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SPLIT-CYCLE FOUR-SFROKE ENGINE

CROSS KEFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.8. Provisional Application Serial No.
60/480,342, filed on June 20, 2003, tided Split-Cycle Four-Stroke Engine, which is

herein incorporated by reference in its entiresy.

FIELD OF THE INVENTION

~ The present invention relates to internal combustion engines. More specifically,
the present invention relates to a split-cycle engine having a pair of pistons in which
one piston is used for the intake and compression stokes and another piston is used for
the expansion {or power) and exhaust strokes, with each of the four strokes being

completed in one revolution of the crankshaft.

BACKGROUND OF THE INVENTION

Internal combustion engines are any of a group of devices in which the reactants
of combustion, e.g., oxidizer and fuel, and the products of combustion serve as the
working fluids of the engine. The basic components of an interna! combustion engine
are well known in the art and include the engine block, cylinder head, cylinders,
pistons, valves, crankshaft and camshafi. The cylinder heads, cylinders and tops of the
pistons typically form combustion chambers into which fuel and oxidizer {(e.g., air) is
introduced and combustion takes place. Such an engine gains its energy from the heat
released during the combustion of the non-reacted working fluids, e.g., the oxidizer-
fuel mixture. This process cecurs within the engine and is part of the thermodynamic
eycle of the device. In afl internal combustion engines, useful work is generated from
the hot, gasecus products of combustion acting directly on moving surfaces of the
engine, such as the top or crown of a pision. Generally, reciprocating motion of the
pistons is transferred to rotary motion of a crankshaft via connecting rods.

Internai combustion {IC) engines can be categorized into spark ignition (S} and

compression ignition (CI) engines. SI engines, i.e. typical gasoline engines, use.a
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spark to ignue the air/fuel mixiure, while the heat of compression ignites the air/fuel
mivire m Cl engines, Le., rypically diesel engines.

The most common internal -combustion engine is the four-stroke cycle engine, a
conception whose basic design has not changed for more than 100 years old. This is
because of its simplicity and outstanding performarnce as a prime mover in the ground
transportation and other industries. In a four stroke cycle engine, power is recoverad
from the combustion process in four separate piston movements (strokes} of a single
piston. Accordingly, a four stroke cycle engine is defined herein to be an enging which
requires four complete strokes of one of more pistons for every expansion (or power)
stroke, i.e. for every stroke that delivers power to a crankshaft.

Referring to Figs. 1-4, an exemplary embodiment of a prior ast conventional
four stroke cycle internal combustion engine is shown at 10, The engine 10 inciudes
an engme block 12 having the cylinder 14 extending therethrough. The cylinder 14 is
sized to receive the reciprocating piston 16 therein. Attached to the top of the cyliader
14 is the cylinder head t8, which inchudes an inlet valve 20 and an outlet valve 22.
The bottom of the cylinder head 18, cylinder 14 and top (or crown 24) of the piston 16
form a combustion chamber 26. On the inlet stroke (Fig. 1), a air/fuel mixture is
introduced into the combustion chamber 26 through an intake passage 28 and the inlet
valve 20, wherein the mixfure is ignited via spark plug 30. The products of
combustion are fater exhausted through outlet valve 22 and outlet passage 32 on the
exhaust stroke (Fig. 4). A connecting rod 34 is pivotalljr attached at its top distal end
36 to the piston 16. A crankshaft 38 includes a mechanical offset portion called the

 crankshaft throw 40, which is pivotally attached to the bottom distal end 42 of

connecting rod 34. The mechanical linkage of the connecting rod 34 to the piston 16
and crankshaft throw 40 serves to convert the reciprocating motion (as indicated by
arrow 44) of the piston 16 to the rotary motion (as indicated by arrow 46) of the
crankshaft 38. The crankshaft 38 is mechanically linked (not shown) to an inlet
camshaft 48 and an outlet camshaft'SD, which precisely control the dpenmg and closing
of the inlet valve 20 and outlet valve 22 respéctiuely. The cylinder 14 has a centerline
{piston-cylinder axis) 52, which is also the centerline of reciprocation of the piston 16,

The crankshaft 38 has a center of rotation (crankshaft axis) 54,

gg}q;j,?g_”giﬁ R - G-JuN 2006
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Referring to Fig. 1, with the miet vaive 20 open, ihe piston 16 first descends {as
indicated by the direction of arrow 44) ou the iniake stroke. A predetermined mass of

a flammabie mixture of fuel {e.g., pasoiine vapor) and air is drawn inte the cembustion

‘chamber 26 by the partial vacuum thus created. The piston continues 1o descend urstil

it reaches its bottom dead center (BDC), i.e., the point at which the piston is farthest
from the cylinder head 18.

Referring to Fig, 2, with both the infet 20 and outlet 22 valves closed, the
mixture is compressed as the pision 16 ascends (as indicated by the direction of arrow
44) on the compression stroke. As the end of the stroke approaches top dead center
{(TDQ), i.e., the point at which the piston 16 is closest to the cylinder head 18, the
volume of the mixture is compressed ia this embodiment to one eighth of its initial
volume (due to an 8 to 1 Compression Ratio). As the piston approaches TDC, an
electric spark is generated across the spark plug (30) gap, which initiates combustion.

Referring to Fig. 3, the power stroke follows with both valves 20 and 22 still
closed. The piston 16 is driven downward {as indicated by arrow 44) toward bottom
dead center (BDC}, due to the expansion of the burning gasses pIESsmg on the crown
24 of the piston 16. The beginning of combustion in conventional engine 0 generally
occurs slightly before piston 16 reaches TDC in order to enhance efficiency. When
piston 16 reaches TDC, there is a significant clearance velume 60 between the bottom
of the cylinder head 18 and the crown 24 of the piston 16. |

Referring to Fig. 4. during the exhaust stroke, the ascending piston 16 forces,
the spent products of combustion through the open outlet {or exhaust) valve 22. The
cycle then repeats itself. For this prior art four stroke cycle engine 10, four sirokes of
eacﬁ piston 16, i.e. inlet, compression, expansion and exhaust, and two revolutions of
the crankshaft 38 are required to complete a cycie, i.e. to provide one power stroke,

Problematicaily, the overall thermodynamic efficiency of the tfypical four stroke
engine 10 is only about one third (1/3). That is, roughly 1/3 of the fuel energy is
delivered to the crankshaft as useful work, 1/3 is lost in waste heat, and 1/3 is lost out
of the exbaust. Moreover, with stringent requirements on emissions and the market

and legislated need for increased efficiency, engine manufacturers may consider lean-

burn technology as a path to increased efficiency. However, as lean-burn is not
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compatible with the three-way catalyst, the increased N, emissions from such an
approac must be dealt with in some ofher way.

Referring to Fig. 5, an alternative to the above described conventional four
stroke eagine is a split-cycle four stroke engine. The split-cycie engine 15 disclosed
generatly in US Pat, No, 6,543,225 to Scuderi, titled Split Four Stroke Internal
Combustion Engine, filed on July 20, 2001, which is herem incorporated by reference
in its entirety.

An exemplary embodiment of the split-cycle engine concept is shown generally
at 70. The split-cycle engine 70 replaces 1wo adjacent cylinders of a conventicnal four-
stroke engine with a combination of one corupression cylinder 72 and one expansion
cylinder 74, These two cylinders 72, 74 would perform their respective functions once
per crankshaft 76 revolution. The intake charge would be drawn into the COmpression
cylinder 72 through typical poppet-style valves 78. The compression cylinder piston 73
would pressurize the charge and drive the charge through the crossover passage 80,
which acts as the intake port for the expansion cylinder 74. A check valve 82 at the
inlet would be used to prevent reverse flow from the crossover passage 80. Vaive(s)
84 at the outlet of the crossover passage 80 would conirol the flow of the pressurized
intake charge into the expansion cylinder 74. Sgark plug 86 would be ignited soon
after the intake charge enters the expansion cylinder 74, and the resulting combustion
would drive the expansion cylinder piston 75 down. Exhaust gases would be pumped
out of the expansion cylinder through poppet valves 83.

With the split-cycle engine concept, the geometric engine parametess (i.e.,
bore, stroke, connecting rod length, Compressioﬁ Ratio, etc.) of the compression and
expansion cylinders are generally independent from one another. For example, the
crank throws 90, 92 for each cylinder may have different radii and be phased apart
from one another with top dead center (TDC) of the expansion cylinder piston 73
occurring prior to TDC of the compression cylinder pisten 73. This independence
enables the split-cycle engine to potentialty achieve higher efficiency levels than the

more typical four stroke engines previously described herein.

B 7 4 5 ol T TR
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However, thers are many geoneicic paramneters sad combinalions of parametors
in the spiit-cvele engine. Therefore, fusther optimization of these parameiers is
necessary 1o maximize the performance of the engine.

Accordingly, there is a need for an improved four stroke interpal combusion

engine, which can ephance efficiency and reduce NQ, emission levels.

SUMMARY OF THE INVENTION

The present inventior offers advantages and alternatives over the prior art by
providing a split-cycle engine in which significant parameters are optimized for greater
efficiency and performance. The optimized parameters include at [east one of
Expansion Ratio, Compression Ratio, top dead center phasing, crossover valve
duration, and overlap between the crossover valve event and combustion event.

These and other advantages are accompiished in an exemplary embodiment of
the inventicn by providing an engine having a crankshaft, rotating about a crankshaft
axis of the engine. An expansion piston is slidably received within an expansion
cylinder and operatively connected to the crankshaft such that the expansion piston
reciprocates through an expansion stroke and an exhaust stroke of a four stroke cycle
during a single rotation of the crankshaft. A compression piston is slidably received
within a compression cylinder and operatively connected to the crankshaft such that the
compression piston reciprocates through an intake stroke and a compression stroke of
the same four stroke cycle during the same rotation of the crankshaft. A ratio of
cylinder volumes from BDC to TDC for either one of the expansion ¢cylinder and
compression cylinder 1s substantially 20 to 1 or greater.

In an alternative embodiment of the invention the expansion piston and the
compression piston of the engine have a TDC phasing of substantially 50° crank angle
or less.

In another alterpative embodiment of the invention, an engine includes a
crankshaft, rotating about a crankshaft axis of the engine. An expansion piston is
slidably received within an expansion cylinder and operatively comnected to the
crankshaft such that the expansion piston reciprocates' through an expansion stroke and

an exhaust stroke of a four stroke ¢ycle during a single rotation of the crankshaft. A
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compression piston is siidably received within 2 vempression cvlinder and operatively
coanected (o the crankshafi such that the compression piston reciprocates through an
intake stroke and a compression strokes of the same four streke cycle during the same
rotation of the crankshaft. A crossover passage interconnecis the compression and
expansion cylinders. The crossover passage includes an inlet valve and a crossover
valve defining a pressure chamber therebetween. The crossover valve has a crossover
valve duration of substantially 69° of crank angle or less. '

In stili another embodiment of the invention an engine includes a crankshaft,
rotating about a crankshaft axis of the engine. An expansion piston is slidably received
within an expansion cylinder and operatively connected to the crankshaft such that the
expansion piston reciprocates through an expansion stroke and an exhaust stroke of a
four stroke cycle during a single rotation of the crankshaft. A compression piston is
slidably received within a compression cylinder and operatively connected to the
crankshaft such that the compression piston reciprocates through an intake stroke and a
compression stroke of the same four stroke cycle during the same rotation of the
crankshaft. A crossover passage izterconnects the compression and expansion
cylinders. The crossover passage includes an inlet valve and a crossover valve defining
a pressure chamber therebetween. The crossover valve remains open during at least a

portion of a combustion event in the expansion cylinder.

BRIEF DESCRIPTION OF THE DRAWINGS

Flg 1 is a schematic diagram of a prior art conventional four stroke mternal

combustion engine during the intake stroke;

Fig. 2 is a schematic diagramn of the prior art engine of Fig. 1 during the
compression stroke;

Fig. 3is a sc-hematic diagram. of the prier art engine of Fig. 1 during the
expansion stroke;

Fig. 4 is a schematic diagram of the ;Srior art engine of Fig. 1 during the
exhaust stroke;

Fig. 5 is a schematic diagram of a prior art split-cycle four stroke internal

combustion engine;
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Fig. & is a scherpatic Jagiamn of an exemplary embodimest of a split-cyele {our
stroke myfernal combusiion engine 1 accordance with the present invention during the
intake siroke;

Fig. 7 is a schematic diagram of the split-cycle engine of Fig. 6 during partial
compression of the compression stroke;

Fig. 8 is a schematic diagram of the split-cycie engine of Fig. 6 durmg fult
compression of the compression stroke;

Fig. 9 is a schematic diagram of the split-cycle engine of Fig. & during the start
of the: combustion event;

Fig. 10 is a schematic diagram of the split-cycle engine of Fig. 6 during the
expansion stroke;

Fig. 11 is a schematic diagram of the split-cycle engine of Fig. 6 during the
exhaust stroke;

Fig. 12A is a schematic diagram of a GT-Power graphical user interface for a
conventional engine computer model used ina cpmparative Computerized Study;

Fig. 12B is the item definitions of the conventional engine of Fig. 12A;

Fig. 13 is a typical Wiebe heat release curve;

Fig, 14 is a graph of performance parameters of the conventional engine of Fig,
124;

Fig. 154 is a schematic diagram of a GT-Power graphical user interface for a
split-cycle engine computer model in accordance with the present invention and ysed in
the Computerized Sady;

Fig. 15B is the item definitions of the split-cycie engine of Fig:. I5A

Fig. 16 is a schematic representation of an MSC.ADAMS® model diagram of
the split cycle engine of Fig. 154, |

Fig. 17 is a graph of the compression and expansion piston positions and valve
evenis for the split-cycle engine of Fig. 15A; |

Fig. 18 is a graph of some of the initia} performance parameiers of the split-
cyclte enginie of Fig. 15A;

Fig. 19 is a log-log pressure volume diagram for a conventional engine;
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Fig. 20 iz a presgarce volume diagram for the power cylinder of a gplit-zycle
engine in accordancs with the present invention;

Fig. 21 is 4 comparison graph of indicated thermal efficiencies of a
conventional engine and varivus splif-cyele engines in accordance with the preseni
inveniion;

Fig. 22 is a CFD predicted diagram of the flame front position between the
crossover vatve and expansion piston for 2 35% burn overlap case;

Fig. 23 is a CFD predicted diagram of the flame front position between the
crossover valve and expansion piston for a 3% burn overlap case;

Fig. 24 is a CFD predicted graph of NO, emissions for a conventional engine, a
split-cycle engine 5% burn overlap case and a spiit-cycle engine 35 % burn overlap
case;

Fig. 25 is-'a graph of the expansion piston thrust load for the spiit-cycle engine;

Fig. 26 is a graph of indicated power and thermal efficiency vs. Compression
Ratio for a split-cycle engine in accordance with the present invention;

Fig. 27 is a graph of indicated power and therma! efficiency vs. Expansion
Ratio for a split cycle engine in accordance with the present mvention;

Fig. 28 is a graph of indicated power and thermal efficiency vs. TDC phasing
for a split cycle engine in accordance with the present invention; and

Fig. 29 is a graph of indicated power and thermal efficiency vs. crossover valve

duration for a split cycle engine in accordance with the present invention.

DETAILED DESCRIPTION

[. Overview
The Scuderi Group, LLC commissioned the Southwest Research Institute®
{SwRI®) of San Antonio, Texas to perform a Computerized Study. The Computerized
Study involved constructing a computerized model that represented various
embodiments of a split-cycle engine, which was compared to a computerized model of
a conventional four stroke internal combustion engine having the same trapped mass -

per cycle. The Study’s final report {SwRI® Project No. 03.05932, dared June 24,
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2003, titled “Evaluation Of Sgdit-Cycle Four-Swoke Engine Concept”} is herein
incorporated by reference in its entirety. The Cowputerized Study resulied in the
present mvention described herein thinugh exemplary embodiments pertaining 1o a

sptit-cycle eugine.

II. Glossary
The following glossary of acronyms and definitions of terms used herein is provided

for reference:
Air/fuel Ratio: propostion of air to fuel in the intake charge

Bottom Dead Center (BDC): the piston’s farthest position from the cylinder head,
resulting in the largest combustion chamber volume of the cycle.

Brake Mean Effective Pressure (BMEP): the engine’s brake forgue output expressed
terms of a MEP value. Equal to the brake torque divided by engine displacement.

Brake Power: the power oufput at the engine output shaft.

Brake Thermat Efficiency (BTE): the prefix “brake”: having to do with parameters
derived from measured forque at the engine outpat shaft. This is the performance
parameter taken after the losses due to friction. Accordingly BTE = ITE - friction.

Burn Overlap: the percentage of the total combustion event (i.e. from the 0% pomt to
the 100% peint of combustion) that is completed by the time of crossover valve
closmg.

Brake Torque: the torque output at the engine output shaft,

Crank Angle (CA): the angle of rotation of the ¢rankshaft throw, typically referred to
its position when aligned with the cylinder bore.

Computational Fluid Dynamics (CFD): a way of solving compiex fluid flow problems
by breaking the flow regime up into a large number of tiny elements which can then be
salved to determine the flow characteristics. the heat transfer and other characteristics
relating to the flow sohation.

Carbon Monomdc (CO): regulated pollutant, toxic to humans, a product of incomplete
oxidation of hydrocarbon fuels.

Combustion Duration: defined for this text as the crank angle interval befween the 10%
and 90% points from the start of the combustion event. Also known as the Bumn Rate.
See the Wiebe Heat Release Curve in Fig. 13.

Combustion Event: the process of combusting fuel, typlcaliy in the expansion chamber
of ap engine.

Compression Ratio: ratio of compression cylinder velume at BDIC to that at TDC
Crossover Valve Closing (XVC) -

goos221t
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{yossover Vaive Upening (XY 0)

axis.

Displacement Volume: is defined as the volume that ihe piston displaces from BDC to
TDC. Mathematically, if the stroke is defined as the distance from BDC te TDC, then

the dispizcement volume js equal © n/4 * bore” * stroke. Compression Ratie is then
the ratio of the combustion chamber volume at BDC to that at TDC. The volume at
T is referred to as the clearance volume, or V.

V, = &/d * bore® * stroke

CR = (V, + VIV,
Exhaust Valve Closing (EVC)
Exhaust Valve Opening (EVO}

Expansion Ratio: is the equivalent term to Compression Ratio, but for the expansion
cyiinder. it is the ratio of eylinder volume at BDC to the cylinder volume at TDC.

Friction Mean Effective Pressure (FMEP): friction level expressed .in terms of a MEP.
Cannot be determined directly from a cylinder pressure curve though. One common
way of measuring this is to calcuiate the NIMEP from the cylinder pressure curve,
calculate the BMEP from the torque measured at the dynamometer, and then assiga the
difference as friction or FMEP,

Graphical User Interface (GUI)

Indicated Mean Effective Pressure (IMEP): the integration of the area inside the P-@V
curve, which also equals the indicated engine torque divided by displacement volume.
In fact, ail indicated torque and power values are derivatives of this parameter. This
value also represents the constant pressure fevel through the expansion stroke that -
woutd provide the same engine cutput as the actual pressure curve. Can be specified as
net indicated (NIMEP) or gross indicated (GIMEP) although when not fully specified,
NIMEP is assumed.

Indicated Thermat Efficiency (ITE): the thermal efficiency based on the (net) indicated
power.

Intake Valve Closing (1VC)
Intake Valve Opening (IVQ)

Mean Effective Pressure: the pressure that would have to be applied to the pision
through the expansion stroke to result in the same power output as the actual cycle.
This value is also proportional to torque output per displacement.

NO,_: various nitrogen oxide chemical species, chiefly NO and NO,. A regulated
polfutant and a pre-cursor te smog. Created by exposing an environment including
oxygen and nitrogen {i.e. air) to very high temperatures.
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chammber during the engine cvcle.

Frefixes:-Power, Torque, MEP, Thermal Efficiency ang other terms may have the
foilowing quaiifying prefixes:

Indicated: refess o the output as delivered to the top of the piston, before

friction losses are accounted for.

Gross Indicated: refers to the output delivered te the fop of the piston,
considering only compression and expansion strokes.

Net Indicated: (also the interpretation of “indicated” when not otherwise
denoted): refers to the ocutput delivered to the top of the piston considering ail
four strokes of the cycle: compression, expansion, exhaust, and intake.

Pumping: refers to the output of the engine considering only the intake and
exhaust strokes. In this report, positive pumping work refers to work output by
the engine while negative relates to work consumed by the engine to perform
the exhaust and intake strokes.

From these defimitions, it foilows that:
Net Indicated = Gross Indicated + Pumping.
Brake = Net Indicated - Friction

Pumping Mean Effective Pressure (PMEP): the indicated MEP associated with just the
exhaust and intake strokes. A measure of power consumed in the breathing process.
However, sign convention taken is that a positive value means that work is being done
on the crankshaft during the pumping loop. (Jt is possible to get a positive value for
PMEP if the engine is turbocharged or otherwise Doosted.)

Spark-Ignited (SI): refers to an engine in which the combustion event is initiated by an
electrical spark inside the combustion chamber.

Top Dead Ceater (TDC): the closest position to the cylinder head that the piston
reaches throughout the cycle, providing the lowest combustion chamber volume.

TDC Phasing (also referred to herein as the phase angle between the compression and
expansion cylinders {see item 172 of Fig. 8)): is the rotational offset, in degrees,
between the crank throw for the two cylinders. A zero degree offset would mean that
the crank throws were co-linear, while a 180° offset would mean that they were on
opposite sides of the crankshaft (i.e. one pin at the top while the other is at the bottom}.

Thermal Efficiency: ratio of power output to fuel energy input rate. This value can be
specified as brake (BTE) or indicated (ITE) thermal efficiency depending on which
power parameter is used in the numerator.

V,: mean pisten velocity; the average ﬁelocit}f of the piston: throughout the cycle. Can
be expressed mathematically as 2¥Stroke * Engine Speed.

Valve Duration (or Valve Event Duration): the crank angle intervat between a valve
opering and & valve closing. '

BTN SE—
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Volumetnic Efficiency: he mass of charge (air and fuel) trapped in the eylinder aftes
the intake valve is closed compared to the mass of charge that would fill the cylinder
dispiacemment volume at some reference conditions. The reference conditions are
normally either ambient, or iniake manifold conditions. {The later is typically used on
tarbocharged engines.)

Wide-Open Throttle (WOT): refars io the maximum achievable output for a throttled
(S1) engine at a given speed.

NI Embodiments Of The Split-Cycle Engine Resulting From The Corputerized Study

Referring to Figs. 6-11, an exemplary embodiment of a four stroke internal
combustion engine in accordance with the present invention is shown generally az 100.
The engine 100 includes an engine block 102 having an expansion {ar power) cylinder
104 and a compression cylinder 106 extending therethrough. A crankshaft 108 is
pivotally connected for rotation about a crankshaft axis 110 (extending perpendicular to
the plane of the paper).

The engine block 102 is the main structural member of the engine 100 and
extends upward from the crankshaft 108 to the junction with a cylinder head 112. The
engine bleck 102 serves as the structural framework of the engine 100 and typically
carries the mounting pad by which the engine is supported in the chassis (not shown).
The engine block 102 is generally a casting with appropriate machined surfaces and
threaded holes for attaching the cylinder head 112 and other umits of the engine 100.

The cylinders 104 and 106 are openings of generally circular cross section, that
extend through the upper portion of the engine block 102. The diameter of the
cylinders 04 and 106 is known as the bore. The internal walls of cylinders 104 and
106 are bored and polished to form smooth, accurate bearing surfaces sized to receive
an expansion {(or power) piston 114, and a compression piston 116 respectively.

The expansion piston 114 reciprocates along an expansion piston-cylinder axis
113, and the compression piston 116 reciprocates along a second compression piston-
cylmder axis 115. In this embodiment, the expansion and compression cylinders 104
and 106 are offset relative to crankshaft axis 110. That is, the first and second piston-
cylinder axes 113 and 115 pass on oppbsing sides of the crankshaft axis 110 without

intersecting the crankshaft axis 110. Howevér, one skilled in the art wiil recognize that
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split-cyole engines without offset piston-cylinder axis are alse within the scope of this
HveRtinn.

The pistons 114 and 116 are typically cylindrical castings or forgings of steel or
alumirur alloy, The upper closed ends, i.e.. tops, of the power and compression
pistons 114 and 116 are the first and second crowns 118 and 120 respectively. The
outer surfaces of the pistons 114, 116 are generally machined to fit the cylinder bore
closely and are typically grooved 1o receive piston rings (not shown) that seal the gap
between the pistons and the cylinder walls. |

. First and second coanecting rods 122 and 124 are pivotally attached at their top
ends 126 and 128 to the power and compression pistons 114 and 116 respectively. The
crankshaft 108 includes a pair of mechanically offset portions called the first and
second throws 130 and 132, whick are pivotaily attached to the bottom opposing ends
134 and 136 of the first and second connecting rods 122 and 124 respectively. The
mechanical linkages of the connecting rods 122 and 124 to the pistons $14, 116 and
crankshaft throws 130, 132 serve to convert the recigrocating motion of the pistons {as
indicated by directional arrow 138 for the expansion piston 114, and directional arrow
140 for the compression piston 116} to the rotary motion {as indicated by directional
arrow 142} of the crankshaft 108.

Though this embodiment shows the first and second pistons 114 and 116
coanected directly to crankshaft 108 through connecting rods 122 and 124 respectively,
it 15 within the scope of this invention that other means may also be empfoyed to
operatively connect the pistons 114 and 116 to the crankshaft 108, For example a
second crankshaft may be used to mechanically link the pistons 114 and 116 to the first
crankshaft 108. |

The cylinder head 112 includes a gas crossover passage 144 intercunﬁecting the
first and second cylinders 104 and 106. The crossover passage inciudes an inlet check
valve 146 disposed in an end portion of the crosscver passage 144 proximate the
second cylinder 106. A poppet type, outlet crossover valve 158 is also disposed in an
apposing end portion of the crossover passage 144 proximate the top of the first
cylinder 104. The check valve 146 and crossover valve 150 define a pressurc chamber

148 there between. The check valve 146 permits-the one way flow of compressed gas
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from the sscond cylinder 10§ to the pressure chamber 148. The crossover vsive 150
permiits the flow of comapressed gas froun the pressure chamber 148 to the first cylinder
i04. Though check and poppet fype vaives are desceibed as the inlet check and the
outlet crossover valves 146 and 130 respectively, any valve design appropriate for the
application roay be used instead, e.g., the iniet valve 146 may also be of the poppet
type.

The cylinder head 112 alsc inc!ﬂ&ﬂs an intake valve 152 of the poppet type
disposed over the top of the second cylinder 106, and an exhaust valve 154 of the
poppet type disposed over the top to the first cylinder 104. Poppet valves 150, 152 and
154 typicalty have a metal shaft (or stem) 156 with a disk 158 at one end fitted to block
the vaive opening. The other end of the shafts 156 of poppet valves 150, 152 and 154
are mechanically linked to camshafts 160, 162 and 164 respectively. The camshafts
160, 162 and 164 are tygicalty a round rod witk generally ovai shaped lobes Jocated
mside the engine block 102 or in the cyiinder head 112.

The camshafis 160, 162 and 164 are mechanicaliy connected to the crankshaft
108, typically through a gear wheel, belt or chain links (not shoﬁrn}l. When the
crankshaft 108 forces the camshafts 160, 162 and 164 to . the lobes on the
camshafts 160, 162 and 164 cause the vaives 150, 152 and 154 to open and close at
precise moments in the engine's cycle.

The crown 120 of compressien piston 116, the wails of second cylinder 106 and
the cylinder head 112 form a compression chamber 166 for the second cylinder 106.
The crown 113 of power piston 114, the walls of first cylinder 104 and the cylinder
head 112 form a separate combustion chamber 168 for the first cylinder 104. A spark
plug 170 is disposed in the cylinder head 112 over the first cylinder 104 and is
controiled by a control device (not shown} which precisely times the ignition of the
compressed air gas mixture in the combustion chamber 168.

Though this embodimest describes a spark ignition {SI) engine, one skilled in
the art would recognize that compression ignition (CI) engines ace within the scope of
this type of engine also. Additionally, one skilled in the art would recognize that a
split-cycle engine in accordance with the present invention can be utilized to run on a

variety of fuels other than gasoline, €.g., diesel, hydrogen and natural gas.
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During operation the power piston 114 leads the compression pistor 116 by a
phase angle 172, defined by the degrees of erank angle (CA) rofation the c:rank‘shaf{
103 must eotate after the power piston 114 has reached its top dead center position in
order for the compression piston. 116 10 reach its respective top dead center positicn.

As witl be discussed in the Computer Study hercinafter, in order to maintain
advantageous thermal efficiency levels (BTE or ITE), the phase angle 172 ts typically
set at approximately 20 degrees. Moreover, the phase angle is preferably less than or
equal o 50 degrees, more preferably less than or equal to 30 degrees and most
prefe;abiy less than or equal to 25 degrees.

Figs. 6-11 represent one full cycle of the split cycle engine 100 as the engine
100 converts the potential energy of a predetermined trapped mass of air/fuel mixture
(represented by the doited section) fo rotational mechanical energy. That is, Figs. 6-11
ilfustrate intake, partial compression, full compression, start of combustion, €xpansion
amd exhaust of the trapped mass respectively, However, it is important to note that
engine is fully charged with air/fuel mixture throughout, and that for each trapped mass
of air/fuel mixture taken in and compressed through the compression cylinder 106, a
substantially equal trapped mass is combusted and exhausted threugh the expansion
cylinder 104,

Fig. 6 illustrates the power piston 114 when it has reache{i its bottom dead
center {BDC) position and has just started ascending (as indicated by arrow 138) into
its exhaust stroke. Compression piston 16 is lagging the power piston 114 and is
descending {arrow 140) through iis intake stroke. The inlet valve 152 is open to allow
a predetenﬁined volume of explosive mixture of fuel and air to be drawn inte ihe
compression chamber 166 and be trapped therein (i.e., the irapped mass as indicated by
the dots on Fig. 6). The exhaust valve 154 is also open allowing piston 114 to force
spent products of combustion out of the combustion chamber 168.

The check valve 146 and crossover valve 150 of the crossover passage 144 are
closed to prevent the transfer of igaitable fuel and speat combustion products between
the two chambers 166 and 168. Additionally during the exhaust and intake strokes, the

check valve 146 and crossover valve 150 seal the pressure chamber 148 to substantially
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maintain the pressure of any gas trapped iherein froin the Previoas compression and
POWET sirokes.

Referring to Fig. 7, partial compression of the trapped mass is in progress.
That is inlet valve 152 is closed and compression piston 116 is ascending {(arrow 140}
toward its top dead center {TDC) position to compress the air/fuel mixture.
Simultaneousiy, exhaust vaive 154 is open and the expansion piston 114 is also
ascending (arrow 138} to exhaust spent fuel products.

Referring to Fig. 8, the trapped mass (dots} is further compressed and is
beginning to enter the crossover passage 144 through check valve 146. The expansion
pistaﬁ 114 has reached its top dead center (TDC) position and is about to descend into
its expansion stroke (indicated by arrow 138), while the compression piston 116 is still
ascending through its compression stroke (indicated by arrow 140). At this point,
check valve 146 is partially open. The crossover outlet valve 150, intake valve 152
and exhaust valve 154 are ali closed.

At TDC piston 114 has a clearance distance 178 between the crown 118 of the
piston 114 -and the top of the cylinder 104, This clearance distance 178 is very small
by comparison to the clearance distance 60 of a conventional engine 10 {best seen in
prior art Fig. 3), This is because the clearance {or Compression Ratio) on the
conveniional engine is limited to avoid inadvertent corapression ignition and excessive
cylinder pressure. Moreover, by reducing the clearance distance 178, a more thoerough
flushing of the exhaust products is accomplished.

The ratio of the expaas:on cylinder volume (i.e., combustion chamber 168)
when the piston 114 is at BDC to the expansioﬁ cylinder volume when the piston is at
TDC is defined herein as the Expansion Ratio. This ratio is generally much higher
than the ratio of cylinder voiumes betweea BDC and TDC of the conventional engine
10. As indicated in the following Comﬁuter Study description, in order to maintain
advantageous efficiency levels, the Expansion Ratio is typically set at approximately
i20 to 1. Moreover, the Expansion Ratio is preferably equal t¢ or greater than 20 to 1,
more preferably equal to or greater than 40 to 1, and most preferably equal to or

greater than 80 to 1,
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Referring i Fig. 9, the siart of combustion of the trapped mass {dotied seciion)
15 illusteated. The cranksbaft 108 has rotated an additional predetermined tumber of
degrees past the TDC position of expansion piston 114 to reach its firing positiﬁn. Al
this point, spark plug 170 is ignited and combustion is staried. The cownpression piston
116 is just completing its compression stroke and is close to its TDXC position. During
this rotation, the compressed gas within the compression cylinder 116 reaches a
threshold pressure which forces the check valve 146 to fully open, while cain 162 15
timed to also open Crossover vatve 150, Therefore, as the power piston 114 descends
and the compression piston 116 ascends,.la substantiaily equal mass of compressed gas
18 tra.ﬁsferred from the cornpression chamber {66 of the compression cylinder [06 to
the combustion chamber 168 of the expansion cylinder 104.

As noted in the following Computer Study description, it is advantageous that
the valve duration of crossover valve 150, i.e., the crank angle interval (CA) between
the crossover valve opening (XVQ) and crossover valve closing (XVC), be very smail
compared to the valve duration of the intake valve 152 and exhaust valve 154. A
typical valve duration for valves 152 and 154 is typically in excess of 16{5 degrees CA.
in order to mantain advantageocus efficiency levels, the crossover valve duration is
typically set at approximately 25 degrees CA. Moreover, the crossover valve duration
is preferably equal to or less than 69 degrees CA, more preferably equal to or less than
50 degrees CA, and most preferably equal to or less than 35 degrees CA. _

.- Additionally, the Computer Study also indicated that if the crossover vaive
duration and the combustion duration overlapped by a predetermined minimum
perc;antage of combustion duration, then the combustion duration would be
substantially decreased (that is the burn rate of the trapped mass would be substantially
mcreased). Specifically, the crossover valve 150 should remain open preferably for at
least 5% of
the total combustion event {i.e. from the 0% point to the 100% point of combustion)
prior fo crossover valve closing, more preferably for 10% of the total combustion
event, and most preferably for 15% of the total combustion event. As explained in
greater detail heremnafter, the longer the crossover valve 150 can remain open during

the tirne the air/fuel mixture is combusting {i.e., the combustion event}, the greater the
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increase i bura rate and efficiency levels will be. Limitations 1o this ovedap will be
discussed in later sections.

Upon further rotation of the crankshaft 108, the compression piston 116 wilt
pass through to its TDC position and thereafter start another intake siroke to begin the
cycle over again. The compression piston 116 alsc bas a very smal] clearance distance
182 relative to the standard engine 10. This is possible because, as the gas pressure in
the compression chamber 166 of the compression cylinder 106 reaches the pressure in
the pressure chamber 148, the check valve 146 is forced open to allow gas to flow
through.. Therefore, a very small volume of high pressure gas is trapped at the top of
the compression piston |16 when it reaches its TDC position.

The ratio of the compression cylinder volume (i.e., corapression chamber 166)
when the piston 116 is at BDC to the compression cylinder volume when the piston is
at TDC is defined herein as the Compression Ratio. This ratio is generally much
higher than the ratio of cylinder volumes between BDC and TDC of the conventional
engine 10. As indicated in the following Computer Study description, in order to
maintain advantageous efficiency levels, the Compression Ratio is typicalty set at
approximately 100 to 1. Moreover, the Compression Ratio is preferably equal to or
greater than 20 to 1, more preferably equal to or greater than 40 to 1, and most
preferably equal to or greater than 80 to 1.

Referring to Fig. 10, the expansion stroke on the trapped mass is illustrated.
As the air/fuel mixture is combusted, the hot gases drive the expansion piston 114
down. _

Referring to Fig. 11, the exhaust stroke on the trapped mass 15 illustrated. As
the expansion cylinder reaches BDC and begins to ascend again, the combustion gases

are exhausted out the open valve 154 to begin another cycie.

1V, Computerized Study

1.0 Summary of Results:

[.1. Advantages

The primary objective of the Computerized Study was to study the concept

split-cycie engine, identify the parameters exerting the most significant influence on
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performance and efficiency, and determine the theoretical benefits, advantages, or
disadvantages compared o a conventional four-stroke engine.

The Computerized Study identified Compression Ratic, Expansien Ratio, TDC
phasing (i.¢., the phase angle between ilie compression and expansion pistons {see item
172 of Fig. §)), crossover vatve duration and combustion duration as significant
variables affecting engine performance and efficiency. Specifically the parameters

were et as follows:

« the compression and Expansion Ratios should be equal to or greater than 20 1o 1

and were set at 100 to 1 and 120 to 1 respectively for this Study;

+ the phase angle should be less than or equal to 50 degrees and was set at

apprpximatel},r 20 degrees for this study; and

» the crossover valve duration should be less than or equal fo 09 degrees and was
set at approximately 25 degrees for this Study.
Moreover, the crossover valve duration and the combusfion duration should overlap by
a predetermined percent of the combustion event for enhanced efficiency levels. For
this Study, CFD calcuiations showed that an overlap of 5% of the &otal combustion
event was realistic and that greater overlaps are achievable with 35% forming the
unachicvablelupper limit for the embodiments modeled in this study.

When the parameters are appiied in the proper configuration the split-cycle
engine displayed siganificant advantages in both brake thermal efficiency (BTE) and
NO, emissions. Table 9 summarized the results of the Computerized Study with
regards to BTE, and Fig. 24 graphs the predicted NO, emissions, for both the
conventional engire model and various embodiments of the split-cycle engine model.

The predicted potentiat gains for the split-cycle engine concept at the 1400 tpm
engine speed are in the range of 0,7 to less than 5.0 points {or percentage points) of
brake thermal efficiency {BTE) as compared to that of a conventional four stroke
engine at 33.2 points BTE. In other words, the BTE of the split-cycle engine was
cajculated to be potentially between 33.9 and 38.2 points.

The term “point™ as used herein, refers to the absofute calculated or measured

value of percent BTE out of a theoretically possible 100 perceﬁtage points, The term
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“percent”, as used hersin, refers fo the relative comparative difference beiween the
calculated BTE of the splif-cycle engine and the base line conventional engine. |
Accordingly, the range of .7 to bess than 5.0 points increase in BTE for the split-cycle
engine represents a range of approximately 2 (i.e., .7/33.2} to less than 15 (5/33.2)
percent increase in BTE over the baseline of 33.2 for a conventional four stroke
engine.

Additionatly, the Computerized Study also showed that if the split-cycle engine
were constructed with ceramic expansion piston and cylinder, the BTE may potentially
further increase by as much as 2 more points, i.e., 40.2 percentage points BTE, which
represents an approximate 21 percent increase over the conventionai engine. One must
keep in mind however, that ceramic pistoas and cylinders have durability problems
with long term use; in addition, this approach would further aggravate the lubrication
issues with the even higher temperature cylinder walls that would result from the use of
these materials.

With the stringent requirements on emissions ang the market need for increased
effictency, many engine manufacturers struggle to reduce N O, emissions while
operating at lean air/fuel ratios. An cutput of a CFD combusticn analysis performed
duning the Computer Study indicated that the split-cycle engine could potentiaily reduce
the NO, emissions levels of the conventional. engine by 50% to 80% when comparing
both engines at a lean air/fuel ratio.

The reduction in NO, emissions could potentially be significant both in ferms of 4

its mmpact on the environment as well as the efficiency of the engine, [t is a well

known fact that efficiencies can be improved on SI engines by running lean
(significantly above 14.5 to 1 air/fuel ratio). However, the dependence on three way
cataiytic converters {TWC), which require a stoichiometric exhaust stream in order to
reach required emissions levels, typically prectudes this option on preduction engines.
(Stoichiometric air/fuel ratio is about 14.5 for gasoline fuel.) The lower NO_emissions
of the split-cycle engine may allow the split-cycle te rin lean and achieve additional
efficiency gains on the orde_r of one point {i.e., approximately 3%) over a conventional
engine with a conventionai TWC. TWCs on conventional engines demonstrate NO_

reduction levels of above 95%, so the split-cycle engine cannot reach their curreat
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post-TWC fevels, but depending or the application and with the use of cther
afiertreatmeitt fechnalogy, the spiit-cycle engme may be abde to meet required NU,

levels while ruszing ar fean air/fne] ratios.

These resufts have pot been correlated fo experimental data, and emissions
predictions from numerical models tend to be highly dependent on tracking of trace
species through the combustion event. If these results were confinmed on an actual test

engine, they would constitute a significant advantage of the spiit-cycle engine concept.

1.2 Risks And Suggested Solutions: _
The Computerized Study also identified the following risks associated with the

split-cycle engine;

* Sustained elevated femperatures in the expansion cylinder could jead to
thermal-structural failures of componenis and problems with Iube oil
retention, |

* Possible valve train durability issues with crossover valve due to high
acceleration foads,

*  Valve-to-piston interference in the expansion cylinder, and

* Auto-ignition and/or flame prepagation into Crossover passage.

However, the above listed risks may be addressed through a myriad of possible

solutions. Examples of potential techaclogies or solutions that may be utilized are

given below.

Dealing with the sustained high temnperatures i the expansion cylinder may
utilize unique materials and/or construction techniques for the cylinder wall. In
addition, lower temperature and/or different coolants may need.to be used. Also of
cdncem in dealing with the high temperatures is the lubrication issue. Possible
technologies for overcoming this challenge are extreme high temperature-capable liguid

lubricants (advanced synthetics) as well as solid lubricants.

Addressing the second item of valvetrain loads for the very quick-acting
crossover valve may include some of the technolegy currently being used in advanced

high speed racing engines such as pneumatic valve springs and/or low inertia, titaniurm”
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valves with multiple mecharical springs per vaive. Alse, as the desiga moves forward
mifo detailed design, the number of valves will be reconsidered, as it is easier to move 3
larger aumber of sinaller valves more quickly and they provide 3 larger tota

circumference providing better flow ar low lifi.

The third item of cressover valve interference with the piston near TDC may be
addressed by recessing the crossover valves in the head, providing reliefs or valve
cutouts in the piston top to allow space for the valve(s), or by designing an outwazrd-

opening crossover valve.

- The last challenge listed is auto-ignition and/or flame propagation into the
crossover passage. Auto-ignition in the crossover passage refers to the self-ignition of
the air/fuel mixture as it resides in the crossover passage between cycles due to the
presence of a combustible mixture held for a relatively long duration at high
temperature and pressure. This can be addressed by using port fisel injection; where
only air resides in the crossover passage between cycles therefore preventing auto-
ignition. The fuel is ther added either directly into the eylinder, or to the exit end of

the crossover passage, timed to correspond with the crossover valve opening time.

The second half of this issue, flame propagation into the cressover passage, can
be further optimized with development. That is, although it is very reasonzbie to
design the timing of the split-cycle engine’s crossover valve to be open duriag a small
portion of the combustion event, e.g., 5% or less, the longer the crossover vaive is
open during the combustion event the greater the positive impact on thermal efficiency
that can be achieved in this engine. However, this ciirection of increased overlap
between the crossover valve and combustien events increases the likelihood of flame
propagation info the cross-over passage. Accordingly, effort can be directed towards
understanding the relationship between combustion timing, spark plug location,
crossover valve overlap and piston motion in regards to the avoidance of flame

propagation into the crossover passage.

2.0 Conventionai Engine Model
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A cycle simulation model was consiructed of & two-cylinder conveutienal
naturaily-aspiraied four-stroke SI engine and analyzed using a commmercially available
software package called T-Power, owned by Gamina Techmologies, Inc. of
Westmont, IL. The characteristics of this model were tuned using represeatative
engine parameiers to yield performance and efficiency vahues typical of natirally-
aspirated gasoline &I engines. The resuits from these modeling efforts were used to

establish 2 baseline of comparison for the split-cycle engine concept.

2.1 GT—P{nﬁer Overview _
| GT-Power_is a 1-d computational fluids-soiver that is commonly used in

industry for conducting engine simulations. GT-Power is specificaily designed for
steady state and transient engine simulations. Tt is applicable to all types of internal
combustion engines, and it provides the user with several menu-based objects to model
the many different compoaemé that can be used on internal combustion engines. Fig,
[2A shows the GT-Power graphical user interface (GUI) for the two-cylinder
conventional engine model. |

Referring to Figs. 12A and B, Intake air flows from the ambient source into the
intake manifold, represented by juactions 211 and 212. From there, the intake air
enters the intake ports (214-217) where fuel is injected and mixed with the airstream.
At the appropriate time of the cycle, the intake valves (vix—y) open while the pistons in
their respective cylinders (cyll and cyl2) are on their downstroke {intake stroke). The
air and fuel mixture are admitted into the cylinder during this stroke, after which time
the intake valves close. {(Cy! 1 and cyl 2 are not necessarily in phase; i.e. they may go
through the intake process at completely different times.) After the iﬁtake stroke, the
piston rises and contpresses the mixture to a high temperature and pressuré. Near the
end of the compression stroke, the spark plug is energized which begins the burning of
the air/fuel mixtare. It burns, further raising the temperature and pressure of the
mixture and pushing down on the piston through the expansion or power stroke. Near
the end of the expansion stroke, the exhaust valve opens and the piston begins to rise,

pushing the exhaust out of the cylinder mto the exhaust ports {229-232). From the
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exhausi ports, the exhaust is transmpitted into the exbaust manifold (233234} and from

there to the end environment (exhaust) representing the ambient.

2.2 Conventionat Engine Mcdel Construction

The engine characteristics were selected o be representative of typical gasoline
S engines. The engine displacement was similar to a two-cylinder version of an
autormnotive application in-line four-cylinder 202 in’® (3.3 L) engine. The Compression
Ratio was set {0 8.0:1. The steichiometric air/fuel ratio for gasoline, which defines the
propqﬂions of air and fuel required to convert all of the fuel into compietely oxidized
produces with no excess air, is approximately 14.5:1. The selected air/fuel ratio of
18:1 results in lean operation. Typical automotive gasoline 5] engines operate at
stoichiometric or slightly rich conditions at full load. However, lean operation
typicatly results in increased thermal efficiency.

The typical gasoline SI engine runs at steichiometric conditions because that isa
requirement for proper operation of the three-way catalytic converter. The three-way
catalyst (TWC) is so-named due to its ability to provide both the oxidation of HC and
CO to H,0 and CO,, as well as the reduction of NO_ to N, and O,. These TW{s are’
exiremely effective, achieving reductions of over 0% of the incoming pollutant stream
but require close adhérence to stoichiometric operation. It is a well known fact that
efficiencies can be improved oa S eagines by running lean, but the dependence on
TWCs to reach required emissions levels typically precludes this option on production

engines.

It should be noted that under lean oﬁeration, oxidation catalysts are readily
available which will oxidize HC and CO, but reduction of NO_ is a major challenge
under such conditions. Developments in the diesel engine realm have recently included
the introduction of lean NQ, trai}s and lean NO, catalysts. At this point, these have
other drawbacks such as poor reduction efficiency and/for the need for periedic

regeneration, but are currently the focus of a large amount of development.

In any case, the majer focus of the Computerized Study is the relative efficiency '
and performance.' Comparing both engines (split-cycle and conventional} at 18:1

L3
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air/fuel ratic provides comparable reselis.  Either engine conld be operated instead

under stoichiometric conditions such that a TWC would function and both would likely

mcus similar performance penalties, such that the relative results of this study waould

stili stand. The convertional engine parameters are listed in Table 1.

Tabde 1. Conventional Engine Parameters

Parameier Value
Bore 4.0m (101.6 mm)
Stroke 4.0 n {101.6 mm)

Connecting Rod Length

0.6 in (Z43.8 mm)

Crank Throw

2.0 {50.8 mm)

Bisplacement Volume

50.265 1" (0.824°L)

Clearance Volume

7.180 " (0.1 181}

Compression Ratio 5.0:1
Engine Speed 1400 rpm
Alr/Fuel Ratio 15:1

[nitially, the engine speed was set at 1400 rpm. This speed was to be used

throughout the project for the parametric sweeps. However, at various stages of the

model consiruction, speed sweeps were conducted at 1400, 18060, 2400, and 3000 rpm.

The clearance between the top of the piston and the cylinder head was initially

recommended to be 0.040 in (1 mm). To meet this requirement with the 7.180 in®

(3.118L} clearance volume would require & bowk-in-piston combustion chamber, which

is uncommon for automotive SI engines. More often, automotive SI engines feature

pent-roof combustion chambers. SwRI® assumed a flat-top piston and cylinder head to

éimplify the GT-Power model, resulting in 2 clearance of 0,571 in (14.3 mm) to meet

the clearance volume requirement. There was a penalty in brake thermal efficiency

{BTE) of 0.6 points with the larger piston-to-head clearance.

The model assumes a four-valve cylinder head with two 1.260 iz (32 mm)

diameter intake valves and two 1.102 in (28 mm) diameter exhaust valves. The intake

and exhaust ports were modeled as straight sections of pipe with al! flow losses

L

¥
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accounted for at the valve. Flow coefficients ai maxivonm list were aporoximaiely 0.57
for both the intake and exhanst, which were taken from actual flow test resulis from a
representative engine cylinder head. Flow coefficients are used to quantify the flow
performance of intake and exhaust parts on engines. A 1.0 value would indicate a
perfect port with no flow losses. Typical maximum lift values for real engine poris are

in the 0.5 to .6 range.

Intake and exhaust manifolds were created as 2.0 in (50.8 ram) diameter pipes
with no flow losses. There was no throttle modeled in the induction system since the
focus is on wide-open threitle (WOT), or full load, operation. The fitel is delivered via
multi-port fuel injection.

The valve events were taken from an existing engine and scaled to yield realistic
performance across the speed range (1400, 1800, 2400 and 3000 rpm), specifically

volumetric efficiency. Table 2 lists the valve events for the conventional engine.

Table 2. Conventional Engine Breathing and Combustion Parameters

Parameter Value
Intake Valve Opening (IVQ) 28°BTDC-breathing 332°ATDC-firing
Intake Valve Closing (IVC) 17° ABDC SSTPATDC-finag
Peak Intake Valve Lift 0.412 in {10.47 mm)
Exhaust Valve QOpening (EV(Q) 53° BBDC 127° ATDC-firing
Exhaust Valve Closing (EVC) 37°ATDC-breathing I97°ATDC-finng
Peak Exhaust Valve Lift 0.362 in {9.18 mm) ~'
50% Bumm Point 10°ATDC-firing 10°ATDC-firing
Combustien Duration (10-90%) 24° crank angle (CA) '

The combustion process was modeled using an erapirical Wiebe heat release,
where the 50% burn point and 10 to 90% burn duration were fixed user fnputs. The
50% burn point provides a more direct means of phasing the combustion event, as
there is no need to track spark tming and ignition delay. The 10 to 90% burn duration
is the crank angle tnterval required to burn the bulk of the charge, and is the common

term for defining the duration of the combustion event. The output of the Wiebe
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combustion mads! is & reaiistic nou-instantaneous hieat release cusve, which is thex
wsed to calealate cylinder pressure as a fancrion of crank angic {{CA).

The Wicbe function is an indusiry standard for an empirical bheat release
correfation, meaning that it is based on previous history of typical heat release profiles.
it provides an equation, based on a few user input termns, which can be easily scaled

and phased to pmvide a reasonable heat release profile.

Figure 13 shows a typical Wiebe heat release curve with some of the key
parameters denoted. As shown, the tails of the heat release profile (< 10% bumn and
>90% burn) are quite long, but do not have a strong effect on performance due to the
small arnount of heat released. At the same time, the actual start and end are difficult to
ascertamn due to their asymptotic approach to the 0 and 100% burn lines. This is
especially true with respect to test data, where the heat release curve is a calculated
profile based on the measured cylinder pressure curve and other parameters.
Therefore, the 10 and 90% burn points are nsed to represent the nominal “ends™ of the
heat release curve, In the Wiehe correlation, the user specifies the duration of the 10-
90% burn period (i.e. 10-90% duration) and that conirols the resultant rate of heat
release. The user can also specify the crank angle location of some other point on the
profile, most typically either the 10 or 50% point, as an anchor fo provide the phasing

of the heat release curve relative to the engine cycle.

The wall temperature solver in GT-Power was used to predict the piston,
cylinder head, and cylinder liner wall temperatures for the conventional engine. GT--
Power is continuously caiculating the heat transfer rates from the working fluid to the
walis of each passage or component (including c¢ylinders). This calculation needs to
have the wall temperature as a boundary condition. This can either be provided as a
fixed input, or the wall temperature solver can be turned on to calculate it from other
inputs. In the latter case, wall thickness and material are specified so that wall
conductivity can be determined. In addition, the bulk fluid temperature that the
backside of the wall is exposed to is provided, along with the convective heat transfer
coefficient. From these inputs, the program sotves for the wall temperature profile

which 15 a function of the temperature and velocity of the wori?ing fluid, among other
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taings. The approach used in this work was ibat the wall temgeratuse solver was
turned om 1o solve for realistic temperaturss for the cylinder components and then those
femperatres were assiguned 1o those components as fixed temperatures for the
remantng rans.

Cylinder ead coolant was applied at 200.F (366 K) with 2 heat transfer
coefficient of 3000 W/m® -K. The underside of the piston is splash-cooled with oil
applied at 250.F {394 K) with a heat transfer coefficient of 5 W/m® -K. The cylinder
walls ate cooled via coolant applied at 200.F (366 K) with a heat transfer coefficient of
500 W/m® -K and oil applied at 250.F (394 K) with a heat transfer coefficient of 1000
Wim? -K. These thermal boundary conditions were applied to the model 10 predict the
in-cylinder component surface temperatures. The predicted temperatures were
averaged across the speed rahge and applied as fixed wall temperatures in the
remaining simulations. Fixed surface temperatires for the piston 464.F (5313 K),
cylinder head 448.F (504 K), and liner 392.F (473 K) were used to model the heat
transfer between the combustion gas and in-cylinder corponents for the remaining
studies.

The engine friction was characterized within GT-Power using the Chen-Flynn
correfation, which is an experiment-based empirical relationship relating cylinder
pressure and mean piston speed to total engine friction. The coefficients used in the
Chen-Flynn correlation were adjusted to give realistic friction values across the speed

range.

2.3 Summary of Results of the Conventional Eagine

Table 3 summarizes the performance results for the two-cylinder conventional
four-stroke éngine model. The results are listed in terms of indicated torque, indicated
power, indicated mean effective pressure (IMEP), indicated thermal efficiency (ITE),
pumping mean effective pressure (PMEP), friction mean effective pressure (FMEP),
brake torque, brake power, brake mean effective pressure (BMEP), brake thermai
efficiency (BTE), volumetric efficiency, and peak cylinder pressure. For reference,
mean effective pressure 1s defined as the work per cycle divided by the volume

displaced per cycle.
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Tabie 3. Summary of Predicted Cenventional Engine Performance (English Units)
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Parameter 1400 rpm | T80U tpm 2400 rpra 1 3000 rpm
ndicated Torque (Te1b) 90.6 1)y y34 0.7
Indicated Power (hp} 47 317 477 51.3
TNet TMEP (ps1) 135.9 1383 146.1 136.3
ITE (%) 373 37.9 382 38.0
PMEF {ps1) 0.6 -1.2 ~2.4 4.0
FMEPF (ps1} 155 17.5 20.5 33
Brake Torque (ft-1b) &3 30.7 1T FEN!
Brake Power (hp) 214 277 364 42.9
BEMEP (psi) 120.4 1Z1.0 119.4 t12.6
BTE (%) L) 731 5 13
Vol. Eff. {%) 88.4 9.0 39.5 872
| Peak Cylinder Pressure (psi) 355 U0 605 392
Summary of Predicted Conventional Engine Performance (51 Units)
Parameter 1200 rpm 1800 rpm ™| 2408 rpm U rpm
ndicated Torque {N-m} 1729 3572 126.7 123.0
Tndicated Power (KW) 180 736 318 3
et IMEP {Ban) 9.4 4.6 87 0.4
ITE (%) 373 37.9 8.2 38.0
PMEF (bar) T4 0% 7 I3
FMEP {Bar) T T2] T2 162
Brake Torgue {(N-mj 108.2 i0%.4 08,1 I01.5
Brake Power (Kwj 16.0 206 272 32.0
B_MI:P {bar) 8.3 B.3 a.2 7.8
BTE (%) 3372 k| 3256 31.5
VoI ER (%) 3871 390 595 §72
Peak Cyhinder Pressure (bar) -41.{} 4714 41.74 40.8
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Referting to Fig. {4 performance is plotted in terms of brake torque, brake
power, BMEP, volumetric efficiency, FMEP, and brake thermal efficiency across the
specd range. The valve events were initially set using measured lift profiles from an
existing engine. The timing and duration of the intake and exhaust valves events were
wned to yield representative velumetric efficiency values across the speed range. As
shown in Figure 14, the volumetric efficiency is approximately 90% across the speed
range, but began to drop off slightly at 3000 rpm. Similarly, the brake torque values
were fairly flat across the speed range, but tailed off slightly at 3000 rpm. The shape
of the torque curve fesulted in a mear linear power curve. The trend of brake thermal
efficiency across the speed range was fairly consistent. There was a range of 1.7
points of thermat efficiency from the maximuny at 1400 rpm of 33.2% to the minimum
at 300G rpm of 31.5%.

3.0 Split-Cycle Engine Model
A model of the split-cycle concept was created in GT-Power based on the

engine parameters provided by the Scuderi Group, LLC. The geometric parameters of

the compression and expansion cylinders were unique from one another and quite a bit
different from the conventional engine. The validity of comparison against the
conventional engine r‘ésults was maintained by matching the trapped mass of the intake
charge. That is, the split-cycle engine was made to have the same mass trapped in the
compression cylinder after intake valve clasure as the conventional; this was the basis
of the comparison. Typically, equivalent displacement velume is used to insure a fair

comparison between engines, but it is very difficult to define the displacement of the

split-cycle engine; thus equivalent trapped mass was used as the basis.

3.1 Initial Split-Cycle Mode!

Several modifications were made 10 the split-cycle engine model. It was found

that some of the most significant parameters were the TDC'phasi_ng and compression

T
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and Expansion Ratocs. The modilied engine parameters were summarized in Tables 4

and 5

Tabie 4. Split-Cycie Engine Parameters {Compression Cyiinder)

PATARIERT Vil
Bore A0 I (0w
Str