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SPLIT-CYCLE ENGINE WITH DUAL SPRAY TARGETING FUEL INJECTION
TECHNICAL: FIELD

The  present invention relates o  interhal
combustion engines, Moxre specifically, the present
invention relates to a split-cycle engine having fuel

injectors which produce dnal spray pattersis.
BACKGROUND OF THE INVENTION

For purpecses of clarity, the term “conventional
engine” as used in the present application refers to an
internal cqmbustion engine wherein all four strokes of the
well-known Otto cycle ({the intake, compression, expansion
and exhaust strokes) are contained in each piston/cylinder
combinatiocn of the engine,. FBach stroke requires cone half
revolution of the crankshaft (180 degrees crank angle (CA)),
and two full revolutions of the crankshaft (720 degrees CA)
are reguired to complete the entire Otto cycle in each
cylinder of a conventional engine,

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

A gplit-cyele ériging comprises:

a crankshaft rotatable about a crankshaft axis;

a compression piston slidably received within a
compression cylindér &and opgratively ¢ontiected to  the
crankshaft sugch that the compression pisgten regiprocates
through an 4intdke #troké and 4 compréssion stroke during a

single rotatioch of the crankshaft:
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an expansion (power} piston slidably received
within an expangioen eyliader and operatively sonnected to
the crankshaft sueh that the expansion piston reciprocates
thrpugh an expansion stroke and an exhaust stroke during a
single rotatipn of the c¢rankshaft; and
a Crossover passage: interconnecting the

compression ahnd expansion cylinders, the crossover passage

ingluding @ crossover gompression (XgvrG) walve and a

crosgover. expansion {(XovrE] valwve defining a wpressure

United States patent 6,543,225 granted April 8,
2003 to CGarmelo J. Scuderi (the Scuderi patent) and United
States patent 6,952,923 granted October 11, 2005 to David P.
Branyon et al., (the Branyon patent) each contains an
extensive discussion o¢f split-cycle and similar type
engines. In addition, the Scuderi and Branyon patents
disclose details of prior versions of engines of which the
present invention comprises a further development. Both the
Scuderi patent and the Branyon patent are incorporated
herein by reference in their entirety. |

Referrihg to FIG. 1, a prior art split-cycle
engine of the type similar to those described in the Branyon
and Scuderi patents is shown generally by numeral 8. The
split-cygle engine & replaces two adjagent cylinders: of a
convéntional edging with a ﬁﬁmbinatiﬁﬂ'df one compression
eylinder 12 and ong expangion gylinder 14. A cylinder head
33 1s typlecally disposed over an open end of the expansion
and compressisn cylinders 12, 14 to ¢dovsr and deal the
eylingders.

The four strokes of the Otto cycle are “split”
gver the two eyvlinders 12 and 14 such that the compressioen
cylinder 12, together with its agsociated compression piston

20, perfort the iAtaks and comprassion strekes, and the
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expansion c¢ylinder 14, ‘together with its associated
expangion piston 30, pérform the expansion and exhaust
strokes. The Otto cycle is therefore gompleted in these two
cylinders 12; 14 onée per crankshaft 16 revelution (360
degrees CA) about crankshaft axis 17.

During the intake stroke, intake air is drawn into
the compression c¢ylinder 12 through &n intake port 19
disposed in the cylinder head 33, An igwardly opening
(opening inward into the cylinder) poppet intake valve 18
controls fluid communication between the intake port 189 ahd
the compression cylinder 12.

During the compression stroke, the compression
piston Z0 pressurizes the air charge and drives the air
charge into the crossover passage (or port) 22, which is
typically disposed in the cylinder head 33. This means that
the compression cylinder 12 and compression piston 20 are a
source of high pressure gas to the crossover passage 22,
which acts as the intake passage for the expansion cylinder
14, In some embodiments, two 0r more Ccrossover passages 22
interconnect the compression cylinder 12 and the expansion
cylinder 14,

The volumetric compression ratio of the
compressign gylinder 12 of split-eycle engine 8 (and for

gplit-cycle engines in general) is herein referred to as the

Yeompression ratid? of the $Eplit-cyélée enginé. THe

volumetric compression ratio of the expansion gylinder 14 of
split=cycle wengime 8 f(and for split=cyele engines in
géneral) is heréin referred to as the Sexpangion ratic” of

the split-gycle engine. The volumetzic compression ratic of

a cylinder i1s well known in the art as the ratic of the

enclosed (or trapped) volume in the cylinder {imeluding all

recegsses) when e piston re¢iprocating therein is at its

Bottom dead cénter (BDC) pésitién t6 the enclosed volufie
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(1.e., clearance wvolume} in the cylinder when the piston is
av its tep dead center (TDC) position. Specifieglly for
split-eyele engines as defined herein, the gompressicn ratio
of a compréssion cylinder is determined when the XovrC wvalve
is elosed. Also, Specifically for split-cycle engines as
defined herein, the expansion ratic of an expansion cylinder
is determinad wheh the ¥oviE walve is closed.

Dye te wery high compression ratios (e.9., 20 to
1, 30 to 1, 40 to 1, or greaterj, an outwardly opening
(dpéning outward away from the oylinder) poppet Crogsover
compression (XovrC) walve 24 at the crossover passage inlet
25 is used to control flow from the compression cylinder 12
into the crossover passage 22. Due to wvery high expansion
ratios (e.g., 20 to 1, 30 to 1, 40 to 1, or greater), an
outwardly opening pbppet crossover expansion (XovrE) valve
26 at the outlet 27 of the crossover passage 22 controls
flow from the crossover passage 22 into the expansion
cylinder 14, The actuation rates and phasing of the XovrC
and XovrE valves 24, 26 are timed to maintain pressure in
the crossover passage 22 at a high minimum pressure
{(typically 20 bar absolute or higher during full load
operation) during all four strokes of the Otto cycle.

At least one fuel injegtor 28 injects fuel into
the pressurized air at the exit end of the crossover passage
22 in corréspondencé with the XovsE valve 26 opéning, which
ggeurs sﬁltr-@.i:‘t_ly before expansien pigten 30 reaches iks top
dead center position. The air/fuel charge wusually enters
the expangion oylinder 14 shertly afver expansion piston 30
reaches its top dead center pesition ¢IPEY, although it may
begin enterimg slightly before TDC under someé operating
conditiens., #As piston 30 hegins its descent from its tep
dead certer positign, and while the XovrE walwe 26 is still

oper, spark plng 32, which includés a spark plug tip 3¢ that
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protrudes into cylinder 14, is fired to initiate combustion
in the regisn areund the gpark pluy tip 39. Combustion can
be initiated while the expansion pigtoh is betwgen 1 and 30
degrees CH past its top dead center (TDC) position. More
preferably, cémbustion gan be initiabted while the expansgien
piston is between 5 and 25 degrees CA past its top dead
center (PDC) positioh. Most preferably, combustion c¢atf be
initiated while the eypansign pisten is between 10 and 20
degrees A wpast 1ts top dead center (TDC) position,
Additionhally, combusticn may be initiated thrgugh other
ignition dewices and/or methods, such as with glow plugs,
microwave ignition devices or through cdompression ighition
methods.

The XovrE wvalve 26 is closed after combustion is
initiated but before the resulting combustion event <c¢an
enter the crossover passage 22. The combustion event drives
the expansion piston 30 downward in a power stroke.

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

With the split-cycle engine concept, the geometric
engine parameters (i.e., boré, stroké, corfdécting fod
length, volumetric compression ratio, eie.) of the
compression 12 and expansion 14 cylinders are generally
indepandent from one another. For exanmple, the crdrk throws
36, 37 for the compressgion <¢¥linder 12 and expansien

cylinder 14, respectiwvely, may have different radii and may

be phased apart from oné ahother such that top dead eeriter

(TDC) of the expansion piston 30 occurs prior to TDG of the

compression piston 20. This iridepeéndence énabled thé &plit-
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cycle. engine 8 to potentially achieve higher efficiency
levels and greater torques than typical four stroke engines,

The geometric independence of engine parvameters in
the split-cyele éngine 8 is also one of the main reasons why
pressure c¢an be maintained in the crossever passage 22 as
discussed earlier. Specifically, the expansion piston 30
reached 1ts top dead center positien pricr to the
eompression piston 20 reaching its top dead center pesition
by a discreet phase angle {typically between 10 and 30 crank
atigle degreeés). Thig phase anygle, together with proper
timing of the XovrC valve 24 and the XovrE valve 2¢, enables
the split-cycle engine 8 to maintain pressure in the
crossover passage 22 at a high minimum pressure (typically
20 bar absolute or higher during full load operation) during
ail four strokes of its pressure/volume cycle. That is, the
split-cycle engine 8 is operable to time the XovrC valve 24
and the XovrE valve 26 such that the XovrC and XovrE valves
are both open for a substantial period of time (or period of
crankshaft rotation) during which the expansion piston 30
desce_nds from its TDC position towards its BDC position and
the compresszion piston 20 simultaneously ascends from its
BDC position towards its TDC position. During the period of
time (or crankshaft rotatien) that the crosseover valves 24,
26 are boeth open, a s‘gbﬁ-st-antisall:ly gqual masg of gas is
trafngferred (1) Ffrom the dompression cylinder 12 idte the
crogsover passage 22 and (2) from the crogssover passage 22
to the expansion cylinder 14. Accordingly, during this
pericd; the préssuré in the crossover passage is prevented
from drppping below & predetermined minimum pressure
{typically 20, B30; or 40 bar absolute during f£ull load
operdtiedn). Moreover, during a substantisl portion of the
intake and exhaust strokes i{typically 90% wof the entire
intake and exbiust striokes or greatery; the XowvrG wvalve 24
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and XovrE walve 26 are both closed to maintain the mass of
trapwed gas in the crossover passage 22 at a subgtantially
constant level. BAs a regult, the prgssure in the crossover
pagsage 22 is maintained at a predétermined minifium pressure
during &1l four strokes of the engine’s pressure/velume
evcle.

XoviE walve 26 opens shortly befofe the exparision
piston 30 resghes its top desad center pogition. At this
time;, ‘the pressure ratio of the pressure In crossover
pbassage 22 to the preéssure in expansion cylinder 14 ig high,
due to the fact that the minimum pressure in the crossover
passdge is typically 20 bar absoluite or higher at full
engine load and the pressure in the expansion cylinder
during the exhaust stroke is typilcally about one to two bar
absolute. In other words, when XovrE valve 26 opens, the
pressure 1in crossover passage 22 is substantially higher
than the pressure in expansion cylinder 14 {(typically in the
order of 20 to 1 or greater at full engine lcad). This high
pressure ratio causes initial flow of the air and/or fuel
charge to flow inte expansion cylinder 14 at high speeds.
These high flow speeds can reach the speed of scound, which
is referred to as sonic flow. This sonic flow is
particularly adwvantageous to split-cycle éridine 8 becausé it
causes a rapid combusticn event, which enables the split-
cyclé engine 8 to maintain high combusticon pressures even
though igrition is initiated while the éxpansion pisten 30
is descending from its top dead center position.

The faél injectors 28 have a plurality of spray
which are targeted to produce one or more generally conical
spray patterns.,  However, various parameters of the fuel
injectors 28 and spray hole targeting dre gritieal for

dssuring the proper delivery of fuel ¢to the éxpansion
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cylinder; wherein wvariations in these parameters can result
in léss *than optimal fuel delivery. Seme of these
parameters include, but are ngt limited to, the number and
size {i.e., diameéterj of spray holes, the number and
location @f the spray hole targets of the spray holes,
injector operating pressures and temperatures, fuel droplet
8ize produced by the spray holes, and the timing ef the

injectors.
SUMMARY OF THE INVENTIQN

The present irvention provides an apparatus for
and method of injecting fuel into an engine wherein spray
heles of the engine’s fuel injectors are aimed at certain
targets to produce fuél sprays‘ that enhance engine
performance.

More particularly, an exemplary embodiment of an
engine in accordance with the present invention includes a
crankshaft rotatable about a crankshaft axis. An expansion
piston is slidably received within an expansion cylinder and
operatively connected to the crankshaft such that the
expansion piston 1is operable to reciprocate through an
expansion stroke and an exhaust &troke during a single
rotation of the cranmkshaft. A crossover passage including
walls <onnscts a  source &f high pressuze gas o the
exparigion cylinder. A crogssover expangion (RoviE) valve is
operable to control fluid communication betwden the
G¢rossover passage and the eéxpansion dylinder. fThe XovrE
valve includes a-%alve head and g valve stem extending from
the valve head. B fuel injector is operable to inject fuel
iote the crossover passage., The fuel injecter in¢lides &
plurality of spray holes disposgd in a nozzle end of the
fuel ifnjector and aiméd at an At least ode targét at which
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fuel emitting from the spray holes is directed te form at
least one spray pattern. The at least one target 1& lecated
above a sedted positipn of the XovrE valwe head and between
the walls of the crosscover passage and the XovrE valve stem.

The XovrE valyve may be an ocutwardly opening valve.
The spray holes may be aimed at a plurality of spray targets
to foirm a plurality of Spray pattérns, the targets being
located such that the spray patterns straddle the valve stem
of the XovrE valve. Each spray hole may have a centerline
extending therethrotigh, the plurality of spray holes being
oriented such that the spray hole centerlines pass through
the at least one target at which fuel emitting from the
spray holes are aimed. One of the at least one target may
be an outside diameter target located at a point on the
centerline of one spray hole of the pluraliity of spray holes
at which the centerline intersects a maximum outside
diameter of the XovrE valve head when the XovrE valve is
raised a predetermined target 1ift distance above its seated
position. The target lift distance may be within a range of
10 to 60 percent of maximum XovrE valve lift, preferably 15
to 40 percent of maximum XovrE wvalve 1lift, and more
preferably 20 to 30 percent of maximum XovrE valve lift.

The spray hole centerlines may be substantially
independently oriented. The number of spray patterns may
equal the number ¢f $prdy targets.

The crossover passage may be a helical crossover
passage imcluding a helical end section disposed over the
XovrE ¥valve. The at least one targét may be logated within
the helical end section. The Helical end sectien may spiral
in one of & clockwise or a counterclockwise direction.

The gource of high Pressiure ¢as may be a
compressicn gylinder including a compréssion piston slidably

received therein, the dompréssion cdylinder being operatively
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connected to the crankshaft such that the compression piston
ig operable to reciprocate through an intake streke and a
compresgion stroke during a single «rotation o©f the
crankshaftt., The crossover passage Labtercénnects the
expansioen and cempressien cylinders;

In another exemplary embodiment, @ah engine in
dceordahde with ‘the present ihvention ingludes a crafikshaft
rokatable about a crankshaft axis. Ab expapsion piston ig
slidably received within an ‘expansion cylinder and
operatively connected to the crankshaft such that the
expansion piston 1is operable " to reciprocate through an
expansion stroke and an exhaust stroke diring a single
rotation of the crankshaft. A ér0330ver passage connects a
gsource of high pressure gas to the expansion cylinder. A
crossover expansion (XovrE) wvalve 1s operable to control
fluid communication between the crossover passage and the
expansion cylinder. The XOV;E valve includes a valve stem.
A fuel injector 1is ©operable to inject fuel into the
Crossover passage. The fuel injecter includes a plurality
of spray holes disposed in a nozzle end of the fuel
injector. The spray holes are aimed at two or more targets
at which fuel emitting from the spray holes is directed to
Lorm at least two fuel sprays. The at léast twoe fuel gpravs
straddle the walve stem of the XovrE valve.

Bach s$pray Hele may havé & centerlide séxtending
therethrough, The plurality of spray heles may be oriented
such that each spray hole centerline passes through one af
the targets at which fuel is divegted. The eénterlings of
the spray holes forming one of the spray pattegns may be
oriented at a target that is distinect from & terget at which
the eenterlines of the spray holes forming angther of the

spray patterns are griented.
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The XovrE valve may include a valve head disposed
at an end ¢f the valve stem. The XoviE valve algd may be an
outwardly opening valve, One of the targets may be an
outside diamerer target locatéd at a point on the centerline
of at least one of the spray holes at which the centérline
intersects a maximum outside diameter of the XovrE wvalve
head when the XévrE valvée iz raiged a predetermined target
lift distance gbove its gesated position. The target 1ift
distance may be within a range of 10 to 60 percent of
maximum XoviE valve 1ift, preferably 15 te 40 percent of
maximum XowvrE vwvalve 1lift, and more preferably 20 to 30
percent of maximum XovrE valve lift.

The crossover passage may be a helical crossover
prassage including a helical end section disposed over the
XovrE valve. The two or more targets may be located within
the helical end section. The helical end section may spiral
in cne of a clockwise or a counterclockwise direction.

The source of high pressure gas may bke a
compression cylinder including a compression piston slidably
received therein, the compressicn cylinder being operatively
connected to the crankshaft such that the compression piston
is operable to reciprocate through an intake stroke and a
compression stroke during &a single retation of ‘the
crankshaft. The crossover passage Interconnects the
exparision and compression cylinders.

In another exemplary embodiment, a methed of
injecting fuel in an engine is disclosed. The engine
includes a brankshaft rotdtable about a erankghaft axis. A&n
egpansion piston is slidably received within the expansien

cylinder and operatively connected to the crankshaft such

that the expansisén piston is operablé to regiprecate through

an expansion stroke and an exhaust stroke during a single

rotation of the crankshaft. A crossover passage including
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walls connects a source wof high pressure gas te the
exparision oylindér. A crossover expansion (XovrE) valve is
disposed at an outlet end of the crossover passage and is
operablé +to contrsl fluid comtunication betweén the
grossgver passdage and the ezpansion gylinder.  The XovrE
valve includes a valwe head and a valve stem extending from
the valve head. A fuel injector is operable to inject fuel
into the crogsover passage. The fuel injector includes a
plurality of spray holes disposed in a nozzle end of the
fuel ifijegtor. Each spray heole is aimed at ore of ‘twe
targets at which fuel emitting from the spray holes is
directed to form.twb spray patterns. The two targets are
located above a seated position of the XovrE valve head and
between walls of the crossover passage and the XovrE valve
stem such that the spray patterns straddle the XovrE valve
stem. Injection of fuel is begun from the fuel injector
towards the outlet end of the crossover passage. The XovrE
valve is opened. Injection of fuel is ended prior to
closing the opened XovrE valve.

The XovrE wvalve may be opened outwardly relative
to the expansion cylinder, Fuel injection may be begun
before opening the XovrE valve or after opening the XovrE
valve. The method may further in¢lude the &steps of
establishing air flow from the crossever passage to the
expansion cylifder ‘t-_'hfbu?ijh the opén XovrE walve; sweéping
the two spray patterns into the aix flow such that one of
the spray pattérns is pulled over and across the XovrE valve
sten ahd is merged with the ethel $pray pattern te generally
form & single combimed sprayf @rd pulling the combined spray
towards an edge of the cutlet end of the crossover passage
wherely the conbined spray exits the crossever passdge
through the XowxE wvalve. The duration of an injection event

trom the beginning of fuel injeétien to theé ending of fuel
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injection may be approximately 45 degrees of crank angle or
less, preferably 40 degrées of crank angle of le§s, and mord
preferably 35 degrees of crank angle or less,

These @and other features and advantages of the
invention will be more f£fully understosd from the fellowing
detailed description of the invention taken together with the

actompanying drawifigs.
BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings:

FIG. 1 is a cross-sectional view of a conventional
split-cycle engine;

FIG. 2 is a perspective view cof a helical passage
for linking an inlet manifold to an inlet valve of an engine
cylinder head;

FIG. 3 is another perspective view of the helical
passage;

FIG. 4 is a cross-sectional view of an exemplary
embodiment of a split-cycle engine in accordance with the
present invention taken along the line 4-4 in FIG. 3;

FIG. 5 is a plan view of the split-cycle engine of
FIG. 4;

FIG. 6 is a perspective view of a portion of the
split-cycle eagine illustrating an insidée of a cylinder head
and passages of the enginer

FIG. 7 is a perspective view of a fuel injector of
the split-cycle &hgine;

FIG. 8 ds an enlarged front wview of the fuel
injector as viewed from the line 8-8 in FIG. 7

FIG. 9 i8 & ocross-sgetional view of the fuel

injector takem aleng the line 9-9 in FIG. 8+
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FIG. 10 is a perspective view of the fuel injector
illustratinig fuel spray pathérns férmed by ejecking fuel
through spray heles of the injector;

PIG. 11 lS a perspective view of & portion of the
split-cyele engine illuskrating injestion of fusl inte the
engine passages;

FIG. 12 1% a perspective wview illugtrating a Y%
plane of @ three-dimensional Certesian cooxdinate system
superimposed over an expansion cylinder of the engine; '

FIG. 13 is a c&rogs-gectional view takeh along the
line 13-13 in FIG. 12 illustrating a Y¥-Z plane of the three-
dimensional Cartesian coordinate system;

FIG. 14 is a cross-sectional view taken aleng the
line 14-14 in FIG. 12;

FIG. 15 is an exemplary embodiment of a spray
target location plot illustrating the Cartesian coordinates
of outer diameter (0OD) targets and firedeck targets:;

FIG., 16 is a plan view of a portion of the split-
cycle engine illustrating an inside of the expansion cylinder
and associated passages of the engine;

FIG. 17 is a plan view of the engine of FIG. 16
schematically illustrating the beginning of injection of fuel
spray inte helical end sechtions of the efigine crossover
pasgages;

FIG. 18 is & pldan viéw schematically illuStrating
the gperiity of engire valves i the passages such that air
flow in the passages begins to affect the trajectory of the
fuél sprays;

FIG. 12 is & plen view schemetically illustrating
distortion of the trajectory of the fuel sprays ag they arke
swept intoe the air flows
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FI1G. 20 is a plan view schematically illustrating
fuel sprays being pulled acrogs & valve stem and beginfiihg to
merge with ancther fuel spzay; and

FIG. 21 is a plan viéw schematically illustrating
the merged fuel sprays being pulled to a far edge of the

helical end. sections.
DETATLED DESCRIPTION OF THE INVENTION

Referririg to FIGS. 2 and 3, for purpeses of
clarity, a helical passage 38 (as referred to herein) is a
connecting passage (port), which typically links an inlet
manifold to an idnlet wvalve of a cylinder head in a
conventional engine, The downstream portion of the helical

passage 38 includes a generally straight runner section 39

..integrally connected te a -helical end section 40, which is

disposed over an inlet wvalve 41. The inlet wvalve 41
includes a stem 42 and a head 43, wherein the head 43 copens
to a cylinder (not shown). The flow area within the helical
end section 40 1s disposed in a circumferential and
descending funnel 44 around the wvalve stem 42, which 1is
carried in a bore 46 of the end section 40. The funnel 44
gpirals over at least ohe-third of a turn, and preferably
between one-half and three-quarters of a turn, about the
valvé &tem 42, go that incoming air ig forced to rotate
about. the walve stem 42 prior to entering the cylinder. The
roof 47 of the funnel 44 reduces in height as the funnel 44
spirdls dround the vdlve stem 42.

The. runner section 32 can optienally ke oriernted
tangentially or radially relative to the cylinder, such
orientation determining the kulk flow direction of the
fuel/air <charge &as 1t enters the cylinder. Also,

eptionally, each helical end section 40 may spiral in a
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clockwise or counterclockwise direction, such rotational
directien determining the directien of rotation é¢r spin the
fuel/air chargé will have as it enters the eylinder.

Referring té FIGS. 4 and 5; numeral 50 geneérally
indicates an exemplary embodiment of a split-cyele engine
having dual tangential helical crossover passages 78 with a
fuel imjecter 90 dispesed ifi the downstredn portiecn of each
Croggover ‘passage 78 in  accordance with the present
invention. split-cycie engine 50 is functionally and
structurdlly similar to prior art split-cycle engihe 8 as
illustrated and described in FIG. 1.

Engine 50 includes a crankshaft 52 rotatable about
a crankshaft axis 54 in a clockwise direction as shown in
the figures. The crankshaft 52 includes adjacent-angularly
displaced leading and folleowing crank throws 56, 58
connected to connecting rods 60, 62, respectively.

Engine 50 further includes a cyliﬂder block 64
defining a pair of adjacent cylinders. In particular,
engine - 50 dincludes a compression cylinder 66 and an
expansion cylinder 68 closed by a cylinder head 70 at an
upper end of the cylinders opposite the crankshaft 52.

A compression piston 72 is received in compressipn
cylinder 66 and is connected tp the foilcwing cormecting rod
62 for reciprocation of the Piston‘ 12 between top dead
center (TDC) &Ad bottom déead cedter (BDC) positions. Ad
expansion piston 74 is received in expansion eylinder 8 and
is connected to thé leading connecting rod 60 for similar
TRC/BDC reciprocatien.

gas flow into, out of, and between the cylinders 66, 68. In

the prder of gas flew, the oylinder head 70 ingludes an

' intake pasgage 76 through whigh intake air is drawn into the

compresgion cylinder 66, a pair of tangential helical
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crossover (Xovr) passages 78 through which compressed air is
transferred from the <cofmpressien cylinder 66 to the
expansion c¢ylinder 68, and an exhaust passage §0 through
which spént gases are discharged from the expansion cylinder
8.

Gas flow into the compression cylinder 66 is
cohtrélled by afi imwdrdly openihng peppéet type intake xalve
B82. Gas flow into amd out of each helical crossover passage
78 may be controlled by a pair of cutwardly opening poppet
valves, i.e., Crogsovelr compression {XoviC) valvés 84 at
inlet ends of the helical crossover passages and Crossover
expansion (XovrE) valves 86 at outlet ends of the helical
Crossover passages. Fach pair of crossover valves 84, 86
defines a pressure chamber 87 between them in their
respective c¢rossover passages. Exhaust gas flow out the
exhaust passage 80 is controlled by an inwardly opening
poppet type exhaust valve 88. These valves 82, 84, 86 and
88 may be aétuated in any suitable manner, such as by
mechanically driven cams, variable valve actuation
technology, cor the like.

Each helical crossover passage 78 has at least one
high pressure fuel injector 90 disposed therein. The fuel
injeéctors 90 are operative to inject fuel into the charge of
compressed air within the pressure chambers 87 of the
helical crossovéer passages 78.

Engine 50 alse includes one or more spark plugs 92
or other ignition devices. The spark plugs 92 are located
it appropriate lodations in the end of thHe expansion
eylinder 68 wherein a mixed fuel and air charge may be
ignited and burned during the expansion stroke.

Referring to FIG. 6, a cloge-up view is shown of
the inside of the cylinder head 70 and passages, including

the exhaust pa&sage 80 and downstréam portionsd of the dual
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tangential helical crossover passages 78. Fuel injectors 80
are disposed in each dowhstream portion of the croggover
passages 78 to inject fuel into the air strgam as ‘the XovrE
valves 86 are actuated. As will bée discussed in greater
detail herein, the fuel spray {(mot shogn) from the injectors
90 is targeted to optimize the flow and distribution of the
fuel/air chaige inte the expansion oylinder 8.

s preyviously discugsed, a fuel/air chazge must
flow from the crossover passages 78 inte the expansion
cylindey 68 where it is combusted during the expzansion
stroke and the products of the combustion are ultimately
discharged through the exhaust passage 80 during the exhaust
stroke, Prior to combustion, the fuel/air charge must be
rapidly mixed and thoroughly distributed in the expansion
cylinder 68.

Both crossover passages 78 are constructed with a
generally straight tangential runner section 100 integrally
connected to a clockwise helical end section 102, which is
disposed over the outwardly opening poppet type crossover
expansicn valve 86.

In the embodiment of FIG. 6, each clockwise
helical end section 102 includes a funnel 104 spiraling in a
Glockwise directicn about & valve stem 106 carried in a bore
108, through which the valve stem of each cutwardly opening
crofgover expangion valve 86 extefids. The spiral funnel 104
forces inosming eir to rotate abeut the valve stem 106 priet
to entering the expansion cylinder 68. The walve stem

gaFries an oirgardly opening valve head 109, whigh is held

closed, pattially by pressure in the pressure champer 87,
when the wvalve Is seated.

Each runner sectign 100 is bangential to ‘the
peximetér of the expansion gylimder 68. That is, edch

runnér section 100 directs aly flow inte the funnel 104 in a
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flow path that is epproximately parallel (i.e., preferably
plus or siifns 20 degréss, more preferdbly plus or minus 10
degrees, and most preferably plus or minus 5 degregs) to a
tangential liné exténding through & point in the éxpansion
oylinder’s €8 perimeter which is closest to the valve stem.
The valve stem 106 carries an outwardly opening valwe head
109 whiech 4is held clesed, partidlly by préssire in the
presgure chamber 87, when the valve 1s seated. This
combination of dual tangential helical crossover passages 78
in which poth helical end sectiens 102 spiral in the same
direction has been found to greatly promote rapid air/fuel
mixing in the split-cycle engine 50. This embodiment
depicts both helical end sections 102 spiraling in the
clockwise directicn; however, it may be preferable in
alternative embodiments for both of the helical end sections
102 to spiral in the counterclockwise directicn.

Referring to FIGS., 7, 8 and 9, a perspective view
of an injector 90 is shown in FIG. 7, a close-up front view
of the associated injecteor tip 120 of injector 90 is shown
in FIG. 8 (as viewed from the line 6-8 in FIG. 7), and a
close-up side view of the tip 120 is shown in FIG. 9, which
is a cross-section taken along the line 9-9 in FIG. §. In
this exempldry embodiment, the injector tip 120 has a
plurality of six dinjector spray holes 122 disposed
circumferentially around &n injéctor tip center 124 (best
seen 1ip FIE. 8). Although six injectsér holes ate
illustrated in this embodiment, any vreasonable number of
holeg may be disposed in injedtor tip 120 {€.g., 1 through 8
or more). Each injector spray hole 122 may vary in diameter
and/or length, and each hole 122 has a spray hole centerline
126 extending therethrough (pest seen in FIG. 9§.

It 1is dimportant to note that the spray hole
centerlifes 126 of hoeleés 122 edch may be substantially
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independently oriented (aimed) to direct fuel at a separate
individual target or at a plurality of common targets within
the geemetry of the enging 350. That is, the holes 122 may
be oriented sueh that, when the fuel injecter 90 is mounted
in engine 50, the extended centerline 126 of each hole 122
will pass generally through a specific target ;Withima'the
geomet¥y of the engine 50 toward which the fuel emitting
from that hole 122 #ill be dizscted. There may be as many
targets as there are holes 122, or nothing more than a
single target toward which all the holes 122 are ainied, or
any number of targets therebetween toward which various
groups of holes are aimed. Referring to FIG. 10 and
referring again to FIGS. 8 and 9, each spray hole 122 of
injector 90 will emit fuel which will fan out into a
generally conical fuel spray pattern {or fuel spray) as the
fuel traverses away from the spray hole 122, provided there
are na external forces (e.g., high air flow) acting on the
fuel sprays as -they are being emitted. The number of
conical spray patterns may be equal to the number of targets
the holes 122 are aimed at. In this exemplary embodiment,
there are two targets (not shown), in which a first group of
three holes is aimed at a first of the two targets and a
second group of three Holes is aimed at & second of the two
targets, as a result, the sprays <from each of the two
groups of holes combing te form two distinct generally
conigal shaped spray patterns 128 and 130,  Each spray
pattern 128, 130 has a respective spray pattern centerline
132, 134, whicdh i3 aified at sach taryet. That is, the
centerlines 132, 134 extend generally from the injector tip
center 124 of each injector tip 120 toward amd through the
target. Moreover, except for the small distance from the
center of.spray’hqla 122 ¢ injegtor tip center 124, the

centeérline 132; 134 of each conical spray pattern 128, 130
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substantially aligns with each centerline 126 of each spray
hole 122 aimed At the same target.

One skilled in the art would recognize that the
targets through which & plurality of sprdy holes 122 (and
their centerlines 126) are aimed may be so close together
that the fuel sprays from each of the plurality of holes 122
will combiné to form a #Single distinct gengrally ceniaal
spray pattern. For purpeses herein, when tlie sprays combine
to form a single spray pattern, the holes 122 are considered
to be aimed 4t the same target.

Referring to FIG. 11, a perspective view, similar
to FIG. 6, is shown of the inside of the cylinder head 70
and passages, including the exhaust passage 80 and
downstream portions of the dual tangential helical crossover
passages 78. Tne fuel injectors 90 are disposed in the
downstream portions of crossover passages 78, The fuel
injectors 90 are activated so that they are emitting dual
fuel sprays 128, 130 across the helical end sections 102 of
the crossover passages 78. The dual fuel sprays 128, 130
are ailmed to straddle the wvalve stems 106 of XovrE valves
86. The injectors are typically designed for gasoline high
pressure (e.g., 20-200 bar). As such, they are designed to
operate in the high pressure and high tempetratire
gnvironment of theVXcvr ports 78,

Several factors must be ¢orisidéred whén tardéting
fuel sprays from an injector fer optimal fuel/air flow and
distribution into expansion cylinder 6B8. 'Generally, the
fuel sprays 128, 130 should be targeted to idipinge das little
as possible on coeld surfaces and to be dizected as much as
possible into areas of maximum air flow. In the case of
griging 50, the relatively cold surfaces te aveid are the
walls of the crossover passage 78 f{imeluding the helical end

dections 102} and the valve stens 106 of XovrE wvalvés B86.
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The XovrE valve heads 109 have relatively hot. surfaces.
However, when thé XoviE valve heads 109 are geated, they are
generally located away from the main flow path of the agiz
swirling in helical section 102 and should also be aveided.
Accerdingly, the fuel sprays 128, 130 are aimed at a target
located above the seated position of the valwve heads 108 and
batween the walls of the helical efid sections 102 and the

additionally; fuel droplet size 48 another
important factor in optimizing the fusl/air flow.
Generally, large fuel droplets have greater momentum but
evaporate more slowly than small fuel droplets. If the fuel
droplets are too large, they may carry well into the main
air flow path, but will not evaporate guickly enough and may
impinge on the‘cool walls of the helical end section 102
where they will conglcomerate as a liquid fuel and not
combust properly. If the fuel droplets are too small, they
will evaporate quickly, but will not have enough momentum to
carry into the main air flow path and enter the expansion
cylinder 68. Also generally, the larger the number of spray
patterns, for a given charge (mass) of fuel, the smaller the
diameter of the spray holes 122 and the smaller the droplet
size.

In the exemplary embodiment of the split-tycle
éngine 50, dual fuel spray patterng 128, 130, héving two
distinct targebs, worked best with regards teo optimizing the
droplet sizes. That 1s, a single spray pattern would
produce dreplets that were too Big and wWould irpingé too
mrch on. the ool surfaces of the helical end sevtiens 102,
Alternatively; three or more spray patterms would produce
droplets that wers too small and would not have erough

mgmentum to carry acrossg the heligal end gection 10Z and mix
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with the main air flow path entering the expansion cylinder
68.

Referring to FIGS. 12 and 13, a three-dimensienal
Cartesian coordinate system (hawving X, ¥ and Z ceordinatés)
is superimpossd over the engine 50, and more specifically,
over the expansion cylinder 68. FIG. 12 illustrates the ¥-X
plaiie (i.8., Where 2=0) of the cobrditfigte &ystem. FIG. 13
is a cross-sectional view taken along the line 13-13 in FIG,
12, and FIG. 13 illustrates the Y-Z plane {i.e., where X=0)
of the coordinate system. The Y-Z plane paszses through the
centerline 138 of the expansion cylinder 68 as well as the
centerline 139 of the exhaust wvalve 88, The origin 136 of
the coordinate system (i.e., the pcint where X, Y and 2
equal 0) is located at the intersection of the centerline
138 of expansion cylinder 68 (best seen in FIG. 13) and the
bottom surface 140 (generally known as the firedeck or
flameface) of the cylinder head 70 {(also best seen in FIG.
13). '

Referring to FIG. 12, it can be seen that the
respective centerlines 132 and 134 of spray patterns 128 and
130, which are emitted from injectors 90, are aimed at
targets located between the XovrE valve stems 106 and the
walls of helical end sections 102. This is because the
walls of the helical end sections 102 and the wvalwve stems
106 of XovrE valvés 86 have relatively <ool surfaces and
would hamper the eviporation rates of the fuel emitted from
injectors 90. Note also, that if the respective centerlines
132 and 134 of the d4pray patterns 128 and 130 are dimed
between XovrE valve stem 106 and the helical end section 102
walls, then so too are the ceriterlines 126 of the spray
holes 122 whicdh combine te form each asgocidted gpray

prattern 128 and 130,
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Referring to FIG. 14, which is a cross=sectional
view taken alohg the ling 14-14 i FIG. 12, for puiposes of
simplicity, only a single spray pattern 130 of the two spray
patterns 128 and 130; which are eémitted from the injéctor
90, is shown. As discussed earlier, sgpray pattern 130 has
an associated centeriine 134 which originates from the
defiter 124 of injecter tip 120 and is aimed (ise.; passes
through) toward & &arget Ilocated within the enginme 50

geometry. Note also; as discussed eariler; that the

centerlines 126 of the spray holes 122 whigh combine to form
spray patterns 128 and 130 are aimed at the same targets.

In this embodiment, two alternative types of
targets are utilized. The first type of target is
designated herein as an outside diameter (OD) target 142,
and the second type of target is designated herein as a
firedeck targef 144, Both OD target 142 and firedeck target
144 are located at a point through which the extended
centerline 134 will pass.

Both targets 142, 144 aim the centerline 134 above
the XovrE valve head 109 when the valve head 109 is in its
seated position. That is, both targets 142, 144 reguire
that the valve 86 be raised a predetermined target 1ift
distance 146 above its seated positicn before the maximum
outside diameter of the head 169 intersects the aimed
centérline 134. oOne of thé primary reéasons for selécting
targehs that aim the spray centerline 134 above the seated
position of the XovrE valve head 109 is to inject the spray
pattern 130 inte an area of nedr Maxifom air flow in ofder
to promote air/fusl mixing snd distribution.

In the case of the 6D target 142, the target 142

location is substankially the ackual peint of intersectioen

between the maximum outside diameter of XovrE valve head 109

and the aimed cefnterline 134 when the XovrE valve 86 reaches
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its target 1lift distance 146. In the case of the firedeck
target 144, the target 144 location is substantially at a
point on the firedeck 140 of cylinder head 70 that the aimed
centérline 134 would pass through affer intersedting QD
target 142.

The target lift distance 146 is preferably located
within a range of a percentage of aximum XoviE valve 86
lift. It is preferable that the target lift distance 146 be
within @ range of 10 to 60 percent of maximum XovrE valve 86
1ift., It is mpre preférable that the target lift distance
146 be within a range of 15 to 40 percent of maximum XovrE
valve B6 1lift. It is most preferable that the target 1lift
distance 146 be within a range of 20 to 30 percent of

maximum XovrE valve 86 lift.

By way of example, if the maximum lift of Xovrk
valve 86 (i.e., the point at which the XovrE valve B¢ is
furthest away from its seated position) is between 2.0 and
3.6 millimeters (mm) and the target lift distance 146 is set
at 0.9 mm, then the 1lift distance 146 would be set within a
desirable range cof 25 to 30 percent of the maximum XovrE 86
valve lift. This would place the spray pattern 130 in good
position to be swept up by the high air flow that occurs in
the dewnstream portion of the c¢rossover passage 78 when
valve 86 opens.

Referring toe FIG. 15, an exemplary embodiment of a
spray ‘target location plot is pregented . showing the
Cartesian coordinates (X,Y,2) of each 0D target 142, 148,
150 and 152 and eath firedeck target 144, 154, 156 and 158
within the geometry of engine 50, Additionally, ‘the
coordinates for the injecter spray origins (i.e., the
injector tip <centers 124) are also showa. For this

exemplary embodiment, the target 1ift distance 146 is set at
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0.9 mm above the seated surface of outwardly opening valves
86.

In addiftion to the target logatiens, the maximum
outside diameters (oD) of heads 109 and stems 106 of XOvriE
to expansioén cylinder 68. Additienally, the canrerlines 132
and 134 of spray patterns 128 and 136, respedtively, are
shown extending from the injecter tip cepbers 124 (i.e., the
injector spray origins) and passing through their associated
OD targets 142, 148, 150 and 152 and firedeck targets 144,
154, 156 and 158. |

In this coordinate system, theé plane of 7Z=0 is the
location of the firedeck (or flameface) 140 (best seen in
FIG. 13). Accordingly, the firedeck targets 144, 134, 156
and 158 all have a Z cocrdinate of zero.

Also for this embodiment, when the XovrE valves 86
are seated, the maximum ODs of heads 109 are located 2.6 mm
above the firedeck 140. As such, when the maximum OD of
head 109 is raised the target lift distance of 0.9 mm, the
maximum ODs are located 3.5 mm above the firedeck 140. Thus
the OD targets 142, 148, 150 and 152 all have a 7, coordinate
of 3.5 mm.

Note that OD target 148 does not fall directly on
the perimeter of its associated head 109. This s because
of geometric obstrugticds in the hélical &nd section 102
snclosing that particular head. Accordingly, the centerline
132 had to be pivoted away from the cooler wall surfage of
helical end sectioh 107 and ¢loser to the histter stem 106,
Technically this means that the projected econteiline 132
intersects the maximum ©O of head 109 et a point that is
slightly less than the desired target lift distance of 0.9

T Howewver, the sacrifice in target lift distance 146 is
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small and well within the preferred range of between 10 to
60 percerit of maximum Iift of valve 86.

Referring te FIGS. 16-21, the fuel delivery event
per degrees of crdank dngleé rotatisn i¢ shown in detail. The
number in the teop right of each figure is the crank angle
location of the expansioen piston 74 in degrees after top

dead genter of the expansiod pistoh 74 (ATDCe) .

The: injeetors 390 adre mounpted on ‘the putsides of
the helical end sections 102, but are targeted so the spray
is carried by the adir flow ac¢ross and arotund the helieal end
sections 102 towards the insides of the helical end sections
102. As such, the air-fuel mixtures mostly exit through the
XovrE valve 86 openings towards the center of the expander
cylinder 68 and are carried across the cylinder 68.

Referring to FIG. 16, at -14.5 degrees ATDCe, the
injection event has not yet begun. Additionally, the XovrE
valves 86 are still in their seated positiocon.

Referring te FIG. 17, at -10.5 degrees ATDCe, the
injection event has begun prior to XovrE valve 86 opening,
50 that there is time for the fuel sprays 128, 130 to travel
across the helical end sections 102 before the valves 86
cpen. Although the injection event typically starts (i.e.,
the start of fuel injéction into the crossover passages 78)
before the XovrE wvalve 86 opens, there are operating
conditiéris wherein the injéction évent mdy start after the
XovrE valves 86 begin teo open.

Referring to FIG. 18, at —6.5 degrees ATDCe, ‘the
XovrE wvalves 86 hdve lifted envugh 50 that & subgtantial
ameunt of air flow has been established and is beginning to
affect the trajectory of the sprays 128 and 130. The two
gpravs 128 and 130 are still substantially stragdling the

valve stems 106,
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Referring to FIG. 19, at ~2.5 degrees ATDCe; ‘the
two Sprays 128 and 130 have reashed slmost fully acroess the
helical end sectioms 102 and are still straddling the stems
i06. However, there is a fair amount of distortion in the
trajectory of the sprays 128 and 130 as they are being swept
up into the air flow swirling around the helival end section
102.

Referring to ¥FIG. 20. at +1.5 degkees APLCe, spray
pattern 128 on the left injector is being pulled by the air
Flow to the point where it 1s just cressing its asgociated
valve stem 106. The spray pattern 128 on the right injector
has been pulled fully across its associated stem 106 and is

beginning to merge with its associated spray ﬁattern 130.

Referring to FIG. 21, at +5.5 degrees ATDCe, the

sprays 128 and 130 from both injectors 90 have been pulled
by the swirling air flow to the far edge of the helical end
sections 102, and have merged together. The combined fuel
sprays 128 and 130 are now exiting through the XovrE valve
86 openings towards the center of the expander cylinder 68
and are being carried across the cylinder 68.

The injection events end prior to XovrE valve 86
closing, so that there is time for the remaining air flow
through the XovrE valveés 86 to carry eut the majority of the
injected fuel. Typically the duration of the ejectien event
is 45 degrees of erank argle or less; preferably 40 degrées

of grank angle or less, #and more preferably 35 degreey of

erank ‘angle or less. This alsc helps to minimize the

possibility for fuel to partially compust im the crossover
passages 78,

Although the diovention has been described by
reference to specific embediments, it shonld be ufiderstoed
that numerous changes may be made within the spirit and scope

of the inventive concepts describead, necordingly, 1t is
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intended that the invention not be limited to the described

embodiments, but that it have the full scope define by the

language of the following claims.

Throughout this specification and the claims which follow,
unless the context requires otherwise, the word "comprise",
and variations such as "comprises" or “comprising", will be
understood to imply the inclusion of a stated integer or
step or group of integers or steps but not the exclusion of

any other integer or step or group of integers or steps.

The reference in this specification to any prior publication
(or information derived from it), or to any matter which is
known, is not, and. should not be taken as, an
acknowledgement or admission or any form of suggestion that
that prior publication (or information derived from it) or
known matter forms part of the common general knowledge in

the field of endeavour to which this specification relates.
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The claims defining the invention are as follows:

1. An engine cbmprising:

a crankshaft rotatable about a crankshaft axis;

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

a crossover passage including walls, the crossover
passage connecting a source of high pressure gas to the
expansioﬁ cylinder;'

a crossover expansion (XovrE} valve operable to
control £luid communication between the crossover passage
and the expénsion cylinder, the XovrE valve including a
valve head and a valve stem extending from the valve head,
the XovrE valve being an outwardly opening valve; and

a fuel injector operable to inject fuel into the
crossover passage; .

the fuel injector including a plurality of spray
holes disposed in a nozzle end of the fuel injector and
aimed at an at least one target at which fuel emitting from
the spray holes is directed to form at least one spray

pattern;
wherein the at least one target is located above a
seated position of the outwardly opening XovrE valve head

and between the walls of the crossover passage and the XovrE

. valve stem.
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2. The engine of c¢laim 1, wherein the spray
holes are aimed at a plurality of spray targets to form a
plurality of spray patterns, the targets located such that

the spray patterns straddle the valve stem of the XovrE

valve.

3. The engine of claim 1, wherein each spray
hole has a centerline extending therethrough, the plurality
of spray holes being oriented such that the spray hole
centerlines pass through the at least one target at which

the spray holes are aimed.

4. The engine of claim 3, wherein one of the at
least one target is an outside diameter target located at 2
point on the centerline of one spray hole of the plurality
of spray holes at which said centerline intersects a maximum
outside diameter of the XovrE valve head when the XovrE

valve is raised a predetermined target lift distance above

its seated position.

5. The engine of claim 4, wherein the target
1ift distance is within a range of 10 to 60 percent of
maximum XovrE valve 1lift, preferably 15 to 40 percent of
maximum XovrE valve lift, and more preferably 20 to 30

percent of maximum XovrE valve 1lift.

6. The engine of claim 3, wherein the spray hole

centerlines are substantially independently oriented.
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7. The engine of claim 1, wherein the number of

spray patterns equals the number of spray targets.

8. The engine of claim 1, wherein the crossover
passage is a helical crossover passage including a helical
end section disposed over the XovrE valve, and wherein the

at least one target is located within cthe helical end

gection.

9. The engine of claim 8, wherein the helical
end section spirals in one of a clockwise or a

counterclockwise direction.

10. The engine of claim 1, wherein:

the source of high pressure gas is a compression
cylinder including a compression piston slidably received
therein, the compression cylinder being operatively
connected to the crankshaft such that the compression piston
is operable to reciprocate through an intake stroke and a
compression stroke during a single rotation of the
crankshaft; and '

the crossover passage interconnects the expansion

and compression cylinders.

11. An engine comprising:

a crankshaft rotatable about a crankshaft axis;

an expansion piston slidably received within an
expansion cylinder and operatively connected to the

crankshaft such that the expansion piston is operable to
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reciprocate through an expansion stroke and an exhaust
stroke during a single rotation of the crankshaft;

a crossover passage connecting a source ©f high
pressure gas to the expansion cylinder;

a crossover expansion (XovrE) valve operable to
control fluid communication between the crossover passage
and the expansion cylinder, the XovrE valve including a
valve stem, the XovrE valve being an outwardly opening
valve; and

a fuel injector operable to inject fuel into the
crossover passage;

the fuel injector including a plurality of spray
holes disposed in a nozzle end of the fuel injector, the
spray holes being aimed at two or more targets at which fuel
emitting from the spray holes is directed to form at least
two fuel sprays;

wherein the at least two fuel sprays straddle the

valve stem of the XovrE valve.

12. The engine of claim 11, wherein each spray
hole has a centerline extending therethrough, the plurality
of spray holes being oriented such that each spray hole

centerline passes through one said target at which fuel is

directed.

13. The engine of «claim 12, wherein the
centerlines of the spray holes forming one said spray

pattern are oriented at a target that is distinct from a
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target at which the centerlines of the spray holes forming

another said spray pattern are oriented.

14. 'The engine of claim 12, wherein:

the XovrE valve includes a valve head disposed at

an end of the valve stem, and

one of the targets is an outside diameter target
located at a point on the centerline of at least one said
spray hole at which said centerline intersects a maximum
outside diameter of the XovrE valve head when the XovrE
valve is raised a predetermined target lift distance above

its seated position.

15. The engine of claim 14, wherein the target
1ift distance ig within a range of 10 to 60 percent‘ of
maximum XovrE valve 1lift, preferably 15 to 40 percent of
maximum XovrE valve 1ift, and more preferably 20 to 30

percent of maximum XovrE valve lift.

16. The engine of claim 11, wherein the crossover
passage is a helical crossover passage including a helical
end section disposed over the XovrxE valve, and wherein the

two or more targets are Jocated within the helical end

section.

17. The engine of claim 16, wherein the helical’
end section spirals in one of a clockwise or a

counterclockwise direction.
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18. The engine of claim 11, wherein:

the source of high pressure gas is a compression
cylinder including a compression piston slidably received
therein, the compression cylinder being operatively
connected te the crankshaft such that the compression piston
is operable to reciprocate through an intake stroke and a
compression stroke during a single rotation of the
crankshaft; and

the crossover passage interconnects the expansion

and compression cylinders.

19. A method of injecting fuel in an engine; the
engine including a crankshaft rotatable about a crankshaft
axis; an expansion piston slidably received within the
expansion cylinder and operatively connected to the
crankshaft such that the expansion piston is operable to
reciprocate through an expansion stroke and an exhaust
stroke during a single rotation of the crankshaft; a
crossover passage including walls and connecting a source of
high pressure gas to the expansion cylinder; a crossover
expansion (XovrE) valve disposed at an outlet end of the
crossover passage and operable to control fluid
communication between the crossover passage and the
expansion cylinder, the XovrE valve including a valve head
and a valve stem extending from the valve head, the XovrE
valve being an outwardly opening valve; and a fuel injector
operable to inject fuel into the Crossover passage; the fuel
injector including a plurality of spray holes disposed in a

nozzle end of the fuel injector; the method comprising:
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aiming each spray hole at one of two targets at
which fuel emitting from the spray holes is directed to form
two spray patterns, the two targets being located above a
seated position of the XovrE valve head and between walls of
the crossover passage and the XovrE valve stem such that the

spray patterns straddle the XovrE valve stem;
beginning to inject fuel from the fuel injector

towards the ocutlet end of the crossover passage;
opening the XovrE valve; and

ending injection of fuel prior to closing the

opened XovrE valve.

20, The method of c¢laim 19, wherein fuel

injection is begun before opening the XovrE valve.

21. The methed of claim 195, wherein fuel

injection is bequn after opening the XovrE valve.

22. The method of c¢laim 192, including the steps
of:
establishing air flow from the crossover passage

to the expansion cylinder through the open XovrE valve;
sweeping the two spray patterns into the air flow

such that one said spray pattern is pulled over and across

the XovrE valve stem and is merged with the other said spray

pattern to generally form a single ccmbined spfay.

23, The method of claim 22, including the step
of:
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pulling the combined spray towards an edge of the
outlet end of the crossover passage whereby the combined

spray exits the crossover passage through the XovrE valve.

24. The method of claim 19, wherein a duration of
an injection event from the beginning of fuel injection to
the ending of fuel injection is approximately 45 degrees of
crank angle or less, preferably 40 degrees of crank angle or

less, and more preferably 35 degrees of crank angle or less.

25. An engine, substantially as herein before

described with reference to Figures 2-21.

26. A method of injecting fuel in an engine,

substantially as herein before described with reference to

Figures 2-21.
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