method includes expelling combusted gases through the
exhaust port. In some exemplary embodiments, the method further includes closing the
exhaust port with a surface of the valve. In some exemplary embodiments, the method

further includes closing the exhaust port with a poppet valve.

[0054] In some exemplary embodiments, the method further includes initiating
combustion with a spark plug. In some exemplary embodiments of the method, the spark
plug is positioned on the valve and the method includes creating, with the spark plug, a
spark within the internal chamber. In some exemplary embodiments of the method, the
spark plug is positioned in the valve chamber and the valve includes a combustion port

that aligns with the spark plug to initiate combustion within the internal chamber.

[0055] In some exemplary embodiments, the method further includes initiating

combustion by compressing the fluid.

10
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[0056] In some exemplary embodiments of the method, a first piston reaches
its top-dead center before a second piston reaches its top-dead center. In some exemplary
embodiments of the method, a second piston reaches its top-dead center before the first
piston reaches its top-dead center. In some exemplary embodiments of the method, the

first and second piston reach their respective top-dead centers concurrently.

[0057] In some exemplary embodiments of the method, the engine includes
sealing rings between the valve and the valve chamber. In some further embodiments of
the method, the sealing rings do not move relative to the valve chamber. In some further
embodiments of the method, the sealing rings move relative to the valve chamber. In
some further embodiments of the method, the sealing rings include a first sealing ring that
does not move relative to the valve chamber and a second sealing ring that moves relative

to the valve chamber.

[0058] In some exemplary embodiments of the method, an internal volume of
the first cylinder when a first piston is at its bottom dead center is greater than an internal
volume of the second cylinder when a second piston is at its bottom dead center. In some
further embodiments of the method, an internal volume of the first cylinder when the first
piston is at its bottom dead center is less than an internal volume of the second cylinder

when the second piston is at its bottom dead center.

[0059] In some exemplary embodiments of the method, the engine includes: a
first crankshaft coupled to a first piston; a second crankshaft coupled to a second piston; a
crankshaft connecting mechanism coupled to the first and second crankshafts and
configured to translate motion between the first and second crankshafts, the crankshaft
connecting mechanism including a crankshaft connecting rod having first and second

ends coupled to the first and second crankshafts, respectively.

[0060] In some exemplary embodiments of the method, the engine includes a

single crankshaft coupled to first and second pistons.

[0061] In some exemplary embodiments of the method, the engine includes: a
first crankshaft coupled to a first piston; a first gearwheel coupled to the first crankshaft; a

second crankshaft coupled to a second piston; a second gearwheel coupled to the second

11
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crankshaft; and a third gearwheel coupled to the first and second gearwheels and

configured to translate motion between the first and second gearwheels.

[0062] In some exemplary embodiments of the method, the internal chamber,

a compression chamber, and an expansion chamber are sized to minimize dead space.

[0063] In some exemplary embodiments of the method, an internal volume of
the first cylinder when a first piston is at top dead center is less than one fiftieth an
internal volume of the first cylinder when the first piston is at bottom dead center. In
some exemplary embodiments of the method, an internal volume of the second cylinder
when a second piston is at top dead center is less than one fiftieth an internal volume of

the second cylinder when the second piston is at bottom dead center.

[0064] In some exemplary embodiments of the method, the first and second
cylinders are arranged in a configuration selected from an inline configuration, an

opposed configuration, and V configuration.

[0065] In some exemplary embodiments of the method, the valve is a spool
valve.
[0066] In some exemplary embodiments of the method, the first and second

cylinders are thermally isolated from one another and the method includes maintaining

the first cylinder at a cooler temperature than the second cylinder.

[0067] In some exemplary embodiments of the method, the first cylinder
includes a plurality of air cooling ribs located on an external surface of the first cylinder
and a plurality of liquid cooling passages within its housing. In some exemplary
embodiments of the method, the engine further includes liquid coolant within the air
cooling ribs and liquid cooling passages, and the method includes mechanically or

electrically controlling a temperature of the liquid coolant.

[0068] In some exemplary embodiments of the method, the second cylinder
includes a plurality of exhaust heating passages for utilizing heat provided by exhaust
gases expelled by a second piston to further heat the second cylinder and is thermally
isolated from the surrounding environment so as to reduce leakage of thermal energy

from the second cylinder.

12
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[0069] In some exemplary embodiments of the method, the engine includes a
third cylinder housing a third piston, where the third piston performs an expansion stroke
and an exhaust stroke, but does not perform an intake stroke, and the internal chamber
selectively fluidly couples to the first, second, and third cylinders, and the valve and

internal chamber move relative to the third cylinder.

BRIEF DESCRIPTION OF THE DRAWINGS

[0070] Figure 1 is a simplified cross-sectional side view of an in line split-
cycle SSCVCC apparatus, in accordance with exemplary embodiments, wherein the
compression crankshaft angle is illustrated at 50 degrees before the compression piston
reaches its Top Dead Center (TDC) and the power crankshaft angle is illustrated at 40

degrees before the power piston reaches its TDC.

[0071] Figure 2 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
20 degrees before its TDC and the power crankshaft angle is illustrated at 10 degrees

before the power piston reaches its TDC.

[0072] Figure 3 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
10 degrees before its TDC, and the power crankshaft angle is illustrated at its TDC.

[0073] Figure 4 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
5 degrees before its TDC, and the power crankshaft angle is illustrated at 5 degrees after

the power piston reaches its TDC.

[0074] Figure 5 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
its TDC, and the power crankshaft angle is illustrated at 10 degrees after its TDC.

[0075] Figure 6 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
10 degrees after its TDC, and the power crankshaft angle is illustrated at 20 degrees after
its TDC.

13
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[0076] Figure 7 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
30 degrees after its TDC, and the power crankshaft angle is illustrated at 40 degrees after
its TDC.

[0077] Figure 8 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
60 degrees after TDC, and the power crankshaft angle is illustrated at 70 degrees after its
TDC.

[0078] Figure 9 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
90 degrees after its TDC, and the power crankshaft angle is illustrated at 100 degrees after
its TDC.

[0079] Figure 10 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
120 degrees after its TDC, and the power crankshaft angle is illustrated at 130 degrees
after its TDC.

[0080] Figure 11 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
150 degrees after its TDC, and the power crankshaft angle is illustrated at 160 degrees
after its TDC.

[0081] Figure 12 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
180 degrees after its TDC, which is its Bottom Dead Center (BDC), and the power
crankshaft angle is illustrated at 170 degrees before its TDC.

[0082] Figure 13 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
150 degrees before its TDC, and the power crankshaft angle is illustrated at 140 degrees
before its TDC.
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[0083] Figure 14 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
120 degrees before its TDC, and the power crankshaft angle is illustrated at 110 degrees
before its TDC.

[0084] Figure 15 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
90 degrees before its TDC, and the power crankshaft angle is illustrated at 80 degrees
before its TDC.

[0085] Figure 16 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
26 degrees before its TDC, and the power crankshaft angle is illustrated at TDC, and the

combustion chamber within the spool shuttle is smaller than the one shown in Figure 1.

[0086] Figure 17 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
13 degrees before its TDC, and the power crankshaft angle is illustrated at 13 degrees
after its TDC, and the combustion chamber within the spool shuttle is smaller than the

one shown in Figure 1.

[0087] Figure 18 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 1, wherein the compression crankshaft angle is illustrated at
TDC, and the power crankshaft angle is illustrated at 26 degrees after its TDC, and the

combustion chamber within the spool shuttle is smaller than the one shown in Figure 1.

[0088] Figure 19A is a simplified cross-sectional side view of a split-cycle
SSCVCC apparatus, wherein the intake and exhaust ports on the compression and
combustion chambers, respectively, are opened and closed by poppet valves, and the
poppet valves are actuated by cams and a camshaft. Figure 19B is a transparent front

view of a split-cycle SSCVCC apparatus of Figure 19A.

[0089] Figure 20 is a simplified cross-sectional side view of an opposed split-
cycle SSCVCC apparatus, in accordance with exemplary embodiments, wherein the

compression crankshaft angle is illustrated at 90 degrees before the compression piston
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reaches its TDC and the power crankshaft angle is illustrated at 80 degrees before the

power piston reaches its TDC, in accordance with an embodiment.

[0090] Figure 21 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 20, wherein the compression crankshaft angle is illustrated
at 60 degrees before its TDC and the power crankshaft angle is illustrated at 50 degrees

before the power piston reaches its TDC.

[0091] Figure 22 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 20, wherein the compression crankshaft angle is illustrated

at 10 degrees before its TDC and the power crankshaft angle is illustrated at its TDC.

[0092] Figure 23 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 20, wherein the compression crankshaft angle is illustrated
atits TDC and the power crankshaft angle is illustrated at 10 degrees after the power

piston reaches its TDC.

[0093] Figure 24 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 20, wherein the compression crankshaft angle is illustrated
at 30 degrees after the power piston reaches its TDC and the power crankshaft angle is

illustrated at 40 degrees after the power piston reaches its TDC.

[0094] Figure 25 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 20, wherein the compression crankshaft angle is illustrated
at 60 degrees after the power piston reaches its TDC and the power crankshaft angle is

illustrated at 70 degrees after the power piston reaches its TDC.

[0095] Figure 26 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 20, wherein the compression crankshaft angle is illustrated
at 90 degrees after the power piston reaches its TDC and the power crankshaft angle is

illustrated at 100 degrees after the power piston reaches its TDC.

[0096] Figure 27 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 20, wherein the compression crankshaft angle is illustrated
at 180 degrees after the power piston reaches its TDC and the power crankshaft angle is

illustrated at 170 degrees before the power piston reaches its TDC.
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[0097] Figure 28 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 20, wherein the compression crankshaft angle is illustrated
at 150 degrees before the power piston reaches its TDC and the power crankshaft angle is

illustrated at 140 degrees before the power piston reaches its TDC.

[0098] Figure 29 is a simplified cross-sectional side view of an opposed split-
cycle SSCVCC apparatus, in accordance with exemplary embodiments, wherein the
compression crankshaft angle is illustrated at 20 degrees before the compression piston
reaches its TDC and the power crankshaft angle is illustrated at 67 degrees before the

power piston reaches its TDC.

[0099] Figure 30 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 29, wherein the compression crankshaft angle is illustrated
at TDC and the power crankshaft angle is illustrated at 47 degrees before the power

piston reaches its TDC.

[00100] Figure 31 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 29, wherein the compression crankshaft angle is illustrated
at 10 degrees after the compression piston reaches its TDC and the power crankshaft

angle is illustrated at 37 degrees before the power piston reaches its TDC.

[00101] Figure 32 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 29, wherein the compression crankshaft angle is illustrated
at 47 degrees after the compression piston reaches its TDC and the power crankshaft

angle is illustrated at TDC.

[00102] Figure 33 is a simplified cross-sectional side view of the split-cycle
SSCVCC apparatus of Figure 29, wherein the compression crankshaft angle is illustrated
at 67 degrees after the compression piston reaches its TDC and the power crankshaft

angle is illustrated at 20 degrees after the power piston reaches its TDC.

[00103] Figure 34 is a simplified semi transparent 3D view of the split-cycle
SSCVCC apparatus of Figure 33.

[00104] Figure 35 is a graph illustrating pressure profiles for an exemplary
split-cycle engine incorporating a SSCVCC.
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[00105] Figure 36 illustrates a method of operating a combustion engine, in

accordance with exemplary embodiments.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[00106] The embodiments are described in detail below with reference to the
figures, wherein similar elements are referenced with similar numerals throughout. It is
understood that the figures are not necessarily drawn to scale. Nor do they necessarily
show all the details of the various exemplary embodiments illustrated. Rather, they
merely show certain features and elements to provide an enabling description of the

exemplary embodiments.

[00107] In some exemplary embodiments described herein, a split-cycle engine
includes a valve chamber with a valve residing therein. The valve may include an
internal chamber that selectively fluidly couples a cold and a hot cylinder of the engine.
The valve and internal chamber may move within the valve chamber and relative to the

hot and cold cylinders.

[00108] In some exemplary embodiments, the valve may experience reduced
inertia forces. This may allow for increased durability and reliability. In some exemplary
embodiments, the engine may experience thermodynamic cycles that are similar to the

cycles of 4-stroke engines.

[00109] In some exemplary embodiments, the valve may have minimal flow
restriction. The engine may also allow for a negligible pressure drop across the valve
ports, which may provide for efficient transfer of the compressed intake charge from the

Cold-Cylinder (compression chamber) to the Hot-Cylinder (power chamber).

[00110] The valve may be equipped with common piston rings which may

allow for effective high pressure sealing within the chamber.

[00111] In some exemplary embodiments, the valve may avoid or limit the
detrimental compromises of traditional split-cycle engines: over-compression, charge

storage, heat loss and retarded combustion, and reliance on fast-moving valves.
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[00112] Referring to Figure 1, in accordance with one embodiment, an in-line
configuration of a split-cycle engine includes: a compression cylinder 01, a power
cylinder 02, a compression piston 03, compression piston rings 03A, a power piston 04,
power piston rings 04A, an intake/compression chamber B, and an expansion/exhaust
chamber C (as used herein, “expansion” may include or may not include combustion
within chamber C). It also includes two respective piston connecting rods 05 and 06, a
compression crankshaft 07, a power crankshaft 08, a crankshaft connecting gearwheels
mechanism 09 that includes the compression gearwheel 09A, the power gearwheel 098,
and third gearwheel 09C that connects power gearwheel 09B to compression gearwheel
09A. Still referring to Figure 1, the split-cycle engine also includes an intake manifold
10, chamber A, an intake port 11, an exhaust manifold 12, chamber D, and an exhaust
port 13. It also includes a spool cylinder 14 (also called valve chamber 14), a spool shuttle
15, a combustion chamber structure 16, which is located within the spool shuttle 15, a
combustion chamber port 16A, a spool ring on the compression side 17, a spool ring on
the expansion side 18, stationary (retracting) ring 19 mounted in an annular groove of
spool cylinder 14, a spool connecting rod 20 and a spool crankshaft 21. Still referring to
Figure 1, the split-cycle engine also includes a compression piston protrusion 22 and a
power piston protrusion 23. The compression cylinder 01 is a piston engine cylinder that
houses the compression piston 03, the intake or compression chamber B, and the intake
port 11. The power cylinder 02 is a piston engine cylinder that houses the power piston
04, the expansion or exhaust chamber C and the exhaust port 13. The compression piston
03 and compression chamber B serves the intake and the compression engine strokes (but
not the exhaust stroke). The power piston 04 and expansion chamber C serves the power
and the exhaust strokes (but not the intake stroke). The connecting rods 05 and 06 connect
their respective pistons to their respective crankshafts. The compression crankshaft 07
converts rotational motion into compression piston 03 reciprocating motion. The
reciprocating motion of the power piston 04 is converted into rotational motion of the
power crankshaft 08, which is converted to engine rotational motion or work (e.g., the
power crankshaft may also serve as the engine output shaft). The three gearwheels 09A,
09B and 09C (that are collectively referred to as crankshaft connecting gearwheels
mechanism 09) translate the rotation of power crankshaft 08 into rotation of the
compression crankshaft 07. Both compression piston 03 and power piston 04 may have or

may not have irregular structure or protrusion 22 and 23, respectively. The function of
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these protrusions may be to decrease the dead space. In an exemplary embodiment, the
spool cylinder 14 houses the spool shuttle 15 and both are placed on top and
perpendicular to both compression cylinder 01 and power cylinder 02. Spool connecting
rods 20 connect spool shuttle 15 to spool crankshaft 21. Spool crankshaft 21 converts
rotational motion into spool shuttle 15 reciprocating motion. Spool crankshaft 21 is
mechanically connected via a mechanical linkage mechanism to power crankshaft 08,
thus power crankshaft 08 drives spool crankshaft 21. In another exemplary embodiment, a
swash plate mechanism or a camshaft mechanism could be used to drive spool shuttle 15.
Spool shuttle 15 houses a spherical combustion chamber structure 16, combustion
chamber structure port 16A and a combustion chamber E (Chamber E may be thermally
insulated). During spool shuttle 15 reciprocating motion, combustion chamber E
alternates between being fluidly connected to compression chamber B and expansion
chamber C. At a fraction of spool 15 reciprocating motion, combustion chamber E could

be fluidly connected to both compression chamber B and expansion chamber C.

[00113] During spool shuttle 15 reciprocating motion, intake port 11 may open
or close as spool shuttle 15 blocks or unblocks intake port 11. Thus, spool shuttle 15

reciprocating motion fluidly couples or decouples chamber A and chamber B.

[00114] During spool shuttle 15 reciprocating motion, exhaust port 13 may
open or close as spool shuttle 15 blocks or unblocks exhaust port 13. Thus, spool shuttle

15 reciprocating motion fluidly couples or decouples chamber C and chamber D.

[00115] During spool shuttle 15 reciprocating motion, combustion chamber
structure 16, via combustion chamber port 16A, may fluidly couple or decouple from

chamber B.

[00116] During spool shuttle 15 reciprocating motion, combustion chamber
structure 16, via combustion chamber port 16A, may fluidly couple or decouple from

chamber C.

[00117] For a small predetermined portion of spool crankshaft 21 cycle, +30
degrees, for example, from the point in which spool shuttle 15 reciprocating motion
passes through its mid stroke point, chambers B, E and C may be all fluidly connected via

combustion chamber port 16A.
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[00118] In exemplary embodiments, predetermined phase delay is introduced
via the crankshafts 07 and 08, such that power piston 04 leads or follows compression
piston 03. Figures 1-15 depicts one such exemplary embodiment in which the
predetermined phase delay that is introduced via the crankshafts 07 and 08, is such that
power piston 04 leads the compression piston 03 by 10 degree crank angle. In some
exemplary embodiments, there may be no phase-lag between the pistons (pistons are in-

phase).

[00119] In exemplary embodiments, the working fluid (air-fuel charge) resides
between intake manifold 10 and intake port 11 is defined as chamber A. The intake port
11, located on the compression cylinder 01, may govern the flow of the naturally
aspirated ambient air or the carbureted air/fuel charge, or forced induction of the charge,
into the compression cylinder O1. The location of the compression piston 03 when the
intake port opens and/or closes may vary. In some exemplary embodiments, the timing of
the opening and/or closing of the intake port may vary. In one example, the intake port
may open within the range of a few crankshaft degrees before the compression piston 03
reaches its TDC through approximately 50 crankshaft degrees after the compression
piston 03 reaches its TDC. In one example, the intake port may close within the range of
a few crankshaft degrees around compression piston 03 Bottom Dead Center (BDC)
through approximately 70 crankshaft degrees after the compression piston 03 reaches its

BDC.

[00120] In one embodiment, the intake port may open in a range of crankshaft
degrees starting when compression piston 03 reaches its TDC through approximately 10
crankshaft degrees after the compression piston 03 reaches its TDC. At BDC, which is
the end of the intake stroke, working fluid may continue to enter the cylinder due to the
wave dynamics in the intake system and fluid inertia. For this reason it may be
advantageous to close the intake port after the compression piston BDC. In one
embodiment, the intake port 11 may close within the range of a few crankshaft degrees
before the compression piston 03 reaches its BDC until approximately 70 crankshaft
degrees after the compression piston 03 reaches its BDC. In one example, the intake port
may close within a narrower range starting when compression piston 03 reaches its BDC
until approximately 50 crankshaft degrees after the compression piston 03 reaches its

TDC.
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[00121] In exemplary embodiments, the exhaust port 13 located on the power
cylinder 02 may govern the exhalation of burned gases. The location of the power piston
04 when the exhaust port opens may vary. In some exemplary embodiments, the exhaust
port may open approximately 60 crankshaft degrees before power piston 04 reaches its
BDC through approximately 20 crankshaft degrees after power piston 04 reaches its
BDC. The location of the power piston 04 when the exhaust port closes may also vary.
In some exemplary embodiments, the exhaust port may close approximately 15
crankshaft degrees before power piston 04 reaches its TDC through approximately 5

crankshaft degrees after power piston 04 reaches its TDC.

[00122] In one embodiment, the exhaust port may open within a range starting
when power piston 04 is 15 crankshaft degrees before its BDC through approximately 15
crankshaft degrees after the power piston 04 reaches its BDC. In one embodiment, the
exhaust port may close within a narrower preferred range starting 5 degrees before power

piston 04 reaches its TDC through approximately when power piston 04 reaches its TDC.

[00123] In one embodiment, the spool cylinder 14 houses the spool shuttle 15
and both are placed on top and perpendicular to both compression cylinder 01 and power
cylinder 02. The spool connecting rods 20 connect spool shuttle 15 to spool crankshaft
21. The spool crankshaft 21 converts rotational motion into spool shuttle 15 reciprocating
motion. Spool shuttle 15 houses a spherical (for example) combustion chamber structure
16, combustion chamber structure port 16A and a combustion chamber E. During spool
shuttle 15 reciprocating motion, combustion chamber E alternates between being fluidly
connected to compression chamber B and/or expansion chamber C. During the same
spool shuttle 15 reciprocating motion, intake port 11 and exhaust port 13 may move

toward the open or closed position.

[00124] Referring again to Figure 1, within the compression cylinder 01 is
compression piston 03. The compression piston 03 moves relative to the compression
cylinder 01 in the upward direction toward its TDC (gearwheel mechanism 09A rotates
clockwise). Within the power cylinder 02 is a power piston 04. The power piston 04
moves relative to the power cylinder 02 in the upward direction as well (gearwheel
mechanism 09B rotates clockwise), toward its TDC. The compression cylinder 01 and

the compression piston 03 define chamber B. The power cylinder 02 and the power
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piston 04 define chamber C. The volume within combustion chamber structure 16
defines combustion chamber E. In some exemplary embodiments, the power piston 04
moves in advance of the compression piston 03. Chamber B may be in fluid
communication with chamber C when combustion chamber E is in fluid communication
with both chambers B and chamber C (See for example Figures 5 and 6). Chamber B,
through intake port 11, may be fluidly connected with incoming working fluid
(carbureted naturally aspirated fuel/air charge or forced induced fuel/air charge) via
chamber A. Chamber C, through exhaust port 13, may be fluidly connected with ambient
air D, through exhaust manifold 12 and potentially other apparatus (such as turbo charger,
catalytic convertor, or other apparatus as commonly known to the art). When in an open

state, exhaust port 13 allows exhaust gases to exhale.

[00125] During a combustion stroke, the power piston 04 may push the power
connecting rod 06, causing the power crankshaft 08 to rotate clockwise as illustrated in
Figures 5, 6,7, 8, 9, 10, and 11. During an exhaust stroke, inertial forces (which may be
initiated by a flywheel mass — not shown) cause the power crankshaft 08 to continue its
clockwise rotation, and cause the power connecting rod 06 to move power piston 04,
which in turn exhales burnt fuel exhaust through port 13 as illustrated in Figures 12, 13,
14,15, 1, 2, and 3. The power crankshaft 08 rotation articulates rotation, through a
crankshaft connecting gearwheels mechanism 09, of the compression crankshaft 07 to
move compression piston 03 in synchronous but phase-shifted rotation (i.e., both
crankshafts rotate at the same speed but differ in their respective crank angles). In other
embodiments, there may be no phase-shift between the pistons, resulting in both

crankshafts rotating at the same crank angle.

[00126] In exemplary embodiments, the relative positions of the power piston
04 and the compression piston 03 may be phase-shifted by a pre-determined amount to
achieve a desired engine compression ratio. In some exemplary embodiments, the split-
cycle engine dual cylinder apparatus utilizes conventional pressurized cooling and oil
lubrication methods and systems (not shown). In some exemplary embodiments, the
components of the power chamber C are temperature controlled using a cooling system,
thereby cooling the power chamber C structure components (such as the cylinder 02,
piston 04, and parts of spool cylinder 14 and spool shuttle 15). In some exemplary

embodiments, some or all of the components may be fabricated out of high-temperature
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resistant materials such as ceramics or utilizing ceramic coatings, cast iron, titanium,
nickel-alloy steel, nano-composites, matrix composites, or stainless steel. In some
exemplary embodiments, the split-cycle apparatus may utilize well-known high voltage
spark ignition systems (not shown), as well as an electrical starter motor to control engine

initial rotation.

[00127] As explained above, the compression connecting rod 05 connects the
compression crankshaft 07 with the compression piston 03 causing the compression
piston 03 to move relative to the cylinder in a reciprocating manner. The power
connecting rod 06 connects the power crankshaft 08 with the power piston 04. During the
combustion phase, the power connecting rod 06 transfers the reciprocating motion of the
power piston 04 into the power crankshaft 08, causing the power crankshaft to rotate.
During the exhaust phase, the power crankshaft 08 rotation and momentum pushes the
power piston 04 upward toward its TDC, which causes the burned gases to be exhaled via

the exhaust port 13 (exhaust stroke).

[00128] Referring to Figure 1, the compression crankshaft 07 converts
rotational motion into compression piston 03 reciprocating motion. The compression
crankshaft 07 connects the compression connecting rod 05 with the crankshaft connecting
gearwheels mechanism 09. Motion of the crankshaft connecting gearwheels mechanism
09 causes the compression crankshaft 07 to rotate. Compression crankshaft 07 rotation
produce motion of the compression connecting rod 05 that in turn moves the compression

piston 03 relative to its cylinder housing O1 in a reciprocating manner.

[00129] In various exemplary embodiments, the compression crankshaft 07 and
power crankshaft 08 structural configurations may vary in accordance with desired engine
configurations and designs. For example, possible crankshaft design factors may include:
the number of dual cylinders, the relative cylinder positioning, the crankshaft gearing
mechanism, and the direction of rotation. In one exemplary embodiment (not shown), a
single crankshaft would actuate both compression piston 03 and expansion piston 04 via
compression connecting rod 05 and power piston connecting rod 06. Such single

crankshaft could actuate multiple pairs of compression piston 03 and expansion piston 04.

[00130] The power crankshaft 08 connects the power connecting rod 06 with

the crankshaft connecting gearwheels mechanism 09. As combustion occurs, the

24



WO 2015/009959 PCT/US2014/047076

reciprocating motion of power piston 04 causes, through the power connecting rod 06, the
power crankshaft 08, which may also be coupled to the engine output shaft (not shown),
to rotate, which causes the connecting gearwheels mechanism 09 to rotate the
compression crankshaft 07, thereby generating reciprocating motion of the compression

piston 03 as described above.

[00131] The crankshaft connecting gearwheels mechanism 09 connects the
power crankshaft 08 with the compression crankshaft 07 and thus provides both
crankshafts with synchronous rotation. Alternative embodiments may include, for the
crankshaft connecting gearwheels mechanism 09, standard rotational energy connecting

elements such as timing belts, multi rod mechanisms gears, for example.

[00132] Figures 1 through 15 illustrate perspective views of the crankshaft
connecting gearwheels mechanism 09 coupled to crankshafts 07 and 08, which are
coupled to respective piston connecting rods 05 and 06. The crankshafts 07 and 08 may
be oriented relatively to each other such as to provide a predetermined phase difference
between the otherwise synchronous motion of pistons 03 and 04. A predetermined phase
difference between the TDC positions of the compression piston and power piston may
introduce a relative piston phase delay or advance. In exemplary embodiments, as
illustrated in Figures 1 to 15, a phase delay is introduced such that the power piston 04
moves slightly in advance of compression piston 03, thereby permitting the compressed
charge to be delivered under nearly the full compression stroke and permitting the power
piston 04 to complete a full exhaust stroke. Such advantages of the phase delays where
the power piston leads the compression piston are also described in U.S. Pat. No.
1,372,216 to Casaday and U.S. Pat. Application No. 2003/0015171 A1 to Scuderi, the
entire contents of both of which are incorporated by reference herein in their entireties.
Control and modulation of the degree of the phase lag would alter the engine effective
compression ratio. The smaller the phase lag is, the larger the compression ratio.
Modulation of the phase lag could serve as to set a compression ratio that would better fit
the combustion of a particular fuel, for example, higher phase lag and smaller
compression ratio for gasoline and spark ignited (SI) fuels and smaller phase lag and
higher compression ratio for diesel and compression ignited (CI) fuels. Modulation of the
split-cycle engine phase lag could attribute multi-fuel capabilities to the engine. In farther

embodiment, dynamic phase lag changes (modulation) may be implemented while the
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engine is in operation mode or at rest mode. Phase lag dynamic modulation as function of

engine loads, speed, temperature etc may increase engine performance significantly.

[00133] As illustrated in Figures 1 through 15, while an electrical starter (not
shown) engages the split-cycle output shaft (not shown), both crankshafts 07 and 08 start
their clockwise rotation and both pistons 03 and 04 begin their reciprocating motion. As
illustrated in Figure 7, the compression piston 03 and the power piston 04 move in the
direction that increases chamber B and chamber C volume (downward in Figure 7 toward
BDC of both pistons). Since intake port 11 is in its open state and because chamber B
volume constantly increases at this stage, carbureted fuel or fresh air charge (when using
a fuel injection system) flows from chamber A through intake port 11 into chamber B.
The location of the compression piston 03 when the intake port opens may vary. In one
example, the intake port may open a few crankshaft degrees before compression piston 03
reaches its TDC through approximately 50 crankshaft degrees after compression piston
03 reaches its TDC. As shown in Figures 08 through 12, respectively, chamber B volume
increases while the fuel - air charge flows in. As compression piston 03 passes beyond its
BDC point (for example, between 25 degrees before BDC to 70 degrees after BDC, as
shown in Figure 12), intake port 11 closes, trapping chamber B air - fuel charge (working
fluid) content. While crankshafts clockwise rotation continues (as shown in Figures 13,
14,15, 1, 2, 3, 4 and 5), chamber B volume decreases and the temperature and pressure of
the air - fuel charge increases. During this portion of the cycle where chamber B volume
decreases (Figures 13-15 and 1-5) spool shuttle 15 position is such that the spherical
combustion chamber structure 16 via combustion chamber structure port 16A is fluidly
coupled with compression cylinder 01, thus chamber B is fluidly coupled with
combustion chamber E. During the entire compression stroke the working fluid is being
compressed into chamber E such as at the end of the compression stroke when
compression piston 03 approached its TDC almost all the working fluid has been
transferred from chamber B to chamber E and almost no working fluid remains in
chamber B (Figures 3, 4 and 5). As the power piston 04 approaches its TDC (Figures 2
and 3), almost all of the burned working fluid is pushed out from chamber C through the
open exhaust port 13. This is because the SSCVCC split-cycle engine is designed, in one
embodiment, to minimize the volume of chamber C when piston 04 is at its TDC (Figure

3). This is also because of protrusion 23 further decreases chamber C dead volume when
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piston 04 is at TDC, filling and eliminating, for example, potential dead space at the
vicinity of exhaust port (13). As the power piston 04 passes through its TDC (Figure 2
through 6), spool shuttle 15 reciprocating motion shuttles combustion chamber structure
16 and combustion chamber E from being fluidly connected to chamber B and accepting
the compressed working fluid as chamber B volume approaches zero, to be fluidly
connected to chamber C, as chamber C volume approaches zero volume followed by a
gradual increase in chamber C volume. Thus, fuel-air charge in chamber B flows via
chamber E into chamber C, which is gradually increasing in volume due to piston 4
movement away from TDC. Notice that in some exemplary embodiments, for a small
fraction of the cycle, all three chambers (B, C and E) might be fluidly connected (Figures
5 and 6).

[00134] As mentioned above, during the part of the SSCVCC engine cycle
depicted in Figure 12 through 15 and Figures 1 through 5, which constitutes the entire
compression stroke, the air - fuel charge in chamber B flows into chamber E. During the
part of the engine cycle depicted in Figure 5 through 11 that constitute the expansion
(power) stroke, the air - fuel charge in chamber E flows into chamber C. In one
embodiment, during the part of the cycle that is depicted in Figure 4 and Figure 5, the
point in the cycle in which the maximum compression of the working fluid is achieved.
This could also be described as the point in which the sum of the volumes of cambers B,
E, and C is the smallest, when these three chambers are all fluidly coupled. In one
embodiment, the pressure build-up due to combustion may be timed to compound on top
of this point of maximum compression. At a certain predetermined point (for example,
while the compression piston 03 approaches its TDC, as illustrated in Figures 3 through 5,
although, some exemplary embodiments may introduce delay or advance), combustion of
the air - fuel charge is initiated via an ignition mechanism, such as spark plug firing or
compression ignition. In compression ignition engine configurations, a high pressure fuel
injection system is incorporated with the timing of fuel injection determining combustion
timing. As the compression piston 03 approaches its TDC (Figures 3 and 4), almost all
of the compressed working fluid was pushed through combustion chamber port 16A from
chamber B to chamber E. This is because the SSCVCC split-cycle engine is designed, in
one embodiment, to have minimal clearance, which is to have chamber B volume as low

as possible when piston 03 is at its TDC (Figure 5). This is also because of protrusion 22
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that further decreases chamber B volume when piston 03 is at TDC, filling and
eliminating, for example, potential dead space at the vicinity of intake port 11. As the
compression piston 03 passes through its TDC (Figures 4-6), combustion is developing in
combustion chamber E followed by the decoupling of combustion chamber E from
compression chamber B (Figure 7). This decoupling is due to spool shuttle 15
reciprocating motion away from chamber B and the presence of retracting (stationery)

ring 19.

[00135] In other embodiments, there could be at least one retracting (stationery)
ring, or 2 or 3 or more retracting rings 19, as well as single or multiple expanded sealing
rings mounted in annular grooves on the shuttle spool or a combination of expanding and

retracting stationary rings.

[00136] Figures 4 through 12 illustrate the power stroke, according to
exemplary embodiments. As combustion occur, the pressures in chambers B, E and C
increase. The net torque turns the power crankshaft clockwise (as well as the coupled
compression crankshaft). In some exemplary embodiments, spool timing and spark timing

could be set such that the pressure increases only in chambers E and C.

[00137] Sparkplug firing or compression ignition (timed with fuel injection)
may occur at a predetermined location within the engine cycle that is illustrated in Figures
2 through 7, although some deviation may be permitted in some exemplary embodiments.
The sparkplugs could be located on Spool cylinder 14 and the spark could reach
combustion chamber E once an aperture in combustion chamber structure 16 (not shown)
is lined up with the sparkplug electrodes. Alternatively, the sparkplugs could be located
on compression cylinder 01 near intake port 11 or on power cylinder 02 near exhaust port

13.

[00138] Referring now to Figure 7, when compression piston 03 is pulled back
from its TDC position, according to exemplary embodiments, intake port 11 reopens, thus
allowing a new air - fuel charge A to enter chamber B throughout the entire intake stroke

(Figures 7 through 12).

[00139] Referring now to Figures 10 through 12, in exemplary embodiments,
the exhaust stroke may begin about 40 to 60 crankshaft degrees before power piston 04
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reaches its BDC position (Figure 12). In the cycle that is given as an example of one
embodiment, the exhaust stroke begins when power piston 04 reaches its BDC position
(Figure 12). The exhaust port 13 opens and the burned exhaust gases are pushed out from
chamber C through open exhaust port 13 into the ambient environment D. Although the
timing of the strokes of the engine is given in exemplary embodiments, it should be
understood that the timing described herein may be adjusted in some exemplary

embodiments.

[00140] In some exemplary embodiments, combustion initiation occurs
(initiated/timed) shortly before or after total compression cylinder volume plus expansion
cylinder volume plus combustion chamber E volume (chambers B, C and E) reaches its
combined-minimum-volume (for example, 20 crankshaft degrees before or after the point
of combined-minimum-volume, and in some exemplary embodiments, 5 crankshaft
degrees before or after the point of combined-minimum-volume). This minimum volume
may be reached while combustion chamber E is fluidly coupled to both chambers B and
C ..e. fluid may flow from the compression chamber B into the combustion chamber C
(Figures 5-6) through combustion chamber E. For a spark ignited (SI) engine, peak
pressure at the combustion may occur 0-40 crankshaft degrees after the point of minimal
volume and, in some exemplary embodiments, 5-25 crankshaft degrees after the point of
minimum volume, while chamber E is fluidly coupled with chamber C. For a
compression ignited (CI) engine, peak pressure of combustion may occur 0-25 crankshaft
degrees after the point of minimum volume and, in some exemplary embodiments, 5-15

crankshaft degrees after the point of minimum volume.

[00141] In some exemplary embodiments, an engine may reach Minimum Best
Timing (MBT) 14 to 28 power crankshaft degrees after total compression cylinder
volume plus expansion cylinder volume plus chamber E reaches its combined-minimum-

volume.

[00142] Referring to Figure 1, SSCVCC may generally include a spool cylinder
14, a spool shuttle 15, a combustion chamber 16, which is located within the spool shuttle
15, a combustion chamber port 16A, a spool ring on the compression side 17, a spool ring
on the expansion side 18, a spool cylinder stationary (retracting) ring 19, a spool

connecting rod 20 and a spool crankshaft 21. When used in the embodiments of Figures
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1-15, the SSCVCC may separate compression chamber B and combustion chamber C. In
this situation each chamber may include regions of different fluid pressure. The
movement of SSCVCC within spool cylinder 14 may allow the coupling or decoupling of
fluid communication between chamber B and chamber C via chamber E. During the
compression stroke, as illustrated in Figures 12-15 and 1-4, SSCVCC position within
spool cylinder 14 may prevent high pressure fluid transfer from compression chamber B
into power chamber C as the working fluid of the compression stroke is being restricted
from passing laterally through the gaps between spool cylinder 14 and spool shuttle 15
due to spool ring 17 and spool cylinder retracting (stationary) ring 19. During the
compression stroke (Figures 12-15 and 1-4) the working fluid is being transferred from
chamber B to chamber E. Once chamber E contains the vast majority of compressed
working fluid, during spool shuttle 15 reciprocating motion, combustion chamber E first
couples chamber B with chamber C such as chambers B, E and C are fluidly coupled
(Figures 5 and 6), followed by the decoupling of chamber B (Figure 7) from chamber E
and C. In one exemplary embodiment, at this part of crankshaft 08 cycle (Figure 7), both
the intake stroke (of the next cycle) begins in cylinder 01 and the power stroke continues
in power cylinder 02. The SSCVCC position within spool cylinder 14 may prevent high
pressure fluid transfer from power chamber C into compression chamber B as the
working fluid of the power stroke is being restricted from passing laterally through the
gaps between spool cylinder 14 and spool shuttle 15 due to spool ring 18 and spool
cylinder retracting (stationary) ring 19. The power stroke is depicted in Figures 4-12, in
which the combusted working fluid is expanding in both chamber E and chamber C. As
illustrated in Figure 7, when power piston 04 approaches its BDC exhaust port 13 opens
and the burnt gaseous exhale and the residual pressure in chamber C diminishes. The
entire exhaust stroke is depicted in Figures 12-15 and 1-3, in which the already expanded
combusted working fluid is exhausted from chamber C via exhaust port 13 to ambient
point D. The intake stroke is depicted in Figures 7-12, in which the next quantum of
working fluid is induced into chamber B via intake port 11. Once intake port 11 closes,
(Figure 12), the compression stroke is depicted in Figures 12-15 and 1-4, in which the
next quantum of working fluid is being compressed from chamber B into chamber E via

combustion chamber port 16A.
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[00143] Figures 16-18 depicts another embodiment of a SSCVCC, in which all
components are similar to the components depicted in Figures 1-15 (and are marked by
the same numbers) aside from two modifications: The first modification is that the
combustion chamber structure 16 and combustion chamber E volume are about a third,
for example, in volume compared to the components depicted in Figures 1-15. For a
given set of engine specifications, the sole reduction of combustion chamber structure 16
and combustion chamber E volumes may cause the engine to have a higher compression
ratio. A higher compression ratio is desired when using fuels such as diesel and natural
gas. In Figures 1-15, during engine operation, the vast majority of swept volume, which is
induced during the intake stroke (Figures 6-12) is being compressed and transferred
during the compression stroke (Figures 12-15 and 1-4) into chamber E (while
compression piston 03 reaches its TDC with only a very small residual of working fluid
in chamber B). Thus, reducing chamber E volume, for example by 50%, may almost
double the compression ratio. However, the compression ratio may also be reduced by
increasing the phase lag between the motions of the two pistons: The second modification
depicted in Figures 16-18 relative to Figures 1-15 is that the phase lag between
compression piston 03 and power piston 04 was increased to 26 degrees from 10 degrees,
respectively. Thus, increasing the phase lag between the two pistons has the effect of
reducing the compression ratio. Accordingly, both Figures 1-15 and Figures 16-18, as
exemplary embodiments, have about the same compression ratio of 10 to 1. Thus, the
volume reduction of combustion chamber structure 16 increased the compression ratio,
while increasing the phase lag decreased the compression ratio. The combination of these
two modifications (reduction of combustion chamber structure 16 and combustion
chamber E volumes and modulation of the phase lag between the two pistons) may be
useful in order to design an engine with variable compression ratio by either modulating

the combustion chamber volume or the phase lag, for example.

[00144] Referring to Figure 16, the same components are marked by the same
numbers as in Figures 3. In the exemplary embodiment depicted in Figure 16, chamber E
volume is about one third of chamber E volume in Figure 3. In both Figure 3 and Figure
16 the power piston is at its TDC. In Figure 16 the compression piston is 26 degrees

crankshaft before its TDC while in Figure 3 the compression piston is 10 degrees
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crankshaft before its TDC, thus Figure 16 and Figure 3 have a phase lag of 26 and 10

degrees crankshaft, respectively.

[00145] Referring to Figure 17, the same components are marked by the same
numbers as in Figures 4. In Figure 17 the power piston is at 13 degrees crankshaft after its
TDC and the compression piston is 13 degrees crankshaft before its TDC. At the
exemplary embodiment of Figure 17, this is the point of maximum compression of the
working fluid, which is also the point of minimum volume of the combined volume of
chambers B, E and C. Notice that at this point chambers B, E and C are fluidly coupled
and each chamber holds about one third of the compressed working fluid. As explained
above, in some exemplary embodiments this is a preferred point for combustion to
develop in order to add the combustion induced pressure to the compression pressure.
Figure 4 depicts the power piston is at 5 degrees crankshaft after its TDC and the
compression piston is 5 degrees crankshaft before its TDC, and is also showing the point
of maximum compression. However, decreasing the phase lag between the two pistons in
the exemplary embodiment depicted in Figure 4 may have little effect on the compression
ratio as most of the working fluid is already compressed into chamber E, while decreasing
the phase lag between the two pistons in the exemplary embodiment depicted in Figure 17
could cause a significant increase in the compression ratio at chamber E, as it will force
more working fluid from chambers B and C into the significantly smaller chamber E.
Thus modulation of the phase lag at the exemplary embodiment of Figure 17 may cause a
modulation in the engine compression ratio. This could be an advantage when designing,

for example, multi-fuel engines.

[00146] Referring to Figure 18, the same components are marked by the same
numbers as in Figures 5 and both figures represent the end of the working fluid transfer
process from chamber B via chamber E to Chamber C. In Figure 18 the power piston is at
26 degrees crankshaft after its TDC and the compression piston is at TDC, while in
Figure 5 the power piston is at 10 degrees crankshaft after its TDC and the compression

piston is at TDC.

[00147] Figure 19A is a simplified cross-sectional side view of a split-cycle
SSCVCC engine, wherein the intake and exhaust ports on the compression and

combustion chambers, respectively, are opened and closed by poppet valves. The engine
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includes a compression piston 03 and a power piston 04, and a single crankshaft 09 drives
the compression 03 and power 04 pistons via connecting rods (05 and 06, respectively), in
accordance with an embodiment. The compression piston 03 is placed within the Cold-
Cylinder 01 and forms the intake/compression chamber (B). The power piston 04 is
placed within the Hot-Cylinder 02 and forms the expansion/exhaust chamber (C). The
SSCVCC 15 is placed within its dedicated cylinder 14 and contains the combustion
chamber (F). The SSCVCC 15 contains the combustion chamber (E) and is placed within

its dedicated cylinder 14, which may also be referred to as valve chamber 14.

[00148] Compression cylinder output port 11A fluidly couples compression
chamber (B) and the SSCVCC internal chamber (combustion chamber (E)). Expansion
cylinder input port 13A fluidly couples expansion chamber (C) and the SSCVCC internal
chamber (combustion chamber (E)). Sealing rings 17, 18, 19A, and 19B are positioned
on the SSCVCC to seal the dedicated valve chamber 14 within the engine, and to seal

chambers B, E and C from each other, excluding when their perspective ports align.

[00149] The SSCVCC is mechanically linked to the engine output by a
connecting rod (not shown) through a connecting rod hook 15A. A common camshaft 24
with an intake cam 25 and an exhaust cam 26 actuates the intake valve (30) and an
exhaust valve (not shown). To independently control the Cold- and Hot-Cylinder’s
respective wall temperatures, each has its own temperature regulated liquid cooling
circuit (27 for the Cold-Cylinder and 28 for the Hot-Cylinder), as well as means to

insulate the two cylinders from each other 29.

[00150] Figure 19B is a transparent front view of compression cylinder of
Figure 19A, illustrating the location of the poppet valves relative to the SSCVCC. The
poppet valves are located so that they do not interfere with the movement of the
SSCVCC. Intake poppet valve head 30 is depicted in Figure 19B unseated from intake
poppet valve seat 31, that is, when the compression cylinder is performing its intake
stroke. Rotation of crankshaft 24 causes intake valve cam 25 to move the intake valve
stem 25A toward and away from compression chamber (B), seating and unseating intake
valve head 30 from intake valve seat 31. In the exemplary engine of Figures 19A and

19B, the poppet valves are offset from center, but other arrangements are possible.
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[00151] Figures 20-28 depicts another embodiment of a SSCVCC split-cycle
engine, in which compression cylinder 101 and the power cylinder 102 are arranged in an
opposed configuration (unlike Figures 1-18 in which the compression cylinder 01 and the
power cylinder 02 are arranged in an in-line configuration). Although there are a number
of similarities between the timing and positioning of components in Figures 1-18, a
partial description of the operation of the opposed configuration SSCVCC split-cycle

engine is repeated here for clarity.

[00152] Referring to Figure 20, in accordance with one embodiment, the
opposed configuration SSCVCC split-cycle engine cylinder includes: a compression
cylinder 101, a power cylinder 102, a compression piston 103, compression piston rings
103A, a power piston 104, power piston rings 104A, an intake/compression chamber B,
and an expansion/exhaust chamber C. It also includes two respective piston connecting
rods 105 and 106, a compression crankshaft 107 and a power crankshaft 108. A
crankshaft connecting mechanism that connects power crankshaft 108 and a compression
crankshaft 107 is not shown in Figures 20-28, but it could be, for example, a gear based
mechanism similar to component 09 of Figures 1-18 or any other mechanical linkage
mechanism, such as belts, connecting rods and chains. Still referring to Figure 20, the
split-cycle engine also includes an intake manifold 110, chamber A, an intake port 111,
an exhaust manifold 112, chamber D, and an exhaust port 113. It also includes a spool
cylinder 114, a spool shuttle 115, a combustion chamber 116, which is located within
spool shuttle 115, a combustion chamber port 116A that may couple or decouple with
compression cylinder 101, and combustion chamber port 116B that may couple or
decouple with power cylinder 102. Still referring to Figure 20, the SSCVCC split-cycle
engine also includes a spool ring on the compression side 117, a spool ring on the
expansion side 118, and two spool cylinder stationary (retracting) rings 119A and 119B,
located in annular grooves of spool cylinder 114 close to intake port 111 and exhaust port
113, respectively. Still referring to Figure 20, the split-cycle engine also includes a spool
connecting rod 120 and a spool crankshaft 121, a compression piston protrusion 122 and
a power piston protrusion 123. The compression cylinder 101 is a piston engine cylinder
that houses the compression piston 103, the intake or compression chamber B, and the
intake port 111. The power cylinder 102 is a piston engine cylinder that houses the power

piston 104, the expansion or exhaust chamber C and the exhaust port 113. The
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compression piston 103 and compression chamber B serves the intake and the
compression engine strokes (but not the exhaust stroke). The power piston 104 and
expansion chamber C serves the power and the exhaust strokes (but not the intake stroke).
The connecting rods 105 and 106 connect their respective pistons to their respective
crankshafts. The compression crankshaft 107 converts rotational motion into
compression piston 103 reciprocating motion. The reciprocating motion of the power
piston 104 is converted into rotational motion of the power crankshaft 108, which is
converted to engine rotational motion or work (e.g., the power crankshaft may also serve
as the engine output shaft). The crankshaft connecting mechanism (not shown) translates
the rotation of power crankshaft 108 into rotation of the compression crankshaft 107.
Both compression piston 103 and power piston 104 may have or may not have irregular
structure or protrusion 122 and 123, respectively. The function of these protrusions may
be to decrease the dead space. In an exemplary embodiment, the spool cylinder 114
houses the spool shuttle 115 and both are placed perpendicular to both compression
cylinder 101 and power cylinder 102 that are opposing each other. Spool connecting rods
120 connect spool shuttle 115 to spool crankshaft 121. Spool crankshaft 121 converts
rotational motion into spool shuttle 115 reciprocating motion. Spool crankshaft 121 is
connected via a mechanical linkage mechanism to power crankshaft 108, thus power
crankshaft 108 drives spool crankshaft 121. In another exemplary embodiment, a swash
plate mechanism or a camshaft mechanism could be used to drive spool shuttle 115, for
example. Spool shuttle 115 houses an oval (could be spherical or other shape)
combustion chamber structure 116, combustion chamber structure ports 116A and 116B,
and combustion chamber E. During spool shuttle 115 reciprocating motion, combustion
chamber E alternates between being fluidly connected to compression chamber B and
expansion chamber C. During a portion of spool 115 reciprocating motion, combustion
chamber E may be fluidly connected to both compression chamber B and expansion

chamber C.

[00153] During spool shuttle 115 reciprocating motion, intake port 111 may
open or close as spool shuttle 115 blocks or unblocks intake port 111. Thus, spool shuttle

115 reciprocating motion fluidly couples or decouples chamber A and chamber B.
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[00154] During spool shuttle 115 reciprocating motion, exhaust port 113 may
open or close as spool shuttle 115 blocks or unblocks exhaust port 113. Thus, spool

shuttle 115 reciprocating motion fluidly couples or decouples chamber C and chamber D.

[00155] During spool shuttle 115 reciprocating motion, combustion chamber
structure 116, via combustion chamber port 116A, may be fluidly couple or decouple

from chamber B.

[00156] During spool shuttle 115 reciprocating motion, combustion chamber
structure 116, via combustion chamber port 116B, may be fluidly couple or decouple

from chamber C.

[00157] For a small predetermined portion of spool crankshaft 121 cycle, £30
degrees, for example, from the point in which spool shuttle 115 reciprocating motion
passes through its mid stroke point, chambers B, E and C may be all fluidly connected via

combustion chamber ports 116A and 116B.

[00158] In exemplary embodiments, a predetermined phase delay is introduced
via the crankshafts 107 and 108, such that power piston 104 leads or follows compression
piston 103. Figures 20-28 depicts one such exemplary embodiment in which the
predetermined phase delay that is introduced via the crankshafts 07 and 08 such that

power piston 104 leads compression piston 103 by 10 degrees crank angle.

[00159] In exemplary embodiments, the working fluid (air-fuel charge) resides
between intake manifold 110 and port 111 in chamber A. The intake port 111, located on
the compression cylinder 101, may govern the flow of the naturally aspirated ambient air
or the carbureted air/fuel charge, or forced induction of the charge, into the compression
cylinder 101. The location of the compression piston 103 when the intake port opens
and/or closes may vary. In some exemplary embodiments, the timing of the opening
and/or closing of the intake port may vary. In one example, the intake port may open
within the range of a few crankshaft degrees before the compression piston 103 reaches
its TDC through approximately 50 crankshaft degrees after the compression piston 103
reaches its TDC. In one example, the intake port may close within the range of a few
crankshaft degrees around compression piston 103 BDC through approximately 70

crankshaft degrees after the compression piston 103 reaches its BDC.
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[00160] In one embodiment, the intake port may open in a range of crankshaft
degrees starting when compression piston 103 reaches its TDC through approximately 10
crankshaft degrees after the compression piston 103 reaches its TDC. At BDC, which is
the end of the intake stroke, working fluid may continue to enter the cylinder due to the
wave dynamics in the intake system and fluid inertia. For this reason it is may be
advantageous to close the intake port after the compression piston BDC. In one
embodiment, the intake port 111 may close within the range of a few crankshaft degrees
before the compression piston 103 reaches its BDC until approximately 70 crankshaft
degrees after the compression piston 103 reaches its BDC. In one example, the intake
port may close within a narrower range starting when compression piston 103 reaches its
BDC until approximately 50 crankshaft degrees after the compression piston 103 reaches

its TDC.

[00161] In exemplary embodiments, the exhaust port 111 located on the power
cylinder 102 may govern the exhalation of burned gases. The location of the power piston
104 when the exhaust port opens may vary. In some exemplary embodiments, the exhaust
port may open approximately 60 crankshaft degrees before power piston 104 reaches its
BDC through approximately 20 crankshaft degrees after power piston 104 reaches its
BDC. The location of the power piston 104 when the exhaust port closes may also vary.
In some exemplary embodiments, the exhaust port may close approximately 15
crankshaft degrees before power piston 104 reaches its TDC until approximately 5

crankshaft degrees after power piston 104 reaches its TDC.

[00162] In one embodiment, the exhaust port may open within a range starting
when power piston 104 reaches its BDC until approximately 30 crankshaft degrees after
the power piston 104 reaches its BDC. In one embodiment, the exhaust port may close
within a narrower preferred range starting 5 degrees before power piston 104 reaches its

TDC through approximately when power piston 104 reaches its TDC.

[00163] In one embodiment, the spool cylinder 114 houses the spool shuttle

115 and both are placed perpendicular to both compression cylinder 101 and power
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cylinder 102. The spool connecting rods 120 connect spool shuttle 115 to spool
crankshaft 121. The spool crankshaft 121 converts rotational motion into spool shuttle
115 reciprocating motion. Spool shuttle 115 houses an oval (for example) combustion
chamber structure 116, combustion chamber structure ports 116A and 116B, and
combustion chamber E. During spool shuttle 115 reciprocating motion, combustion
chamber E alternates between being fluidly connected to compression chamber B and/or
expansion chamber C. During the same spool shuttle 115 reciprocating motion, intake

port 111 and exhaust port 113 may move toward open or close positions.

[00164] The detailed description of the thermodynamic cycle of the SSCVCC
split-cycle engine in-line configuration (Figures 1-15) is very similar to the
thermodynamic cycle of the SSCVCC split-cycle engine opposed configuration, and
therefore the principles and valve timings described for the in-line configuration may

apply to the opposed configuration as well.

[00165] The detailed description of the thermodynamic cycle of the SSCVCC
split-cycle engine in-line configuration depicted in Figures 1-15 is very similar to the
thermodynamic cycle of the SSCVCC split-cycle engine opposed configuration, depicted
in Figures 20-28 and therefore the principles and valve timings described for the in-line

configuration may apply to the opposed configuration as well.

[00166] The description of the effects of the reduction of combustion chamber
E volume and modulation of the phase lag for the SSCVCC split-cycle engine in-line
configuration (Figures 16-18) may apply to the SSCVCC split-cycle engine opposed

configuration as well (Figures 20-28).

[00167] Referring again to Figure 20, the SSCVCC may generally include
spool cylinder 114, spool shuttle 115, combustion chamber 116, which is located within
the spool shuttle 115, combustion chamber ports 116A and 116B, spool ring on the
compression side 117, spool ring on the expansion side 118, spool cylinder stationary
(retracting) rings 119A and 119B, spool connecting rod 120 and spool crankshaft 121.
When used in the embodiments of Figures 20-28, the SSCVCC may separate
compression chamber B and combustion chamber C. In this situation each chamber may
include regions of different fluid pressure. The movement of spool shuttle 115 within

spool cylinder 114 may allow the coupling or decoupling of fluid communication
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between chamber B and chamber C via chamber E. During the compression stroke, as
illustrated in Figures 28, 20 and 21, the SSCVCC position within spool cylinder 114 may
prevent high pressure fluid transfer from compression chamber B into power chamber C
as the working fluid of the compression stroke is being restricted from passing laterally
through the gaps between spool cylinder 114 and spool shuttle 115 due to spool ring 117
and spool cylinder retracting (stationary) rings 119A and 119B. During the compression
stroke (Figures 28, 20 and 21) the working fluid is being transferred from chamber B to
chamber E. Once chamber E contains the vast majority of compressed working fluid,
during spool shuttle 115 reciprocating motion, combustion chamber E first couples
chamber B with chamber C such that chambers B, E and C are fluidly coupled (Figures
22 and 23), followed by the decoupling of chamber B (Figure 24) from chamber E and C.
In one exemplary embodiment, at this part of crankshaft 108 cycle (Figure 24), both the
intake stroke (of the next cycle) begins in cylinder 101 and the power stroke continues in
power cylinder 102. The SSCVCC position within spool cylinder 114 may prevent high
pressure fluid transfer from power chamber C into compression chamber B as the
working fluid at the power stroke is being restricted from passing laterally through the
gaps between spool cylinder 114 and spool shuttle 115 due to spool ring 118 and spool
cylinder retracting (stationary) rings 119A and 119B. The power stroke is depicted in
Figures 22-26, in which the combusted working fluid in chamber E is expanding in both
chamber E and chamber C (via combustion chamber port 116B). As illustrated in Figure
27, exhaust port 113 is just about to open and as illustrated in Figure 28 exhaust port 113
is already open and the burnt gases exhale (and chamber C high pressure diminishes). The
exhaust stroke is depicted in Figures 28 and 20-22, in which the already expanded
combusted working fluid is exhausted from chamber C via exhaust port 113 and exhaust
manifold 112 (and potentially other apparatus) to ambient point D. The intake stroke is
depicted in Figures 24-26 and ends in Figure 27, in which the next quantum of working
fluid is induced into chamber B via intake port 111. Once intake port 111 closes, (Figure
27), the compression stroke is depicted in Figures 28 and 20-21, in which the next portion
of working fluid is being compressed from chamber B into chamber E via combustion

chamber port 116A.

[00168] The SSCVCC split-cycle engine divides the strokes performed in

conventional internal combustion engines by a single piston and cylinder into two
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thermally differentiated cylinders in which each cylinder executes half of the four-stroke
cycle. A relatively “cold” cylinder executes the intake and compression, but not the
exhaust stroke, and a “hot” cylinder executes the combustion and exhaust, but not the
intake stroke. A SSCVCC split-cycle engine opposed configuration, as depicted in
Figures 20-28 for an exemplary embodiment, may more easily implement thermally
differentiated cylinders compared to a SSCVCC split-cycle engine in line configuration
(as depicted in Figures 1-15 for an exemplary embodiment), while the packaging of an
SSCVCC split-cycle engine in line configuration is more conventional compared to an

SSCVCC split-cycle engine opposed configuration.

[00169] Figures 29-34 depict another embodiment of a SSCVCC split-cycle
engine, in which compression cylinder 201 and the power cylinder 202 are arranged in an
opposed configuration (similar to Figures 20-28 in which the compression cylinder 101
and the power cylinder 102 are arranged in an opposed configuration, but unlike Figures
1-18 in which the compression cylinder 01 and the power cylinder 02 are arranged in an
in-line configuration). The embodiment depicted in Figures 29-34 may enable an
implementation of a near ideal thermodynamic process by completely separating the
compression, combustion and expansion phases, as will be explained below. Although
there are a number of similarities between the timing, mode of operation, and positioning
of components in the embodiment described in Figures 20-28 and the embodiment
described in Figures 29-34, a partial description of the embodiment depicted in Figures
29-34 is provided here for clarity with a focus on the differences between the two
embodiments. Figures 29-34 does not describe the complete engine operation but rather
focus on the unique way by which the compressed working fluid may be transferred,

combusted and expanded, in this exemplary embodiment.

[00170] Referring to Figure 29, in accordance with one embodiment, the
opposed configuration SSCVCC split-cycle engine cylinder includes: a compression
cylinder 201, a power cylinder 202, a compression piston 203 (the black arrow represents
the direction of the piston 203 movement), a power piston 204 (the black arrow represent
the direction of the piston 204 movement), an compression chamber B, and an expansion
chamber C, a compression port 207 and an expansion port 208. The design also include
the following components that are not depicted in Figure 29 but are similar in structure

and function to the corresponding components that are depicted in Figures 1-28: Two

40



WO 2015/009959 PCT/US2014/047076

respective piston connecting rods, a compression crankshaft and a power crankshaft, a
crankshaft connecting mechanism that connects the power crankshaft, a compression
crankshaft, an intake poppet valve and an exhaust poppet valve (the intake and exhaust
poppet valves are depicted in Figure 34 as components 205 and 206, respectively), a
spool connecting rod and a spool crankshaft. Still referring to Figure 29, the split-cycle
engine also includes a spool cylinder 214, a spool shuttle 215 (the black arrow represent
the direction of the spool shuttle 215 movement), a combustion chamber 216, which is
located within spool shuttle 215, a combustion chamber port 216A that may couple or
decouple with compression cylinder 201, and combustion chamber port 216B that may
couple or decouple with power cylinder 202 and combustion chamber port 216C that may
couple or decouple with a spark plug (the spark plug is not shown in Figure 29 but is
shown as component 211 in Figures 31 and 34). Still referring to Figure 29, the SSCVCC
split-cycle engine also includes the following rings on the part of the spool which is
closer to compression cylinder 201: A lateral spool oil control ring 217A, a spool
compression ring 2178, which is located more central than oil control ring 217A but in
close proximity to spool oil control ring 217A, a second more central spool compression
ring 217C, and a third spool compression ring 217D in relative close proximity to
combustion chamber ports 216A and 216B. Still referring to Figure 29, the SSCVCC
split-cycle engine also includes the following rings on the part of the spool which is
closer to expansion cylinder 202: A lateral spool oil control ring 218 A, a spool
compression ring 2188, which is located more central than oil control ring 218 A but in
close proximity to spool oil ring 218A, a second more central spool compression ring
218C and a third spool compression ring 218D in a relative close proximity to
combustion chamber ports 216A and 216B, but on the opposite side of ports 216A and
2168 relative to spool compression ring 217D . Still referring to Figure 29, the SSCVCC
split-cycle engine also employs a compression piston protrusion 222 and a power piston
protrusion 223. The compression cylinder 201 is a piston engine cylinder that houses
compression piston 203, compression chamber B, and intake valve (the intake valve is not
shown in Figure 29 but is shown as component 205 in Figure 34). The power cylinder
202 is a piston engine cylinder that houses power piston 204, expansion chamber C and
the exhaust valve (the exhaust valve is not shown in Figure 29 but is shown as component
206 in Figure 34). The compression piston 203 and compression chamber B serves the

intake and the compression engine strokes. The power piston 204 and expansion chamber
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C serves the power and the exhaust strokes. The connecting rods connect their respective
pistons to their respective crankshafts (not shown). The compression crankshaft converts
rotational motion into compression piston reciprocating motion (not shown). The
reciprocating motion of the power piston 204 is converted into rotational motion of the
power crankshaft, which is converted to engine rotational motion or work (not shown;
e.g., the power crankshaft may also serve as the engine output shaft and may actuate
spool shuttle 215). The crankshaft connecting mechanism (e.g. gear train, chain drive,
belt drive, etc.) translates the rotation of power crankshaft into rotation of the
compression crankshaft (not shown). Both compression piston 203 and power piston 204
may have or may not have irregular structure or protrusion 222 and 223, respectively. The
function of these protrusions may be to decrease the dead space. In an exemplary
embodiment, the spool cylinder 214 houses the spool shuttle 215 and both are placed
perpendicular to both compression cylinder 201 and power cylinder 202 that are opposing
each other. A spool connecting rod (not shown) connects spool shuttle 215 to a spool
crankshaft (not shown). The spool crankshaft (not shown) converts rotational motion into
spool shuttle 215 reciprocating motion. Spool crankshaft is connected via a mechanical
linkage mechanism (e.g. gear train, chain drive, belt drive, etc.) to the power crankshaft,
thus the power crankshaft drives the spool crankshaft (not shown). Spool shuttle 215
houses a spherical (could be oval or any other shape) combustion chamber structure 216,
combustion chamber structure ports 216A, 216B, and 216C, and combustion chamber E.
At one exemplary embodiment depicted in Figures 29-34, during spool shuttle 215
reciprocating motion, combustion chamber E alternates between being fluidly coupled or
decoupled to compression chamber B and expansion chamber C. During spool shuttle 215
reciprocating motion, in the exemplary embodiments depicted in Figures 29-34,
combustion chamber E may also be fluidly decoupled from both compression chamber B
and expansion chamber C for a limited portion of the cycle (as shown in Figure 31). In
other exemplary embodiments, during spool 215 reciprocating motion, combustion
chamber E may or may not be fluidly connected to both compression chamber B and

expansion chamber C (similar to the embodiment depicted in Figures 1-28).

[00171] Referring to Figures 29-33, during spool shuttle 215 reciprocating
motion, chamber E and combustion chamber structure 216, via combustion chamber port

216A and compression port 207, may be fluidly coupled or decoupled from chamber B.
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[00172] Referring to Figures 29-33, during spool shuttle 215 reciprocating
motion, combustion chamber E and combustion chamber structure 216, via combustion

chamber port 216B, may be fluidly coupled or decoupled from chamber C.

[00173] Referring to Figures 29-33, during spool shuttle 215 reciprocating
motion, combustion chamber structure 216, via combustion chamber port 216C, may be
directly exposed or unexposed to a spark plug (the spark plug is not shown in Figure 29

but is shown as component 211 in Figures 31 and 34).

[00174] For a small predetermined portion of spool crankshaft cycle, 30
degrees, for example, from the point in which spool shuttle 215 reciprocating motion
passes through its mid stroke point, chambers E may be decoupled from both chamber B
and C and may have combustion initiated and developed solely in chamber E. The
combustion may continue to develop and occur in both chamber E and chamber C once

they are fluidly coupled.

[00175] In exemplary embodiments, predetermined phase delay is introduced
via the compression piston and the power piston crankshafts, such that power piston 204
leads or follows compression piston 203. Figures 29-33 depicts one such exemplary
embodiment in which the predetermined phase delay that is introduced via the
compression piston and the power piston crankshafts, is such that compression piston 203

leads the power piston 204 by 47 degrees crank angle.

[00176] In exemplary embodiments, the intake valve (the intake valve is not
shown in Figure 29 but is shown as component 205 in Figure 34) is composed of a shaft
having a conically shaped sealing surface, as is commonly known in the art as a poppet
valve. The intake valve, located on the compression cylinder 201, controls the flow of the
naturally aspirated ambient air, or the carbureted air/fuel charge, or forced induction of
the charge, into the compression cylinder 201. The compression cylinder 201 has at least
one intake valve. In some exemplary embodiments, the intake valve location, relative to
the position of compression piston 203, function, and operation may be similar or
identical to the intake valves of conventional four-stroke internal combustion engines.
The location of the compression piston 203 when the intake valve opens and/or closes
may vary. In some exemplary embodiments, the timing of the opening and/or closing of

the intake valve may vary. In one example, the intake valve may open within the range of
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a few crankshaft degrees before the compression piston 203 reaches its TDC until
approximately 40 crankshaft degrees after the compression piston 203 reaches its TDC. In
one example, the intake valve may close within the range of a few crankshaft degrees
after the compression piston 203 reaches its BDC until approximately 70 crankshaft

degrees after the compression piston 203 reaches its BDC.

[00177] In one embodiment, the intake valve may open when compression
piston 203 reaches its TDC through approximately 10 crankshaft degrees after the
compression piston 203 reaches its TDC. At BDC, which is the end of the intake stroke,
working fluid continues to enter the cylinder due to the inertia of the charge. For this
reason it is may be advantageous to close the intake valve after the compression piston
BDC. In one embodiment, the intake valve may close within the range of a few
crankshaft degrees before the compression piston 203 reaches its BDC until
approximately 70 crankshaft degrees after the compression piston 203 reaches its BDC.
In one example, the intake valve may close within a narrower range starting when
compression piston 203 reaches its BDC until approximately 50 crankshaft degrees after

the compression piston 203 reaches its TDC.

[00178] In exemplary embodiments, the exhaust valve (the exhaust valve is not
shown in Figure 29 but is shown as component 206 in Figure 34) is composed of a shaft
having a conically shaped sealing surface, as is commonly known in the art as a poppet
valve. The exhaust valve, located on the power cylinder 202 may govern the exhalation
of burned gases. The power cylinder 202 has at least one exhaust valve. In some
exemplary embodiments, the exhaust valve location, function and operation may be
similar or identical to exhaust valves of conventional four-stroke internal combustion
engines. The location of the power piston 204 when the exhaust valve opens may vary. In
some exemplary embodiments, the exhaust valve may open approximately 60 crankshaft
degrees before power piston 204 reaches its BDC until approximately 20 crankshaft
degrees after power piston 204 reaches its BDC. The location of the power piston 204
when the exhaust valve closes may also vary. In some exemplary embodiments, the
exhaust valve may close approximately 15 crankshaft degrees before power piston 204
reaches its TDC until approximately 5 crankshaft degrees after power piston 204 reaches

its TDC.
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[00179] In one embodiment, the exhaust valve may open within a range starting
when power piston 204 reaches its BDC until approximately 30 crankshaft degrees after
the power piston 204 reaches its BDC. In one embodiment, the exhaust valve may close
within a narrower preferred range starting 5 degrees before power piston 04 reaches its

TDC until approximately when power piston 204 reaches its TDC.

[00180] In one embodiment, the spool cylinder 214 houses the spool shuttle
215 and both are placed perpendicular to both compression cylinder 201 and power
cylinder 202. The spool connecting rods connect spool shuttle 215 to a spool crankshaft.
The spool crankshaft converts rotational motion into spool shuttle 215 reciprocating
motion. Spool shuttle 215 houses a spherical (for example) combustion chamber structure
216, combustion chamber structure ports 216A, 216B, 216C, and combustion chamber E.
During spool shuttle 215 reciprocating motion, combustion chamber E alternates between

being fluidly connected to compression chamber B or expansion chamber C.

[00181] Referring again to the embodiment of Figures 29-33, which depict in
more detail the portion of the SSCVCC cycle that includes the transfer of the working
fluid from chamber B via chamber E to chamber C. Referring to Figure 29, the SSCVCC
may separate compression chamber B and combustion chamber C, such that each
chamber may include regions of different working fluid pressure. During the compression
stroke the working fluid is being transferred from chamber B to chamber E. A few
crankshaft degrees before compression piston 203 reaches TDC (Figure 29), spool shuttle
215 position within spool cylinder 214 may prevent high pressure fluid transfer from
compression chamber B into power chamber C due to spool ring 218C. As compression
piston 203 reaches its TDC (Figure 30), which is the end of the compression stroke,
almost the entire compressed working fluid is transferred from chamber B to chamber E
via compression port 207 and combustion chamber port 216A. Spool shuttle 215 position
within spool cylinder 214 may prevent high pressure fluid transfer from compression
chamber B and chamber E into expansion chamber C due to spool ring 218D. This is
because that at the time compression piston 203 is at TDC (Figure 30) the compressed
working fluid is being restricted from passing laterally through the gaps between spool
cylinder 214 and spool shuttle 215 due to spool ring 218D and spool ring 217C. Once
chamber E contains the vast majority of compressed working fluid, during spool shuttle

215 continued reciprocating motion (IFigure 31), combustion chamber E decouples from
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chamber B due to spool ring 217D, while still being decoupled from chamber C, due to
spool ring 218D. Thus, chamber E contains the vast majority of compressed working
fluid that may be ignited by spark plug 211, which is located on spool cylinder 214 and is
in alignment with combustion chamber port 216C (Figure 31). In one exemplary
embodiment, at this part of the cycle (Figure 31), the intake stroke of the next cycle
begins in cylinder 201 as the intake valve opens (not shown) and compression piston 203
starts its movement toward its BDC. Also, at this part of the cycle (Figure 31), power
piston 204 is getting closer to its TDC, pushing the final portion of the burnt working
fluid through the open exhaust valve (not shown). Following that, once the power piston
reaches its TDC (Figure 32) the exhaust valve closes (not shown). During spool shuttle
215 continued reciprocating motion (black arrow) chamber E is coupled to chamber C via
combustion chamber port 216B and expansion port 208, as depicted in Figure 32.
Consequently, the combusting working fluid is expanded in both chamber E and chamber
C, which increases its volume due to power piston 204 movement away from its TDC
(black arrow on piston 204). The undesired transfer of high pressure working fluid from
combustion chamber E and power chamber C back into compression chamber B is being
restricted due to spool ring 217D (Figure 32). Spool ring 218C restricts undesired leakage
of high pressure working fluid from combustion chamber E and power chamber C
laterally through the gaps between spool cylinder 214 and spool shuttle 215. The
beginning of the power stroke is depicted in Figures 32 and 33, in which the combusted
working fluid is chamber E is expanding in both chamber E and chamber C (via
combustion chamber port 216B and expansion port 208). Figures 32 and 33 depict also
the continued intake stroke, in which the next load of working fluid is induced into

chamber B.

[00182] The description of the portion of the SSCVCC thermodynamic cycle
that includes first the transfer of the working fluid from chamber B to chamber E, and
only after chamber E decouples from chamber B the working fluid is transferred, as a
second step, from chamber E to chamber C, is provided above for the exemplary
embodiment depicted in Figures 29-33. For this exemplary embodiment, the rest of the
engine cycle (the continuation of the intake stroke followed by a compression stroke in

cylinder 201 and the continuation of the power stokes followed by an exhaust stroke in
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cylinder 202) may be similar to the thermodynamic cycles and processes depicted in

Figures 1-28.

[00183] Figure 34 is a 3D drawing in accordance with one embodiment (that is
also depicted in Figures 29-33 in 2D) that depicts a way to arrange the SSCVCC together
with conventional intake and exhaust poppet valves. Figure 34 depicts only a partial
selection of the embodiment components which includes: a compression cylinder 201, a
power cylinder 202, an intake poppet valve 205, an exhaust poppet valve 206, an
expansion port 208, and an engine connecting plate 210, which serves as a cylinder head
for both cylinders. Still referring to Figure 34, the split-cycle engine also includes a spark
plug 211, several connecting plate cooling channels 212 (in which oil or coolant is being
circulated), a spool cylinder 214, a spool shuttle 215, a combustion chamber located
within spool shuttle 215 (not shown) and combustion chamber port 216A. The engine
connecting plate 210 also serves as the engine head for both compression cylinder 201
and power cylinder 202. The engine connecting plate 210 also houses spool cylinder 214

and spool shuttle 215.

[00184] Figure 34 depicts combustion chamber port 216B in full alignment
with expansion port 208, which enable the coupling of combustion chamber E with power
chamber C. Figure 34 depicts in 3D the same part of the engine cycle that is depicted in
2D in Figure 33, in which the combusted working fluid in chamber E is expanding in both

chamber E and chamber C.

[00185] Figure 34 also depicts, in accordance with one embodiment, a way to
arrange the spool cylinder 214 and spool shuttle 215 together with conventional intake
and exhaust poppet valves 205 and 206, respectively. Connecting plate 210 may, for
example, house spool cylinder 214 and spool shuttle 215 in such a way that they cover
only half of compression cylinder 201 and power cylinder 202 heads. This may allow
spool shuttle 215 reciprocating motion to couple or decouple combustion chamber ports
216A and 216B with compression port 207 and expansion port 208, respectively. The
remaining half of compression cylinder 201 head, which is not covered by spool cylinder
214, may house intake valve 205. The remaining half of power cylinder 202 head, which
is not covered by spool cylinder 214, may house exhaust valve 206. The exemplary

embodiment depicted in Figures 29-34 describes the complete decoupling of chambers B,
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E and C into three separate chambers, during a finite crank angle interval (the transfer of
the working fluid from compression cylinder 01 to power cylinder 02). This may be used
to implement a thermodynamic cycle with true isochoric combustion in chamber E. If, in
addition, chamber E may be constructed from materials of low thermal conductivity (e.g.
ceramics), the resulting thermodynamic cycle closely approximates the ideal adiabatic
cycle which is known to maximize thermal efficiency. After compression piston 203
reaches TDC, the working fluid almost completely resides within chamber E. As the
spool shuttle 215 continues to travel towards the power cylinder 202 (Figures 30 and 31),
chamber E decouples from the compression cylinder (chamber B). At this point, ignition
may be initiated (via sparkplug 211 through spark plug port 216C) while the spool shuttle
215 continues to travel towards the power cylinder (chamber C). If combustion
completes (or almost completes) before spool shuttle 215 reaches expansion port 208
(Figure 32), then the combustion closely approximates isochoric combustion. If
combustion does not complete before spool shuttle 215 reaches expansion port 208, then

combustion continues in both chamber E and chamber C.

[00186] The SSCVCC split-cycle engine and the exemplary embodiments
depicted in Figures 1-34 divides the strokes performed by a single piston and cylinder of
conventional internal combustion engines into two thermally differentiated cylinders in
which each cylinder executes half of the four-stroke cycle. A relatively “cold” cylinder
executes the intake and compression, but not the exhaust stroke, and a thermally insulated
“hot” cylinder executes the combustion (or part of the combustion) and exhaust, but not
the intake stroke. Chamber E may be thermally insulated as well. Compared to
conventional engines, this advantageous system may enable the split-cycle engine to work
at higher combustion chamber wall temperatures and at lower intake and compression
chamber wall temperatures. Utilizing higher combustion chamber wall temperatures
reduces engine cooling requirements while maintaining lower intake and compression
chamber wall temperatures lowers compression energy requirements, and thus boost
engine efficiency. Additionally, thermally insulating chamber E (combustion chamber
structures 16, 116, and 216 from the external environment) and the power cylinder,
according to exemplary embodiments, may reduce external heat losses and thus enables a
larger portion of the fuel heat energy to be converted into useful work. The power

cylinder may be thermally insulated or may not be thermally isolated.
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[00187] The SSCVCC split-cycle engine and the exemplary embodiments
depicted in Figures 1-34 may use exhaust heat capture and heat reutilization during
exhaust, in accordance with some exemplary embodiments (not shown; further details are
described within U.S. Patent No. 7,273,023, the disclosure of which is incorporated by
reference herein in its entirety). The exhaust gas travels through passages, thereby
conducting heat back into the power cylinder walls. Passages may circumvent the
chamber in a helical manner, travelling the length of the chamber and back again to the
ambient exhaust. The power cylinder 01, 101, and 201 may also utilize an external
isolation cover 38 (e.g., honeycomb structure or equivalent), which prevents heat leakage.
Meanwhile, compression cylinder 02, 102 and 202 temperatures may be reduced by

utilizing heat diffusers (cooling fins if air-cooled).

[00188] The SSCVCC split-cycle engine and the exemplary embodiments
depicted in Figures 1-34 may be designed to have improved efficiency by having the first
cylinder smaller than the second cylinder (not shown; Further details are described within
U.S. Patent 2010/0186689 Al the disclosure of which is incorporated by reference herein
in its entirety) , in accordance with exemplary embodiments. Greater volume in power
cylinder 02, 102 and 202 (the second cylinder) relative to compression cylinder 01, 101
and 201 (the first cylinder) enables a larger expansion ratio than compression ratio,
respectively. The added expansion volume enables additional conversion of heat and
pressure to mechanical work. A larger expansion ratio than compression ratio may greatly
increase engine efficiency in an internal combustion engine, similar to Miller and
Atkinson cycles performed in conventional engines, for example. Having a larger
expansion ratio than compression ratio could be better design with split-cycle engines
than in conventional engines as the size and shape of each cylinder (both the
compression cylinder and expansion cylinder) could be designed independently of each

other.

[00189] The SSCVCC split-cycle engine and the exemplary embodiments
depicted in Figures 1-34 may be designed to have supercharged capabilities, in
accordance with exemplary embodiments (not shown; further details are described within
U.S. Patent 2010/0186689 Al the disclosure of which is incorporated by reference herein
in its entirety). Accordingly, the volume of the compression cylinder is designed to be

larger than the volume of power cylinder, thereby allowing a greater volume of air/fuel
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mixture to be received and compressed in the compression chamber B. During the
compression stroke, the larger volume and increased pressure of compressed air/fuel
mixture (i.e., “supercharged” fuel mixture) in the compression chamber B is transferred
into the combustion chamber C via chamber E. Alternatively, when using direct
injection, a greater amount of fuel may be injected into the combustion chamber C of the
power cylinder. Both approaches provide more power and torque (higher power density),

during the power stroke.

[00190] Figure 35 is a graph illustrating pressure profiles for an exemplary
split-cycle engine incorporating a SSCVCC. A simulation was performed for an engine
with zero phase-lag and each cylinder having a capacity of 500cc. The engine was
operated at 2400 RPM during a single cycle. The pressure (unit: bar) is represented on
the y-axis and crank-shaft angle is represented along the x-axis. The pressures in each of
the Hot-Cylinder or power chamber (dark gray line), Cold-Cylinder or compression

chamber (black line), and SSCVCC (gray dashed line) are represented on the graph.

[00191] The thermodynamic cycle is also represented: the compression stroke
of the Cold-Cylinder is depicted by the black line between points 1 and 2 and the gray
dashed line represents the pressure in the SSCVCC which is fluidly connected with the
Cold-Cylinder during this part of the cycle; combustion within the SSCVCC and the Hot-
Cylinder is depicted by the gray dashed line and dark gray line between points 2 and 3;
expansion (power stroke) of the combusting working fluid in the SSCVCC, while being
fluidly coupled to the Hot-Cylinder is depicted by the light gray dashed line and dark gray
line between points 3 and 4; The intake stroke of the next cycle is shown by the black line
between points 2 and 4; and, the exhaust stroke is shown by the dark gray line between

points land 5.

[00192] It should be noted that, for clarity, the gray dashed line (SSCVCC
pressure) has been shifted upward slightly so that it does not overlap other lines in Figure
35. However, the gray dashed line between points 1 and 2 is the same as the black line

(cold cylinder) and between points 3 and 4 is the largely the same as the dark gray line.

[00193] Referring again to Figure 35, the pressure in the Cold-Cylinder is low
at 180 crankshaft degrees (point 1) and slowly rises as the compression stroke continues.

At point 2, the compression stroke is almost complete and the working fluid has been
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transferred to the SSCVCC. After O crankshaft degrees, the compression piston moves
away from top dead center and the pressure within the Cold-Cylinder begins to drop
quickly. The intake valve/port opens and working fluid is being drawn in during this

period.

[00194] Referring again to Figure 35, the pressure in the Hot-Cylinder is also
low at -180 crankshaft degrees (point 1) and continues to stay low during the exhaust
phase and until the hot cylinder is fluidly coupled to the SSCVCC (point 5). At or before
that point, the exhaust valve/port closes. At that point (point 5), the pressure in the Hot-
Cylinder suddenly rises as the compressed fluid in the SSCVCC fills the available
combustion chamber volume. As the SSCVCC couples with the Hot-Cylinder (point 2),
compressed and combusted working fluid fills any small volume existing (Chamber C) in
the Hot-Cylinder, when the power piston is in its top dead center. Combustion occurs at
point 2 and onward, the pressure within the SSCVCC and the Hot-Cylinder continues to
rise due to the expansion of the working fluid. The power stroke begins at point 3 and
pressure drops until the combustion piston reaches bottom dead center (point 4). The

exhaust valve/port may open at point 4.

[00195] A negligible pressure drop across the SSCVCC ports is demonstrated
by the closely matching yellow dashed curve and blue curve in Figure 35 (while the
SSCVCC input port is aligned with the compression cylinder output port; between points
1 and 2), and while the SSCVCC output port is open and coupled with the expansion
cylinder input port (between points 3 and 4) as seen by the closely matching red and
yellow dashed curves. The output SSCVCC port is the same port as the SSCVCC input
port in an inline configuration (Figure 1-19) and a second port in an opposed
configuration (figures 20-33). Accordingly, using an SSCVCC may not cause substantial
pressure loss and may ensure the efficient transfer of the compressed intake charge from
the Cold-Cylinder to the Hot-Cylinder. One of skill in the art will also notice that the
split-cycle engine in Figure 35 closely emulates the thermodynamic cycle of traditional 4-
stroke engines (integrated cycle), with no energy losses (due to the transfer of the
working fluid between Cold- and Hot-Cylinder) that may be suffered by prior art split-

cycle engines.
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[00196] The pressure profile of Figure 35 is offered for exemplary purposes. It
should be noted that these curves may change when using different cylinders size. For
example, the curves may be different when implementing a split-cycle engine having a
larger expansion ratio than compression ratio, with the area under the curve between

points 3 and 4 increasing, indicating higher efficiency.

[00197] Minimizing the dead volume may be beneficial in split-cycle engines
in general and in split-cycle engine with a SSCVCC, in particular. In a typical split-cycle
engine there are at least 3 potential instances of dead volume, and for ease of description
the current SSCVCC split-cycle engine design will be used as an example. The 3
potential instances of dead volume are: 1) When compression piston 03 is at its TDC
(Figure 5), any residual volume at chamber B is considered dead volume since it will hold
compressed working fluid that would not be transferred to chambers E and C to
participate in the power (combustion) stroke; 2) When power piston 04 is at its TDC
(Figure 3), any residual volume at chamber C is considered dead volume since it will
cause a partial decompression of the working fluid at chamber E when the combustion
chamber structure 16 (see also structures 116 and 216) via combustion chamber port 16A
fluidly connects with expansion chamber C (decompression of the working fluid without
doing any work reduces efficiency); and 3) Any portion of the volume within chamber E
that holds working fluid that is being prevented to participate in the power (combustion)
stroke is considered dead volume as not having this working fluid combusted reduces
efficiency. This third type of dead volume is less applicable for a SSCVCC split-cycle
engine, and is more relevant to other split-cycle engine that have connecting tubes
between chamber B and chamber C, in which the connecting tube holds working fluid
that is not combusted. The spool shuttle crossover valve and combustion chamber as
illustrated in its various embodiments in Figures 1 through 33 reduces all the 3 sources of
dead volume that were described above: 1) When compression piston 03 is at its TDC
(Figure 5) in maximal proximity to the cylinder head, almost all the working fluid has
been transferred from compression cylinder 01 and chamber B to chamber E. Protrusion
22 further eliminates any residual dead volume. Almost all of the working fluid is
transferred to chamber E to participate in the subsequent power (combustion) stroke; 2)
When power piston 04 is at its TDC (Figure 3), in closest proximity to its cylinder head,

the combustion chamber protrusion 23 eliminates any residual dead volume at chamber

52



WO 2015/009959 PCT/US2014/047076

C. Therefore, when spool shuttle 15 and combustion chamber structure 16 become fluidly
connected to expansion chamber C (Figures 4 and 5), almost no decompression of the
working fluid at chamber C occurs. Avoiding decompression of the working fluid at this
stage of the cycle prevents reduced efficiency; and, 3) Throughout the power stroke
(Figures 4 through 12), chamber E is in direct fluid connection with chamber C.
Therefore, all the working fluid within chamber E is participating in the combustion
(power) stroke. Using protrusion 22 and 23 is one example of how to eliminate any
residual dead volume at chambers B and C, respectively. There are other methods known
to the art to eliminate any residual dead volume, for example by having the two piston

heads shaped with an outward curve profile.

[00198] An exemplary embodiment of a SSCVCC will now be discussed with
reference to Figures 1 -35. The SSCVCC may be used as a crossover valve and
combustion chamber in the embodiments described above with respect to Figures 1-15. It
should be understood that use of the SSCVCC is not limited to the embodiments
described above with respect to Figures 1-15, but may be used in other applications,
including other types of split-cycle engines, four-stroke engines, rotary engines and
compressors, for example. The properties of the SSCVCC are particularly advantageous
for situations where conventional poppet valves would require overly aggressive cam
profiles to satisfy the flow requirements. The properties of a SSCVCC may be
advantageous as it substitutes the need to use very fast conventional poppet valves. Since
any known split-cycle engine uses at least one crossover valve, and since other split-cycle
crossover valve cam profile operation requirements are about 2-6 times steeper than
common IC engine valves, the use of a SSCVCC as part of any split-cycle engine is of

great value.

[00199] The spool connecting rods 20 connect spool shuttle 15 to spool
crankshaft 21, which converts rotational motion into spool shuttle 15 reciprocating
motion. Spool shuttle 15 velocities (reciprocating velocity) are the highest at the end of
the compression stroke and at the beginning of the power stroke (Figures 3-7). This high
velocity is beneficial since once almost all the compressed working fluid has been
transferred from chamber B to chamber E, chamber E needs to be rapidly decoupled from
chamber B and shuttled to combust and expand while becoming coupled with chamber C.

In contrast, spool shuttle 15 velocities are the lowest during the majority of the

53



WO 2015/009959 PCT/US2014/047076

compression stroke and the power stroke (Figures 12-15 and 1-2 for the compression
stroke, and Figures 8-12 for the power stroke). This low spool shuttle velocity is
beneficial since it provides ample time for the compressed working fluid to be transferred
from chamber B to chamber E during the compression stroke (Figures 12-15 and 1-2),
and it also provides ample time for the combusting working fluid to expand from chamber
E while coupled with chamber C (Figures 8-12). Thus, spool shuttle 15 reciprocating
motion that may be governed by crankshaft-connecting rod motion equations (in one
exemplary embodiment, crankshaft 21 and connecting rod 20) is advantageous for use in
a split-cycle engine. However, other actuation mechanisms, as known to the art, could be
used to convey spool shuttle 15 reciprocating motion, such as the use of camshafts and
cam mechanisms, swash plate mechanisms (as utilized in hydraulic pumps and helicopter
rotor angle mechanisms), hydraulic and pneumatic actuation, or electric actuation and
electronic control mechanisms, for example. Such mechanisms could add variable timing

to spool shuttle 15 reciprocating motion.

[00200] Referring to Figures 1- 18, in accordance with one embodiment, an in-
line configuration of a split-cycle engine is depicted in which spool shuttle 15
reciprocating motion is used to transfer the compressed working fluid from compression
chamber B to expansion chamber C. Spool shuttle 15 reciprocating motion is also used to
open and close intake port 11 and exhaust port 13 and by that couple and decouple
incoming working fluid chamber A and compression chamber B, and couple and
decouple expansion camber C and exhausted working fluid Chamber D, respectively.
However, other actuation mechanisms, as known to the art, could be used to open and
close an intake and exhaust ports, such as intake and exhaust poppet valves actuated by
known to the art mechanisms such as camshafts, for example, as depicted in Figure 19.
Other actuation mechanisms, as known to the art, could be a second spool shuttle that
opens and closes intake and exhaust ports, for example. An in-line configuration of a
split-cycle engine may have a spool cylinder 14 and a spool shuttle 15 that may be both
placed on top and perpendicular to both compression cylinder 01 and power cylinder 02
in such a way that they overlap (cover) only part of compression cylinder 01 and power
cylinder 02 heads, leaving ample room (surface) for other actuation mechanisms to open

and close intake and exhaust ports, such as intake and exhaust poppet valves (for
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example, Figure 19), or a second spool (not shown). Similar modifications could also be

made to the opposed configuration embodiments, such as those depicted in Figures 20-34.

[00201] In accordance with an exemplary embodiment, the crossover valve
may include rotational movement within the dedicated valve chamber, or a combination
of both linear and rotational movements. Using the nomenclature of Figures 1-34 for
exemplary purposes, this rotational movement may be used to couple chamber B to
chamber E during the compression stroke and couple chamber E to chamber C during the
expansion (power) stroke. Spool rings and spool cylinder stationary (retracting) rings and
other rings and sealing mechanisms optimized to seal rotational mechanical elements ,
may be all lubricated and cooled as needed to ensure their durability as known to the art.
In these embodiments, the dedicated valve chamber in the engine may or may not be a
cylinder, as may be used in the embodiments described above with reference to Figures 1-
34. The rotational movement may be a continuous rotation in a single direction or the
direction of rotation may alternate between clockwise to counter clockwise in order to
couple chamber B to chamber E during the compression stroke and couple chamber E to

chamber C during the expansion (power) stroke.

[00202] Referring to Figures 1- 34, in accordance with an exemplary
embodiment, spool cylinders 14, 114 and 124, and spool shuttles 15, 115 and 225, and
any spool rings and spool cylinder stationary (retracting) rings, may be all lubricated and
cooled as needed to ensure their durability as known to the art. In addition, it needs to be
understood that the geometry and relative positioning of the various elements as shown in
Figures 1-34 are exemplary and that, for example, other sealing and lubrication elements

could be added to other engine components, as known in the art.

[00203] In accordance with an exemplary embodiment, a combustion chamber
16, which is located within the spool shuttle 15, has combustion chamber port 16A.
Combustion chamber 16 may have an additional port (not shown in Figures 1- 15) facing
the opposite side of combustion chamber 16 (180 degrees relative to port 16A). The
function of this second port (not shown) is to minimize side forces (perpendicular to spool
15 reciprocating motion) to spool shuttle 15 at the time of combustion. Combustion
chamber 16 may have more than one such additional port. Selected surfaces of spool

cylinder 14 may have ceramic coating to prevent overheating of spool cylinder 14

55



WO 2015/009959 PCT/US2014/047076

surfaces that are exposed to combustion via such ports. Such ports are not aligned with
chambers B and C (combustion chamber port 16A may be aligned with chambers B and
(). Other ports may be added to combustion chamber 16 in order to enable the delivery of
fuel when these ports are aligned with fuel injector nozzles located on spool cylinder 14

(during spool shuttle 15 reciprocating motion).

[00204] In accordance with an exemplary embodiment spool shuttle 15 may
have two or more linear bearings, (not shown) at both sides of spool shuttle 15 and in line

with its reciprocating motion.

[00205] Although the embodiment above is described with respect to gears,
other rotational energy connecting elements, such as belts, connecting rods and chains,
for example, could be used to synchronize the motion of the compression piston and the

combustion piston.

[00206] In some exemplary embodiments, engine performance data may be
collected and processed to further optimize performance of the SSCVCC described
herein. More specifically, additional mechanical elements or electromagnetic elements
may be used to fine-tune all (or part) of the SSCVCC actuation timings and transitions
between open and closed states, including variable valve timing of all engine valves.
These elements could be subjected to engine control systems (not shown in the figures),

as is commonly known in the art.

[00207] In some exemplary embodiments the SSCVCC may be actuated by two
driveshafts or camshafts acting from both sides of the SSCVCC. At a point during the
cycle where the first driveshaft pulls the SSCVCC, the second driveshaft pushes the
SSCVCC. In some exemplary embodiments, having two such camshafts balance the

forces acting on SSCVCC.

[00208] In the embodiments described herein in Figures 1-34, a spark plug may
be located on the engine compression cylinder head, on the expansion cylinder head, on
both the compression and expansion cylinder head (two spark plug units), on spool
cylinder 14, 114 and 214, or in spool shuttle 15, 115 and 215. As an example, referring to
Figures 1-15 but also applicable to figures 16-34, if a spark plug is located on the spool

cylinder 14, then combustion chamber structure 16 may have a port that would be aligned
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with the spark plug at the time of discharge (sparking). In that way, the spark could
penetrate chamber E through this port and initiate the combustion of the compressed
working fluid within combustion chamber E. If the spark plug is located on spool shuttle
15, then an apparatus to transfer the high voltage from spool cylinder 14 to the spark plug
on spool shuttle 15 may be used (with the location of the high voltage terminal within
spool cylinder 14 dictating spark timing, similar to high voltage supply to spark plug by a
common IC engine spark distributor). Having the spark plug located in the compression
cylinder head enables to further advance ignition timing, which may be beneficial during
high speed engine rotation. Having the spark plug located in the expansion cylinder head
may ensure continued combustion as the fuel may not burn entirely in the SSCVCC.
Having the spark plug located within spool cylinder 14 may initiate combustion in the
SSCVCC. Placing one or more plugs at one or more locations may provide any of the

above advantages and gives the operator more options.

[00209] Figure 36 illustrates a method 300 of operating a combustion engine, in
accordance with exemplary embodiments. Method 300 includes compressing a working
fluid in a first cylinder, transferring the working fluid to a valve internal chamber, and
transferring the working fluid to a second cylinder. In some exemplary embodiments, the
first cylinder houses a first piston that piston performs an intake stroke and a compression
stroke, but does not perform an exhaust stroke. In some exemplary embodiments, the
second cylinder houses that performs an expansion stroke and an exhaust stroke, but does

not perform an intake stroke.

[00210] In some exemplary embodiments, transferring the working fluid to a
valve internal chamber includes transferring the compressed working fluid from the first
cylinder to the internal chamber. The valve is housed in a valve chamber of the engine.
The valve and internal chamber move within the valve chamber of the engine and relative

to the first and second cylinders.

[00211] In some exemplary embodiments, the valve and internal chamber move
linearly and reciprocally within the valve chamber and relative to the first and second
cylinders. In some exemplary embodiments, the valve has a port that fluidly couples the

internal chamber to the first and second cylinder simultaneously.
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[00212] In some exemplary embodiments, method 300 further includes, during
movement of the valve, fluidly coupling the first cylinder and the internal chamber

without fluidly coupling the internal chamber and the second cylinder.

[00213] In some exemplary embodiments of method 300, the valve and internal
chamber include a maximum velocity and a minimum acceleration within 30 crankshaft
degrees of when the internal chamber is fluidly coupled to the first and second cylinders

simultaneously.

[00214] In some exemplary embodiments of method 300, the valve and internal
chamber include a maximum velocity and a minimum acceleration when the internal

chamber is fluidly coupled to the first and second cylinders simultaneously.

[00215] In some exemplary embodiments of method 300, the first cylinder has
an intake port, and method 300 includes receiving an air/fuel mixture through the intake
port. In some exemplary embodiments, method 300 further includes closing the intake
port with a surface of the valve. In some exemplary embodiments, method 300 further

includes closing the intake port with a poppet valve.

[00216] In some exemplary embodiments of method 300, the second cylinder
has an exhaust port, and method 300 includes expelling combusted gases through the
exhaust port. In some exemplary embodiments, method 300 further includes closing the
exhaust port with a surface of the valve. In some exemplary embodiments, method 300

further includes closing the exhaust port with a poppet valve.

[00217] In some exemplary embodiments, method 300 further includes
initiating combustion with a spark plug. In some exemplary embodiments of method 300,
the spark plug is positioned on the valve and method 300 includes creating, with the spark
plug, a spark within the internal chamber. In some exemplary embodiments of method
300, the spark plug is positioned in the valve chamber and the valve includes a
combustion port that aligns with the spark plug to initiate combustion within the internal

chamber.

[00218] In some exemplary embodiments, method 300 further includes

initiating combustion by compressing the fluid.
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[00219] In some exemplary embodiments of method 300, the first piston
reaches its top-dead center before the second piston reaches its top-dead center. In some
exemplary embodiments of method 300, the second piston reaches its top-dead center
before the first piston reaches its top-dead center. In some exemplary embodiments of
method 300, the first and second piston reach their respective top-dead centers

concurrently.

[00220] In some exemplary embodiments of method 300, the engine includes
sealing rings between the valve and the valve chamber. In some further embodiments of
method 300, the sealing rings do not move relative to the valve chamber. In some further
embodiments of method 300, the sealing rings move relative to the valve chamber. In
some further embodiments of method 300, the sealing rings include a first sealing ring
that does not move relative to the valve chamber and a second sealing ring that moves

relative to the valve chamber.

[00221] In some exemplary embodiments of method 300, an internal volume of
the first cylinder when the first piston is at its bottom dead center is greater than an
internal volume of the second cylinder when the second piston is at its bottom dead
center. In some further embodiments of method 300, an internal volume of the first
cylinder when the first piston is at its bottom dead center is less than an internal volume

of the second cylinder when the second piston is at its bottom dead center.

[00222] In some exemplary embodiments of method 300, the engine includes: a
first crankshaft coupled to the first piston; a second crankshaft coupled to the second
piston; a crankshaft connecting mechanism coupled to the first and second crankshafts
and configured to translate motion between the first and second crankshafts, the
crankshaft connecting mechanism including a crankshaft connecting rod having first and

second ends coupled to the first and second crankshafts, respectively.

[00223] In some exemplary embodiments of method 300, the engine includes a

single crankshaft coupled to the first and second pistons.

[00224] In some exemplary embodiments of method 300, the engine includes: a

first crankshaft coupled to the first piston; a first gearwheel coupled to the first
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crankshaft; a second crankshaft coupled to the second piston; a second gearwheel coupled
to the second crankshaft; and a third gearwheel coupled to the first and second gearwheels

and configured to translate motion between the first and second gearwheels.

[00225] In some exemplary embodiments of method 300, the internal chamber,

a compression chamber, and an expansion chamber are sized to minimize dead space.

[00226] In some exemplary embodiments of method 300, an internal volume of
the first cylinder at top dead center is less than one fiftieth an internal volume of the first
cylinder at bottom dead center. In some exemplary embodiments of method 300,an
internal volume of the second cylinder at top dead center is less than one fiftieth an

internal volume of the second cylinder at bottom dead center.

[00227] In some exemplary embodiments of method 300, the first and second
cylinders are arranged in a configuration selected from an inline configuration, an

opposed configuration, and V configuration.

[00228] In some exemplary embodiments of method 300, the valve is a spool
valve.
[00229] In some exemplary embodiments of method 300, the first and second

cylinders are thermally isolated from one another and method 300 includes maintaining

the first cylinder at a cooler temperature than the second cylinder.

[00230] In some exemplary embodiments of method 300, the first cylinder
includes a plurality of air cooling ribs located on an external surface of the first cylinder
and a plurality of liquid cooling passages within its housing. In some exemplary
embodiments of method 300, the engine further includes liquid coolant within the air
cooling ribs and liquid cooling passages, and method 300 includes mechanically or

electrically controlling a temperature of the liquid coolant.

[00231] In some exemplary embodiments of method 300, the second cylinder
includes a plurality of exhaust heating passages for utilizing heat provided by exhaust
gases expelled by the second piston to further heat the second cylinder and is thermally
isolated from the surrounding environment so as to reduce leakage of thermal energy

from the second cylinder.
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[00232] In some exemplary embodiments of method 300, the engine includes a
third cylinder housing a third piston, where the third piston performs an expansion stroke
and an exhaust stroke, but does not perform an intake stroke, and the internal chamber
selectively fluidly couples to the first, second, and third cylinders, and the valve and

internal chamber move relative to the third cylinder.

[00233] Although some exemplary embodiments herein describe an SSCVCC
with a single port, it should be noted that two or more openings may be used. In some
exemplary embodiments, the additional openings may participate in the transfer of a
compressed working fluid from a compression chamber to an expansion chamber. In
some exemplary embodiments, the additional openings may provide an access port for a

spark plug.

[00234] Although some exemplary embodiments herein describe an engine
with an opposed (180 degree) or inline (90 degree) configuration, other embodiments
may include engines of other offset angles, such as V configurations with a offset angle

between 90 and 180 degrees.

[00235] Although some exemplary embodiments herein describe one expansion
cylinder for one compression cylinder, it should be noted that other embodiments may
include multiple expansion cylinders for each compression cylinder, such as 2:1 or 3:1
ratios, for example. Multiple expansion cylinders to compression cylinders are described
in U.S. Patent Application No. 14/362,101, the content of which is incorporated by

reference herein in its entirety.

[00236] As used herein, the term “dead space” (or “dead volume” or “crevice
volume”) can be understood to refer to an area of the compression chamber or the
combustion chamber or between a compression chamber and a combustion chamber in a
split-cycle engine, wherein the space holds compressed working fluid that does not
participate in combustion. Such dead space can be a transfer valve or a connecting tube,
or other structure that prevents fluid from being transferred and combusted. Other terms
could be also used to describe such structures. Specific instances of dead space are

discussed throughout this disclosure, but may not necessarily be limited to such instances.
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[00237] As used herein, the term “fluid” can be understood to include both

liquid and gaseous states.

[00238] As used herein, “crankshaft degrees” can be understood to refer to a

portion of a crankshaft rotation, where a full rotation equals 360-degrees.

[00239] Any variations in font in the diagrams or figures is accidental is not

intended to signify a distinction or emphasis.

[00240] Although the present invention has been fully described in connection
with embodiments thereof with reference to the accompanying drawings, it is to be noted
that various changes and modifications will become apparent to those skilled in the art.
Such changes and modifications are to be understood as being included within the scope
as defined by the appended claims. The various embodiments of the invention should be
understood that they have been presented by way of example only, and not by way of
limitation. Likewise, the various diagrams may depict an example architectural or other
configuration for the invention, which is done to aid in understanding the features and
functionality that can be included in the invention. The invention is not restricted to the
illustrated example architectures or configurations, but can be implemented using a
variety of alternative architectures and configurations. Additionally, although the
invention is described above in terms of various exemplary embodiments and
implementations, it should be understood that the various features and functionality
described in one or more of the individual embodiments are not limited in their
applicability to the particular embodiment with which they are described. They instead
can, be applied, alone or in some combination, to one or more of the other embodiments
of the invention, whether or not such embodiments are described, and whether or not such
features are presented as being a part of a described embodiment. Thus the breadth and
scope of the invention should not be limited by any of the above-described exemplary

embodiments.

[00241] It will be appreciated that, for clarity purposes, the above description
has described embodiments of the invention with reference to different functional units
and processors. However, it will be apparent that any suitable distribution of
functionality between different functional units, processors or domains may be used

without detracting from the invention. For example, functionality illustrated to be
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performed by separate processors or controllers may be performed by the same processor
or controller. Hence, references to specific functional units are only to be seen as
references to suitable means for providing the described functionality, rather than

indicative of a strict logical or physical structure or organization.

[00242] Terms and phrases used in this document, and variations thereof,
unless otherwise expressly stated, should be construed as open ended as opposed to
limiting. As examples of the foregoing: the term “including” should be read as meaning
“including, without limitation” or the like; the term “example” is used to provide
exemplary instances of the item in discussion, not an exhaustive or limiting list thereof;
and adjectives such as “conventional,” “traditional,” “normal,” *“standard,” “known”, and
terms of similar meaning, should not be construed as limiting the item described to a
given time period, or to an item available as of a given time. But instead these terms
should be read to encompass conventional, traditional, normal, or standard technologies
that may be available, known now, or at any time in the future. Likewise, a group of
items linked with the conjunction “and” should not be read as requiring that each and
every one of those items be present in the grouping, but rather should be read as “and/or”
unless expressly stated otherwise. Similarly, a group of items linked with the conjunction
“or” should not be read as requiring mutual exclusivity among that group, but rather
should also be read as “and/or” unless expressly stated otherwise. Furthermore, although
items, elements or components of the invention may be described or claimed in the
singular, the plural is contemplated to be within the scope thereof unless limitation to the
singular is explicitly stated. The presence of broadening words and phrases such as “one
or more,” “at least,” “but not limited to”, or other like phrases in some instances shall not
be read to mean that the narrower case is intended or required in instances where such

broadening phrases may be absent.
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CLAIMS

What is claimed is:

1. A split-cycle engine comprising:

a first cylinder housing a first piston, wherein the first piston performs an
intake stroke and a compression stroke, but does not perform an exhaust stroke;

a second cylinder housing a second piston, wherein the second piston
performs an expansion stroke and an exhaust stroke, but does not perform an
intake stroke; and

a valve cylinder housing a valve, the valve comprising an internal chamber
that selectively fluidly couples to the first and second cylinders, wherein the valve
and internal chamber move linearly and reciprocally within the valve cylinder and
relative to the first and second cylinders, and wherein the valve has a port that
fluidly couples the internal chamber to the first and second cylinder

simultaneously.

2. The engine of claim 1, wherein, during movement of the valve, the
internal chamber fluidly couples with the first cylinder and fluidly couples with

the second cylinder separately.

3. The engine of claim 2, wherein the valve and internal chamber
comprise a maximum velocity and a minimum acceleration within 15 crankshaft
degrees of when the internal chamber is fluidly coupled to the first and second

cylinders simultaneously.

4, The engine of claim 3, wherein the valve and internal chamber
comprise a maximum velocity and a minimum acceleration when the internal

chamber is fluidly coupled to the first and second cylinders simultaneously.

5. The engine of claim 1, wherein the first cylinder has an intake port

to receive an air/fuel mixture.
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6. The engine of claim 5, wherein the intake port is closed by a

surface of the valve.

7. The engine of claim 5, wherein the intake port is closed by a
poppet valve.
8. The engine of claim 1, wherein the second cylinder has an exhaust

port to exhaust combusted gases.

0. The engine of claim 8, wherein the exhaust port is closed by a

surface of the valve.

10. The engine of claim 8, wherein the exhaust port is closed by a
poppet valve.

11. The engine of claim 1 further comprising a spark plug to initiate
combustion.

12. The engine of claim 11, wherein the spark plug is positioned on the

valve and configured to create a spark within the internal chamber.

13. The engine of claim 11, wherein the spark plug is positioned in the
valve cylinder and the valve comprises a combustion port that aligns with the

spark plug to initiate combustion within the internal chamber.

14. The engine of claim 1, wherein the engine is configured to initiate

combustion by compressing the fluid.

15. The engine of claim 1, wherein the first piston reaches its top-dead

center before the second piston reaches its top-dead center.

16. The engine of claim 1, wherein the second piston reaches its top-

dead center before the first piston reaches its top-dead center.
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17. The engine of claim 1, wherein the first and second piston reach

their respective top-dead centers concurrently.

18. The engine of claim 1 further comprising sealing rings between the

valve and the valve cylinder.

19. The engine of claim 18, wherein the sealing rings do not move

relative to the valve cylinder.

20. The engine of claim 18, wherein the sealing rings move relative to

the valve cylinder.

21. The engine of claim 18, wherein the sealing rings comprises a first
sealing ring that does not move relative to the valve cylinder and a second sealing

ring that moves relative to the valve cylinder.

22. The engine of claim 1, wherein an internal volume of the first
cylinder when the first piston is at its bottom dead center is greater than an
internal volume of the second cylinder when the second piston is at its bottom

dead center.

23. The engine of claim 1, wherein an internal volume of the first
cylinder when the first piston is at its bottom dead center is less than an internal

volume of the second cylinder when the second piston is at its bottom dead center.

24, The engine of claim 1, further comprising:

a first crankshaft coupled to the first piston;

a second crankshaft coupled to the second piston;

a crankshaft connecting mechanism coupled to the first and second
crankshafts and configured to translate motion between the first and second
crankshafts, the crankshaft connecting mechanism comprising a crankshaft
connecting rod having first and second ends coupled to the first and second

crankshafts, respectively.
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25. The engine of claim 1, further comprising a single crankshaft

coupled to the first and second pistons.

26. The engine of claim 1, further comprising:

a first crankshaft coupled to the first piston;

a first gearwheel coupled to the first crankshaft;

a second crankshaft coupled to the second piston;

a second gearwheel coupled to the second crankshaft; and

a third gearwheel coupled to the first and second gearwheels and

configured to translate motion between the first and second gearwheels.

217. The engine of claim 1, wherein the internal chamber, a
compression chamber, and an expansion chamber are sized to minimize dead

space.

28. The engine of claim 1, wherein an internal volume of the first
cylinder at top dead center is less than one fiftieth an internal volume of the first

cylinder at bottom dead center.

29. The engine of claim 1, wherein an internal volume of the second
cylinder at top dead center is less than one fiftieth an internal volume of the

second cylinder at bottom dead center.

30. The engine of claim 1, wherein the first and second cylinders are
arranged in a configuration selected from an inline configuration, an opposed

configuration, and V configuration.

31. The engine of claim 1, wherein the valve is a spool valve.

32. The engine of claim 1, wherein the first and second cylinders are
thermally isolated from one another and the first cylinder is maintained at a cooler

temperature than the second cylinder.
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33. The engine of claim 1, wherein the first cylinder further comprises
a plurality of air cooling ribs located on an external surface of the first cylinder

and a plurality of liquid cooling passages within its housing.

34. The engine of claim 33, further comprising liquid coolant within
the air cooling ribs and liquid cooling passages, and wherein a temperature of the

liquid coolant is mechanically or electrically controlled.

35. The engine of claim 1, wherein the second cylinder further
comprises a plurality of exhaust heating passages for utilizing heat provided by
exhaust gases expelled by the second piston to further heat the second cylinder
and is thermally isolated from the surrounding environment so as to reduce

leakage of thermal energy from the second cylinder.

36. The engine of claim 1, further comprising

a third cylinder housing a third piston, wherein the third piston performs
an expansion stroke and an exhaust stroke, but does not perform an intake stroke,
and wherein

the internal chamber selectively fluidly couples to the first, second, and
third cylinders, and wherein the valve and internal chamber move relative to the

third cylinder.

37. A method of operating a combustion engine comprising

compressing a working fluid in a first cylinder housing a first piston,
wherein the first piston performs an intake stroke and a compression stroke, but
does not perform an exhaust stroke;

transferring the working fluid from the first cylinder to an internal
chamber of a valve, wherein the valve is housed in a valve cylinder of the engine;
and

transferring the working fluid from the internal chamber to a second
cylinder housing a second piston, wherein the second piston performs an
expansion stroke and an exhaust stroke, but does not perform an intake stroke,

wherein
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the internal chamber selectively fluidly couples to the first and second
cylinders, wherein the valve and internal chamber move linearly and reciprocally
within the valve cylinder and relative to the first and second cylinders, and
wherein the valve has a port that fluidly couples the internal chamber to the first

and second cylinder simultaneously.

38. The method of claim 37, further comprising, during movement of
the valve, fluidly coupling the first cylinder and the internal chamber without

fluidly coupling the internal chamber and the second cylinder.

39. The method of claim 38, wherein the valve and internal chamber
comprise a maximum velocity and a minimum acceleration within 15 crankshaft
degrees of when the internal chamber is fluidly coupled to the first and second

cylinders simultaneously.

40. The method of claim 39, wherein the valve and internal chamber
comprise a maximum velocity and a minimum acceleration when the internal

chamber is fluidly coupled to the first and second cylinders simultaneously.

41. The method of claim 37, wherein the first cylinder has an intake
port, and wherein the method further comprises receiving an air/fuel mixture

through the intake port.

42. The method of claim 41, further comprising closing the intake port

with a surface of the valve.

43. The method of claim 42, further comprising closing the intake port

with a poppet valve.

44, The method of claim 37, wherein the second cylinder has an
exhaust port, and wherein the method further comprises expelling combusted

gases through the exhaust port.
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45. The method of claim 42, further comprising closing the exhaust

port with a surface of the valve.

46. The method of claim 42, further comprising closing the exhaust

port with a poppet valve.

47. The method of claim 37, further comprising initiating combustion

with a spark plug.

48. The method of claim 47, wherein the spark plug is positioned on
the valve and wherein the method further comprises creating, with the spark plug,

a spark within the internal chamber.

49. The method of claim 47, wherein the spark plug is positioned in the
valve cylinder and the valve comprises a combustion port that aligns with the

spark plug to initiate combustion within the internal chamber.

50. The method of claim 37, further comprising initiating combustion

by compressing the fluid.

51. The method of claim 37, wherein the first piston reaches its top-

dead center before the second piston reaches its top-dead center.

52. The method of claim 37, wherein the second piston reaches its top-

dead center before the first piston reaches its top-dead center.

53. The method of claim37, wherein the first and second piston reach

their respective top-dead centers concurrently.

54. The method of claim 37, wherein the engine further comprises

sealing rings between the valve and the valve cylinder.

55. The method of claim 54, wherein the sealing rings do not move

relative to the valve cylinder.
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56. The method of claim 54, wherein the sealing rings move relative to

the valve cylinder.

57. The engine of claim 54, wherein the sealing rings comprises a first
sealing ring that does not move relative to the valve cylinder and a second sealing

ring that moves relative to the valve cylinder.

58. The method of claim 37, wherein an internal volume of the first
cylinder when the first piston is at its bottom dead center is greater than an
internal volume of the second cylinder when the second piston is at its bottom

dead center.

59. The method of claim 37, wherein an internal volume of the first
cylinder when the first piston is at its bottom dead center is less than an internal

volume of the second cylinder when the second piston is at its bottom dead center.

60. The method of claim 37, wherein the engine further comprises:

a first crankshaft coupled to the first piston;

a second crankshaft coupled to the second piston;

a crankshaft connecting mechanism coupled to the first and second
crankshafts and configured to translate motion between the first and second
crankshafts, the crankshaft connecting mechanism comprising a crankshaft
connecting rod having first and second ends coupled to the first and second

crankshafts, respectively.

61. The method of claim 37, wherein the engine further comprises a

single crankshaft coupled to the first and second pistons.

62. The method of claim 37, the engine further comprising:
a first crankshaft coupled to the first piston;

a first gearwheel coupled to the first crankshaft;

a second crankshaft coupled to the second piston;

a second gearwheel coupled to the second crankshaft; and
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a third gearwheel coupled to the first and second gearwheels and

configured to translate motion between the first and second gearwheels.

63. The method of claim 37, wherein the internal chamber, a
compression chamber, and an expansion chamber are sized to minimize dead

space.

64. The method of claim 37, wherein an internal volume of the first
cylinder at top dead center is less than one fiftieth an internal volume of the first

cylinder at bottom dead center.

65. The method of claim 37, wherein an internal volume of the second
cylinder at top dead center is less than one fiftieth an internal volume of the

second cylinder at bottom dead center.

66. The method of claim 37, wherein the first and second cylinders are
arranged in a configuration selected from an inline configuration, an opposed

configuration, and V configuration.

67. The method of claim 37, wherein the valve is a spool valve.

68. The method of claim 37, wherein the first and second cylinders are
thermally isolated from one another and the method further comprises maintaining

the first cylinder at a cooler temperature than the second cylinder.

69. The method of claim 37, wherein the first cylinder further
comprises a plurality of air cooling ribs located on an external surface of the first

cylinder and a plurality of liquid cooling passages within its housing.

70. The method of claim 69, wherein the engine further comprises
liquid coolant within the air cooling ribs and liquid cooling passages, and wherein
the method further comprises mechanically or electrically controlling a

temperature of the liquid coolant.
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71. The method of claim 37, wherein the second cylinder further
comprises a plurality of exhaust heating passages for utilizing heat provided by
exhaust gases expelled by the second piston to further heat the second cylinder
and is thermally isolated from the surrounding environment so as to reduce

leakage of thermal energy from the second cylinder.

72. The method of claim 37, wherein the engine further comprises a
third cylinder housing a third piston, wherein the third piston performs an
expansion stroke and an exhaust stroke, but does not perform an intake stroke, and
wherein the internal chamber selectively fluidly couples to the first, second, and
third cylinders, and wherein the valve and internal chamber move relative to the

third cylinder.
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