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commonly owned herewi th, contains subject matter that

is related to the subject matter set forth herein.

FIELD This specification relates generally to an

engi ne of the opposed piston ression ignition
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angh BWonentioRhlC@AREEsRRCIANI0RNET) engine a single piston is slidably
disposed in a cylinder. The piston moves in the cylinder between a top dead center
(TDC) position where the crown of the piston is closest to the closed end of the cylinder,
and a bottom dead center (BDC) position where the crown is furthest from the closed
end. Air introduced into the cylinder is compressed by the piston as it moves toward
TDC during its compression stroke. Compression of the air raises its temperature.
Liquid fuel is injected into the resulting hot air at a time near the piston reaching the top’
of its compression stroke. The elevated temperature of the compressed air causes
autoignition of the fuel whereby the fuel self-ignites and burns, releasing energy and

driving the piston toward BDC in a power stroke.
In an opposed piston, two-stroke, compression ignition engine, two pistons are

slidably disposed crown-to-crown in the bore of a cylinder having inlet and exhaust ports



driving the piston toward BDC in a power stroke. In an

opposed pi ston, two-stroke, conpression ignition
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pattern and producing an uneven burn that increases NOx, hydrocarbon and particulate

emissions during the power cycle.

In an effort to overcome the problems stemming from heterogeneity of the air/fuel
mixture in CI engines, homogeneous charge compression ignition (HCCI) engines have
been proposed. The proposals are typically for single piston configurations. In this
regard, HCCI operation is the process wherein a homogeneous mixture of air and liquid
fuel is ignited by compression of the mixture. In HCCI engines, fuel is injected into the

cylinder early in the compression stroke, well before the temperature of the air has
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condltlons difficulty in controlling combustion timing, and the inability to operate over a

broad load range, particularly at power levels in excess of 30% of maximum power.
During low load operation of the HCCI engine, the injected fuel is incompletely
burned, which produces significantly higher levels of hydrocarbon and CO emissions
than a spark ignition (SI) engine. At high load operation of the HCCI engine it is
extremely difficult to control autoignition due to the lack of control of the stoichiometry
of the air/fuel components responsible for ignition; early combustion results, producing
high engine noise and possible engine damage. For these and other reasons, a multimode
HCCI engine has been proposed. During the middle of the operating load range the

multimode engine operates as a HCCI engine and, during low load and high load
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mai n charge near TDC of the pistons introduces a
stoichionetric elenment that autoignites and activates
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mounted to communicate with main fuel injection sites on the cylinder wall, one near the
inlet port, (displaced slightly towards TDC) and the other near the exhaust port (displaced
slightly towards TDC). This configuration locates each main fuel injection site at a part
of the cylinder that is relatively cool during engine operation and that is covered by a
piston during most of its movement, thus minimizing the inherent undesirable effects
produced by exposure of the injectors to high temperature and pressure. By injecting the
main charge near the inlet and exhaust ports just after BDC, internal pressures and

temperatures in the cylinder are relatively low, encouraging full expansion of the injected
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FIG 3 is a block diagramof an engine control unit

used in the engine of FIG 1; FIG 4 is a schematic
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systens for use in the engine of FIG 1; FIGS. 5A-5D

are schematic side sectional elevation diagrans of a
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pilot éh%r%g 1gnq%L Ly E" é’tw%tes ignition of the lean compressed air/fuel mixture in
the cylinder.

The main and pilot charges may comprise the same or different liquid fuels.
Preferably, the main and pilot charges comprise diesel fuel. |

It is the function of a main fuel injector to supply all or some portion of the main
charge for full evaporation and mixing with air in a cylinder of the engine. It is the
function of a pilot fuel injector to supply a pilot charge of the liquid fuel into the
compressed main charge in order to activate ignition of the main charge.

In the opposed piston engine described in this specification at least one main fuel

injector injects substantially all of the main charge through at least one main injection site



all or a portion of a main charge to be delivered at

full engine power. A main fuel injector nozzle nmay be
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as to project a fuel pattern along the dianetrical

center of the cylinder. As an exanple, in an opposed
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the crowns of the pistons. By injecting the main charge near the intake and exhaust ports

when the pistons are near BDC, internal pressure in the cylinder is relatively low and the
droplets of the liquid fuel have a relatively long period to evaporate in the increasing
temperature as the pistons move towards TDC. Further, when the main injector nozzles
are closed, the opposing pistons moving towards TDC cover the nozzles so any trapped
fuel in the orifices and tip wells of the nozzles cannot escape into the cylinder chamber,
thus preventing the formation of CO or hydrocarbons during the power stroke. By the

time the pistons are nearly at TDC, the main charge is fully evaporated and compressed.



conpression stroke. By injecting the main charge
toward the intake and exhaust ports at the begi nning
wo@Roobhessgonpr essi on stroke, internal pressure POI/UK®06/011886

cylinder is relatively low and the droplets of the
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orifices with very small diameters suitable for delivering a fine mist of liquid fuel with a

high count of Vefy small droplets of the liquid fuel. In the example given above, the
nozzle of the pilot injector may have orifices with diameters of about 10-20 microns,
which would be suitable for delivering a fine mist of about 10,000 to 100,000 very small
drops of fuel totaling on the order of 0.2 mm?, or less. The small size and high count of
the droplets enable the pilot charge to provide a stoichiometric mixture region or element
that autoignites in the hot, highly pressurized, air/fuel mixture and thereby activates
ignition of the main charge. With appropriate control of pilot injection by a pilot fuel

injection system, ignition of the main charge can be triggered at an optimum time

10



The pilot fuel injector may be the sol e conmbustion
activating elenent of the engine, or it nmay be
waappliessent ed by an el ectrically-activated i gnP€T/082006/011886
el enent such as a spark plug or other neans of
sufficient energy (a |laser, for exanple) to enhance
conbustion. The opposed piston HCPI engi ne herein
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consBh@N@e tfifcipldded & sdt 6rtis kicRfShly 18 thelsp@sitl EnARDbE thet T07
the sides of the cylinder 10, t0 each of the

applicetigtkshafts 30, 32. The structure of these couplings

i SReferring now to FIG. 1, an internal combustion engine 8 is illustrated. The
engine 8 is an opposed piston diesel engine having one or more cylinders; the figure
shows one such cylinder 10. A pair of pistons 12 and 14 is slidably disposed in the
central bore 15 of the cylinder 10. The pistons 12 and 14 move coaxially in the cylinder
10 in opposed motions, toward and away from each other. FIG. 1 illustrates the pistons
12 and 14 near bottom dead center, where they are at the end of their exhaust/power
strokes. The piston 12 has a crown 12a that faces the crown 14a of the piston 14. Each
of the pistons 12, 14 is coupled to two side-mounted crankshafts 30, 32 by rods that
extend from the piston along the sides of the cylinder 10, at acute angles to the sides of
the cylinder 10, to each of the crankshafts 30, 32. The structure of these couplings is
described in detail in the incorporated ‘707 patent application. Port manifolds 42 and 44
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described in detail in the incorporated ' 707 patent
application. Port manifolds 42 and 44fi xed at

wo e®pre3dve ends of the cylinder 10 provi de exP@UEs208610i11886
inlet ports 45 and 46. The inlet port 46 and exhaust
port 45 may be scrolled in order to induce swirling of
pressurized air entering the bore 15 of the cylinder
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Uration’ an ron ron |
the llquhdjﬁlblsanz@obevdlﬁerentrﬁlalsf uel tank 80 supplies the liquid
ilot fuel

Jig gsn:[%)5}g[é§ ﬁ aflﬂg')s gr(l: t]e?eéﬁﬁlglgl ﬁg{qnfgcuon system using a common

rail conﬁguratlon and electronic actuation is illustrated wherein a fuel tank 80 supplies
the liquid fuel to main fuel injectors 55 and pilot fuel injectors 59. In these figures, a
main fuel injection system operates the main fuel injectors in response to varying engine
operating conditions, thereby to synchronize injection of the main fuel charge with
varying engine operational conditions. A pilot injection system operates the pilot fuel
injector in response to engine operating conditions, thereby to synchronize injection of

the pilot fuel charge with varying engine operational conditions. The engine 8 is
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mai n fuel injection systemoperates the main fuel

injectors in response to varying engine operating
weondi1033ens, thereby to synchronize injection BPET/UBE06/011886

mai n fuel charge wi th varying engi ne operati onal

conditions. A pilot injection systemoperates the

pilot fuel injector in response to engi ne operating
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The main fuel injector 55 used in the engine 8 may be
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nozzle arenaFrParr]lggd in an array that results in fuel being injected in a cloud or mist of

droplets directed substantially along the longitudinal centerline of the cylinder, in the
direction of TDC, away from the port near which the main fuel injector is located.

The pilot fuel injector 59 used in the engine 8 may be constituted of an
electrically-controlled, mechanically actuated fuel injector of the pressure intensified
accumulator type including a nozzle with an array of orifices arranged to spray all or a
portion of a main charge through a pilot injection site 61 into the bore of the cylinder.
Preferably a single pilot fuel injector is conventionally mounted to the cylinder at a pilot

injection site, although the delivery valve mechanism and nozzle may be mounted
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to the nozzle. In the opposed piston engine 8, the
orifices of each main fuel injector nozzle are
wW@eooangse i n an array that results in fuel beiPQI/UsS2006/011886
injected in a cloud or m st of droplets directed
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signals as outputs synchronized with engine operation. For each main and pilot fuel
injector, the ECU 121 calculates the amount of fuel to be injected by the injector, the
pressure required in the common rail, and the timing of the injector operation. The
initiation of fuel injection by the injector is initiated in response to a crankshaft angle
corresponding to the timing.

The main and pilot fuel injection systems are operated by the ECU (or other
arrangement) to maintain control of fuel delivery in the face of varying engine conditions.

In this regard, as engine operating load varies, the mass of the liquid fuel constituting the
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ect or s oRs r tii

1nJecé18h a}/s[t?r%% % Tn FIé 4, ﬁ%hr%{%lﬁ?%eg e&égﬁ?&érﬁ lfOT céudes an

in-limeadus]- fngbthoﬁ bﬁﬂhg &3(Mtd i‘ecelve liquid fuel from the line 129, and a return line

131 connecting the pump 130 to the fuel tank 80. The pump 130 includes three delivery

valve mechanisms 130a, 130b, and 130c. Each delivery valve mechanism delvers a main
fuel charge that is provided through a respective line (135a, 135b, 135c) to a pair of main
fuel injection nozzles 55n at main fuel injection sites 57. In FIG. 4, the pilot fuel
injection system 102 includes an in-line fuel-injection pump 132 to receive liquid fuel
from the line 129, and a return line 133 connecting the pump 132 to the fuel tank 80. The
pump 132 includes three delivery valve mechanisms 132a, 132b, and 132c. Each
delivery valve mechanism delvers a pilot fuel charge that is provided through a respective

line (137a, 137b, 137¢) to a pilot fuel injection nozzles 59n at a fuel injection site 61.
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i njection systemshow in FIG 4 operates the pil ot
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i njection nozzles '59n at a fuel injection site 61. Each
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thefuy]lmjedtmn@@temsrmfﬂ(é%pposed p| ston engl ne 8, the
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substantial]ly along the_longitudjnal centerline of the
indivigpallygapunted atior eay epchqylipeer %?r CRBRCINISEHQY SHS-om t he port

neghe WinoPededfs MR fitdeligitldeeiePitiohoftRE&ighth 8 is iltustrated in
FIGS. 5A-5D. In these figures, HCPI operation is based upon the fuel injection

configuration of FIG. 2, with two main injectors 55 for the cylinder 10, each mounted in
the engine 8 to provide substantially half of a main charge through an injection site 57.
Further, only a single pilot injector 59 is shown. This is not meant to limit the scope of
these teachings as a single main injector 55 or more than two main injectors 55 may also
be used, in the position of either of the two main injectors shown in these figures.

Further, more than a single pilot injector 59 may be used.
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Each pilot fuel injector nozzle 59 n used in the
engine 8 may be driven by a fuel injector delivery
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accumul ator type that may include an array of orifices
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therefdt® ro%&%qt\%é R plstotnh T4 Cl%loézegd%ar its %Qt?onel c?eta?l ngen%e% paor;glon
following which the exhaust port 45 is covered by the piston 12, and therefore closes,
after the piston 12 moves away from its bottom dead center position, and then the inlet
port 46 is covered by the piston 14, and therefore closes, after the piston 14 moves away
from its bottom dead center position.

In this example, with the pistons 12 and 14 near their BDC positions, the crowns
12a and 14a are positioned outwardly of the exhaust and inlet ports 45 and 46. The
piston 12 has moved through BDC and begun to advance toward TDC. The piston 14 is

still moving toward BDC. Both ports 45 and 46 are uncovered and open and the products
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14 of FIG 1 illustrating a sequence of steps
representing operation of an opposed piston HCPI
wengones3dparticul arly an inlet/conpression strp&EUS006/011886
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of explanation; it is not nmeant to exclude ot her
possi bl e sequences. Wth reference to FIG 5A the
cylinder 10 has a longitudinal centerline 139
of combistivnchen foreedtdut bﬁélea:xhsdeothrom by Xt pogid iato the exhaust
mannLogcggJ( %ﬁ]ggéﬁgzgtl&gllan%% er PE sglgrgﬁotwl'fﬁ%ﬁﬁcp He'c %rilﬂc?e‘r tl%xjaﬁgﬂ B Thiet
maniflé ¥en If\/t‘r%rpdrheﬁpﬂfdt 46 hrecsmilredj thel sSa\feJngilng afxr swielx i 14Alih yhe

Wth ref
cylingbrad: ANHhethe Tin Bl goreRdior 15 1 R FEDIRC KA REF depuBd.
S Hﬂﬁfﬁc}bﬁ Weepstbher %anéeaafmaaﬁugifl@w@fd The toce¥epAfd didse

and 14 is mninumand the main charge is substantially

the eiybanst efmlﬂé afee pissn M G ynqyedmlaregglbm% aphbegay o advance
tow éfgglgrely F;I;h? ql%«[:tvgcﬁ%é ﬂ%ng%lpérg ‘A\flc[]%g \:clr ge#gﬁt g{)]ﬁ‘lg@oﬁ Rfdws into the
cylinpérst Agnid, @h tieports laee $omsim1hthefaut stverlsylﬂrﬁ ird the, cyhmlbrtllf?e Neither

| en added t he nder fhe .cylinder
the H}?Hhﬁlf’{;’ln% Of%%i'aﬂfé%e I\’/ﬁ{ﬁu “B?%%rg’rgoa\r? ¥Cé’rvgtﬁge bet ween t he
Pi MFAGS5@5hé PiStont1uAMS Ed@ntddefar eddQbl @WaBETDCO RO and close
positions, nodul ate port operatiqgns and, sequence them

the iglgf et 46 reling pin st stptupdntalume of tRmbustignaplg,  Bhgpisiop 12
contﬁ’lﬁ& tF RGP Wasd D nﬁlé"&h@ﬁﬁ% pgft 3J|r§rﬁﬁ% okl | Both i fuel

ongl tudi nal center of cylinder 10, near its

injecmsl §3 aflém@tlpattsd bn @QECHnﬂllﬂadmyJeQi@goﬁbOwhﬁdf of thagedin charge
c on nd 506

20 SN, OB 48 SEOBR AR SRR 1 8 e

mixti@t ihonhicle adtheantie bf plasarhown .of TBiretophe swidfidsetic haowateof air

requgpiL oGP TR RHGL O FRRY 18 e BBy r S B A SratsAes
of thd ZnaiR A1 Ik AFeCarRREd So aél%ep}ojte&a‘h@ te‘"sf)&iﬁvé %oﬂﬁﬁ@ Sf tme afiain

its bottom dead center position, I nl et

charggsay Ratigre of el direnjets plongithy lmgliwimaé r«“rant?wgﬁ éf”‘%r@dda@ ?Féi the
long%cﬁﬂ%lt ﬁﬁpgffng 190, &\%fa ﬁrc‘ tl{ée ownk 5128 %Homadﬁﬁfj tHe€hYr€lof the

e exhaust port S
cyhrrclen/b@ eﬁThﬂsyeddu% @Bgtmmntl(ﬁ‘ fualntiiait doadefsey en @mewetg Jthese tsblrfaces

a {e Bh Pad BR AR SRR Pt BRUUTRERY R B g
charfd Stigjectkd, thapiktdnderedndr et &b&ﬁﬂ&waﬁBD@[ leeeln;uc&ﬂaﬂalﬂlbharge

noves
thus has a relatwe}gf long period of time while the pistons approach TDC to mix with the

air heated by compression. As a result, virtually all of the injected fuel will have
evaporated by the time the pistons 12 and 14 near TDC. Consequently, the air/fuel
mixture will be virtually homogenous when the pistons 12 and 14 near TDC. However,
because the fuel is virtually completely evaporated, the resulting air/fuel mixture has no
region of stoichiometric mixture ratio and autoignition cannot occur.

Referring now to FIG. 5D, just prior to the pistons 12 and 14 reaching TDC, the
pilot fuel injector 59 is activated by the ECU 121 in response to a detected crank angle
and a pilot charge 210 constituted of a very fine mist of liquid fuel comprising very small
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fromits bottom dead center position. In this exanple,
Wth the pistons 12 and 14 near their BDC positions,

W0 bweao3ens 12a and 1l4a are positioned outwar dPET/U820061€11886
exhaust and inlet ports 45 and 46. The piston 12 has
noved t hrough BDC and begun to advance toward TDC. The
piston 14 is still noving toward BDC. Both ports 45
and 46 are uncovered and open and the product sof
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hem@mdunhumnﬁdﬁhmdbmm@nbons by the engine 8. Wen the

milll’ﬂe previous examples have all been predicated on the provision of two main fuel
injectors, and use of the pilot injector as the sole ignition element. FIGS. 6A-6C show
alternative arrangements. In FIG. 6A, only a single main fuel injection site 57 served by
a single main injector 55 is provided. The main fuel injection site 57 is in the cylinder 10
near one of the ports 45 or 46 displaced slightly toward TDC of the piston controlling the
port; in FIG. 6A, the main fuel injection site 57 is near the exhaust port 45. The fuel
injector nozzle in this configuration has orifices disposed to inject the entire main charge
in the direction of the opposing port. In FIG. 6B, at least one main fuel injection site 57
is located on the cylinder 10 at or near a diameter passing through the midpoint 140. The
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charge is injected, the pistons 12 and 14 are stil
near BDC. The injected main charge thus has a
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approach TDC to mx with the air heated by
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injectors 55 fromthe high pressures and high
tenperatures resulting from conpressi on and conbustion

w0 bab/1aseur in the cylinder when the air/fuel PERUS2086/011886

conbusts. As best seen in Figs. 5C and 5D, the
injection sites 57 are covered by the cylinders 12 and
14 as the cylinders travel to and from TDC, thereby
protecting the nozzles of those injectors fromthe
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1ncludlﬁ'g aCdyRhder, 2psir %?%E?(‘;seﬁ I}ﬁstcﬂis 1ﬁtthé Bbl%q;fque @? liddRE asP g[?aced-
nition el enent 6C show alternative
apart Ftang evhapstports gomraded @Athecmtynaacgnp@ﬂl@ mai n fuel .
[ S 7 Sl emalnlnjector 55
[ gﬁtgo?%\b/ﬁgélg.lﬁ@t& r@ﬁﬁé/r?ogte éélnﬁhe Ctr oh site 57 is in the
c yhavirgsathe pidtone arwandh eachfotliene ports 45 or 46 di spl aced
oward TDC of .the piston contr ng th .
> iifing)h e tafn areor, gt R imp robtinghy betfletroghe pistons
througie ar lebdi@neXhah Shieffnt s1t4:5en theecyliH@dr et @attE iNOZBdrE and the
this configuration has orifices disposed to inject the
exhaust®qr e mmin char ge in the direction of the opposing
PX Fespdde
o7 tospdfe B fhovaoniaF diifabn iR b Upage rul M BELAE before
an aum@mnetpmp%rg@rmlgrmh@mgndtme m dp0| nt 140. Thef uel

B R T

ports 45 and 46 avvay fromthe mdpoi nt 140. In the
ura . B6A and 6B, the majn fuel

%@8&5 %‘ﬁgn (1n8’ SIS Ho A mast at Blerilat ebare s Iagsdhen the

mass bhﬁﬁe mmc&@@?@a&b ¥d1é thetehgingOMPr essi on i gni tion
st roke he pistons (not shown) are near their
BDC positions but ports 45 and 46 are closed. In FIG
05 Pt flefiolIdr ity 2 AN h RSB TR nad 08y 1345 lhn
as a spark plug, 1's provi t

chargé immesponse ofat tdast qumeleogme npfar@ttrrgrcoﬁ&tlofr he el ement 160 |s
posi ti oned near the mdpoint 140 and may be |aterally
or arcuately displaced fromthe pilot injection site

6%, ThermékéeoLarn 10Me@in MRcEnd O HEiD bkargé IrRfiddY idiéfing a
mai n fuel |njﬁctors 55 are shown in the cylinder i

first pptad s dhempa haves ghrepeh 2 mpigdnipcHagite 9B tl|“§‘r ?yﬁ’@ﬂ?ﬂ ngar thenlet
port an@iAjBcthRr £iddoRd 901@195 of il H8R cthgrg'érlﬁroﬁgﬁ QdhdIR " rr:ﬁ_déctlom&ts Rin

are neant to be illustrative onl an exa
the cydigderineaiihe exhaust port.

5. The method of claim 4, wherein the pistons cover the main injection sites

while moving toward each other.
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main fuel injectors 55 could be installed
longitudinally along the cylinder wall in the
waleooeaoizon of TDC in order to provide nultipl ePGL/H§M®06/011886
injection of the main charge. Further, the principles
descri bed herein may apply to two-cycle or four-cycle
dual piston or single piston engines. Otherw se, these
principles are limted only by the follow ng clai ns:
What The netlmidnfdtldis: ClwiiaWiin Injedtinged haih dbrgefscladdsngjedting a
first 9 ]Qseg Qisto&}coggres ion.ignition engine jncluding a
BFPR BES it Chefec Rrog3h aduin fietigh St 91 1R €Y RSB NG rialet
port fiyd difsdeon awsly SBACRE AN Hort AMdta BAC RNDR BSTerRRE bfthe cylinder
controlled by the pistons, conpriSing: introducing air
and jnjacing R seapdingaiion efeth@earain chargpithypwgisa maby injeptichesite on the
inAl t h . of:her:-  Lnj [ i.n
oy RS PSRl Ol pRAP BT o T BT ol o gions he
longipndinab penterinpugh at | east one main injection site on
the cylinder between the inlet port and the exhaust
port; in response to novenent of the pistons, the main
char Gtie frdthyd ef alai &, iwlgrdde ey pisis abha?i tBE intdiP thjection sites
hjten?eraturg i s reached; and then injecting a pilot
whileReyige yyar Fﬁ%ﬁﬂm¥uel through at |east one pilot
injection site. 2. The nethod of claim1l, wherein the
mass_of the pilot charge is less than the mass of the
e nTehaethed oé glaim de vihereimlingectihg a anaii nkarggincliides imjectiog at
f [ r ' ' dul at.i ng.the mass of..
tast ApoRidh s ot e i BGe 10 R e L BT i S incer
near typelead camprobtidiptistors. 4. The nethod of claim 1, wherein
injecting a main charge includes injecting a first
portion of the main charge through a main injection
sig.eThmetied & lclander, e ibdMaling E@ﬁliﬁ%fh% ANl trbMicRE B Ihe
. @ second portion of the main charge through a main
cylinféfi ection site on the cylinder near the exhaust port.
5. The nethod of claim4, wherein the pistons cover

the main injection sites
10. The method of claim 1, further including electrically augmenting ignition of

the main charge.
11. The method of claim 1, wherein the main charge includes diesel fuel.

12. The method of claim 11, wherein the pilot charge includes diesel fuel.
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whil e noving toward each other.6. The nmethod of claim
1, wherein injecting a main charge includes injecting

wa@2dosnex39porti on of the main charge through a PE&i/IS2006/011886

injection site on the cylinder near the inlet port in
a direction away fromthe inlet port along a
| ongi tudi nal centerline of the cylinder and injecting
a second portion of the main charge through a main
i r‘ljSGCtAl oetigidt ef Operhtlﬂ]:g ay| dplgbd&fd 1;1@@[1 édﬁ@r&&mgi%h}tﬁﬁr &ngine
'n ction ama romthe ex st port and al on
inctudife & cHRE D RaPoTReREOn siabosed T CHUKRb PG AR ol

andem%@cmstg&lﬂgisﬁfgons cover the main injection sites:
whi |l e noving toward each other. 8. The method of claim

1 intigdueiag giriipfo dleg ¢yhigder bebweendhrapisiens:ncl udes i nj ecti ng
atm(g ﬁ?ﬁleﬁls&%ttdv%}dggchtd?ﬁerm' n charge through at | east
112}

one njection site on the cylinder near top dead
Cemjbetmgod lebinenagin shavges of Bquid el iebhibel cgindet Bétmedn the pistons

i ncludi.ng swirling,the air .introd into t
trou of 85 SnRtR el il D e AP SR iy He e Borh e gre
exhast pait;ri cal 'y augnmenting ignition of the main charge.

11. The nmethod of claim1l, wherein the main charge
i AR FasaRRsedp Bo¥smenif theypistons, ghepinshaige fliygvsparating before

an auM%ﬁ@éﬂehB@raeré Riefhal;98q tag! udes diesel fuel.13. A

of operating an opposed piston conpression
i dnieetingra pitngicharge ot ligald dgel shroygh atdeast wig pila prjestiongpite near

' e cylinder and spaced apart
'hekﬁgﬁ%? RﬂmgﬁﬁzﬁchﬁhB& conprising: introducing air
into the cylinder betmeen the pistons; noving the
pi.stans to ach ot nj ecti a.lean main
o2 Jaegrety \A%tf% Fiel IR éﬂaéw{ Begiotdeuwsen s pan the
mass PF e @itsn Ebr ELGHuirdd tb‘ﬁﬂ&he@ﬂ?mgﬁ' n injection site on
the cylinder between the inlet port and the exhaust

port; in response to novenent of the pistons, the main

Char e mbilod (ﬁ\éﬁa‘?ﬂrﬂg {Vﬂ&eﬁ’ﬁﬁﬁﬁtﬁlg the main charge includes injecting

a first portion of the main charge through a main injection site on the cylinder near the
inlet port and injecting a second portion of the main charge through a main injection site

on the cylinder near the exhaust port.

16. The method of claim 15, wherein the pistons cover the main injection sites

while moving toward each other to compress the air/fuel mixture.

17. PThe method of claim 13, wherein injecting a main charge includes injecting a
first portion of the main charge through a main injection site on the cylinder near the inlet
port in a direction away from the inlet port along a longitudinal centerline of the cylinder
and injecting a second portion of the main charge through a main injection site on the
cylinder near the exhaust port in a direction away from the exhaust port and along the

longitudinal centerline.
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an autoignition tenperature is reached; and then
injecting a pilot charge of liquid fuel through at

WO e@stiosne pil ot injection site near the | ongi pCMUSA06/011886

m dpoi nt of the cylinder. 14. The nmethod of claim 13,

wherein the mass of the pilot charge is less than the

mass of the main charge required to idle the engine.

15. The method of claim 13, wherein injecting the main

Char gehel iethod 6 claith @7} Whteid thé pitond@6Ydrane @fair fifectiBh Bites

. charge through a main injectign site on the cyli nder

while jpoyfing feavardygash ofisF to comwprésh thecain/tygl mixé®eond portion of

the main charge through a main injection site on the

cylinder near the exhaust port. 16. The nethod of

cl18i mhe methade elaim tl fewhdrein dnjecting\agnain isbargmingludes imgsciingat

Lie Il e Vj oward each other .t.0 conpress, the.
teast &by 4 Uiy Eh 9 bR AR o B SoefR T Bt Sfiper
near thajl@gitudigalamidpoint oh dlegslindet|ibl dasctionp ovird ghediniet mad exhaust
portion of the main charge through a main injection
site on the cylinder near the inlet port in a
direction away fromthe inlet port along a
| ongi tudi nal centerline of the cylinder and injecting
a 28ecBhrl m5dhad; efhcloim t1de whetcln geamg ehargrighd sharaile charge
JUiegt fRn site on the cylinder near the exhaust port
n a drection away fromthe exhaust port and al ong
the | ongitudinal centerline.18. The nmethod of claim
3&%1 gpereun theﬁﬁlstons cover .the main injection sites

il & OV ﬁsﬁl({nd o € GYHRTS S conpress the
aiardyfinddr; m xture. 19. The method of claim 13, wherein
injecting a,main charge includes injecting at |east a
p SRR o oBposingPitaRsslidpply Jispesse suths cxtindegast one main
i @b@c@&ia?ﬁh f1dt@ndBxial & éﬁytk hOFeEspBaRE chii€ofl (ROG1ndd); nal
m dpoi nt of the cyli nder d the

ports

inclu(%l

: I In directions towar ]
i it dgashnde axadirfuel misctos copgnunigasingeyitio theoporgl eff the1@linder

througﬂ' & ﬁ:;&]tc}r Eﬁe H:gtkg cﬁm&g@et@&% tLQ ﬁﬂepcig)!oﬁ.tan %regﬁadspﬁérﬂd e
| ese uel . . conpression 1 gnition engl ne,
c enrastsonmegpilot fuel injector communicating with the bore through an injector
site in the cylinder near a longitudinal midpoint of the cylinder; and
a fuel injection system coupled to the at least one main fuel injector and to the at
least one pilot fuel injector and adapted to operate the at least one main fuel injector when
the pistons are near bottom dead center positions and the at least one pilot fuel injector

when the pistons are near top dead center positions.

22. The engine of claim 21, wherein the at least one main fuel injector includes a
first main fuel injector for injecting a first portion of the main charge through a main
injection site on the cylinder near the inlet port and a second main fuel injector for
injecting a second portion of the main charge through a main injection site on the

cylinder near the exhaust port.
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a cylinder; a pair of opposing pistons slidably
di sposed in the cylinder; spaced-apart inlet and

we@zlvanel3dports near respective ends of the cylPemEs2006011886

| east one main fuel injector conmunicating with the
bore of the cylinder through an injector site in the
cylinder between the inlet port and the exhaust port;
at | east one pilot fuel injector comunicating with
t Izle trae en%m Oil'J@bm‘gBl ivﬂieﬁﬁﬂi ﬂfe a% letaal dnB éﬁdme fiey (ijﬂjmk]grinc:ﬁ@c&rs a
a | ongi tudi nal m dpoi nt he cylinder; and a fue
first majp efe% iglscloy P iiecHID IaebeStt BOf{lﬂ‘é ogth 234t chorae thigugh fampin
injectiddl St RN 1ih@erl REr e MRAPbrtARS: BbdcBbn i&Fhrdl tHJ: @&fgﬁﬁdlnal
and adapted’to operate the at [east one nmain
midpoing st arseodndnmpinefugl dtenter far dnjresing @@cmmmram efe feemain
0 P r
oharg A b0 g fnidetBn e BER' o RerBlen e stBiust BB §lgecion
towmﬂﬂEIEM§UEMgmnmmﬂﬁmnla|n121, wherein the at |east one
main fuel injector includes a first main fuel injector
for injecting a first portion of the main charge

t RaOUHb efsii@bclhif) BT, WK tHetit MAsttdM® nealh kRl fjediGahclhd® a
inlet port and a second main fuel injector for

main fyg Eyeqiergfon injetBaA! festta pation of te maiR phassahgenghiat desgihone
t e I r t (5
main JofBRNd) S R A0 Sy RIeE R, LR aGH LT 10DRRpy S0 PIAYR i
dnednmeunﬁndﬂﬁuektmni@nbbmxmncludes a first main fue
injector for injecting a first portion of the main
charge through a main injection site on the cylinder
lnear Tthbg:n'gilﬁlbef ch@nt21] Whérgﬁhi the €idl ﬁxgedtmwgeﬁllhﬁntrols the mass
on udi na oi nt _and a second main fuel injector
of the R, f&}a@etlp ﬁaspan§ete&ﬁ LPaNE] TR NG fOPPIRHN BaP Rl dppyiiglemaintains
the mab¥ SUGB pRoNMBdtgd BN LATEAMAE 148 1R hBSnhithMASH thB&Rfss b he
exhaust "port in a direction toward the |ongitudinal
main ghaygroiegeiredry idigiee eagiiene of cl ai m 21, wherein the at
| east one main fuel injector |ncludes a main fue
injector for injecting at |l east a portion of the main
charge through at |east one main injection site on the
cylinder near top dead center |ocations of the pistons
in directions toward the inlet and outlet ports.
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25. The engine of claim?2l1, wherein the fuel injection
systemcontrols the nass of the nmain charge in

WO e®pose0 t o at | east one engi ne operating conedCT/U8006/011886

and mai ntains the nass of the pilot charge at a
magni t ude | ess than the magnitude of the mass of the
mai n charge required to idle the engine.26. An

i nternal conbustion engine, conprising: a cylinder

W2$.NAS Paee cpeubtidndr@ineadtin@ishatist ports; opposing
pi stons di sposed in a central bore of the cylinder; a

fF‘F%ltndﬁbWﬁhﬁE?éPdWaH?ré’@tleé@“‘b@gﬁaﬁté’ﬂgﬁf at an injection
S a second
bﬁﬁm?@éﬁﬁﬁﬁf% ggﬁggggﬁ%%hgécgggagh?%?ect|on site on
t hdirgythaindeel injsator pheitiencdaisn ipjeetion sitenai thefaylihder near the
mhtmﬁuectlon system connected to the main fuel injectors;
a pilot fuel injector positioned at an injection site
be kevead niats Art tnjsteortpopitidesltht ag Hijedtiopcste oh alscydindédear the
|stons and a pilot fuel injection system connected
Ofthe pllot fuel injector. 27. The engi ne of claim

Zﬁmdm%?infbch&?sfsteﬁrﬁéodﬁ&téh fouBé miafi fﬁGItlﬁj'ect!oi;s adapt ed to
inject a first portion of a main charge of liquid fue

i A palotifuck dnipgier Bejoned Ginal ARjestifnetitephatyeainigspastve Epodrad
is adapted to inject a second
caﬁmﬂ%}?mgﬁﬁ%Pépﬁgﬁ%g&% charge of liquid fuel in a
dipdett fuelninjgeiion fysem dongectedhiavist pijwo fuel irgdtorThe engi ne
of claim 27, wherein the main fuel injection systemis
adapted to provide diesel fuel to the first and second
ma7.n Theednging] ACIIGRS 26,29herdih @he fight 1ai 0 frudl | iajeblo2 & adapted to

wherei n the pil ot f uel injection systemis adapted. to
inject 3, i3 RPEHQH @@énalfl B2 REIpHY 5161 mafitscHppeyay rgp thagplet port
and tHer&E&fnﬁ%mﬁ AR HEdiaiNs ﬁ@ﬁ)’té@leco 15O se&drid%ortforof thd'R&fn charge
with spaced-apart inlet and exhaust ports; opposing
of liqy{l Sued i direnbion eway fromribe papstgprtt he cyl i nder; at | east
one main fuel injector conmunicating with the bore
t hrough at | east one
28. The engine of claim 27, wherein the main fuel injection system is adapted to

exha

provide diesel fuel to the first and second main fuel injectors.

29. The engine of claim 28, wherein the pilot fuel injection system is adapted to

provide diesel fuel the pilot fuel injector.
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injection site on the cylinder between the inlet port
and the exhaust port; a main fuel injection system

w@emwegeed to the at | east one main fuel injeckCr/Us2vd6/011886

adapted to operate the at |east one main fuel injector
when the pistons are near bottom dead center
positions; a pilot fuel injector comunicating wth
the bore through at |east one injection site near a
| 2N i el lcombaiph Bheigk, ohgrisinki nder; a pilot fuel
-injection systemconnécted to the pilot fuel injector
ane liaderpriduspaecdognartdnlet andeexpausbporfsyel i nj ect or when
t LS { positions; and an
ot BoRpE bR Bleho RO T uh rctioe ARALEE DT e’ Cut i nder
3dk.ledbhend muiarfiell injeotob gshinmnicetigg with dlie béraithmo@gh at least one
.. further including a scroll in the inlet port. 32. A
infecripife Syt Eringet Bng e st PR g eaBpEe B 1 on
COMAERSI PibctiM kst cOR@LIRe to GRMNNéESE Y mainChikl inftetor and
wi th spaced-apart inlet and exhaust ports; opposing
adaptej tg oppiatecthe gbteast ang malpdpe ipiecton@hey thenpjgtons gre ek Bgttom
dead Cgﬂgr]gg%h{bng;uel i nj ector communicating with the bore
through at’ | east one injection site on the cylinder
ba piletefuet ingectan| comnpwidating (ithhide drreaiiseugp it tieashipiee d@jection
. | east on il.ot .fuel. I nkector conmmuni cating with the
site neged ]zmtgﬁ}cgﬁ%ﬁmg?m teogst; e%’rlfg]&?rhj ection site near a
| 9pgot el mgdctioh dpatmtconiiectdderoaitt ipildiefuel Biectdrhmnd adapted to
conbi pation. of claim32, wherein the at | east.one main
operat 6 ifop teL etoR R S BLSTONGRS BesB 2P S GEm PSR i or
apceledabl 8hifidh dith&R mdnaed euslind4., A fuel injection
conbi nation for an opposed piston conpression ignition
engi ne, conprising: a cylinder wth spaced-apart inlet
a sti PR cPii 10N Ruyrfhes RRRRA ! NsRolPRY @
o ' AE ikl Bl icAAgR 1 oRiih 7 FurbE RERAIMG sRolb Bl e
inlet pognmmuni cating with the bore through a nain injection

32. A fuel injection combination for an opposed piston compression ignition
engine, comprising:

a cylinder with spaced-apart inlet and exhaust ports;

opposing pistons disposed in a bore of the cylinder;

at least one main fuel injector communicating with the bore through at least one
injection site on the cylinder between the inlet port and the‘ exhaust port; and

at least one pilot fuel injector communicating with the bore through at least one

injection site near a longitudinal midpoint of the cylinder.

33. The combination of claim 32, wherein the at least one main fuel injector and

the at least one pilot fuel injector are adapted to inject diesel fuel.
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site on the cylinder near the inlet port and a second

mai n fuel injector communicating with the bore through
W@ 2008/i10539Mj ection site on the cylinder near theCEXRENG011886

port; and at |east one pilot fuel injector

conmuni cating with the bore through at | east one

injection site near a |ongitudinal mdpoint of the

cylinder. 35. The conbi nation of claim 34, wherein the

a4l easerf inje%ﬁo@e&n‘éﬁﬁ@m oAl oppiREd pRIRCERhSe@nfh {hRion
at | east one pil fuel injector are adapted to inject

engingliceswrisinge| . 36. A fuel injection conbination for an
08%81?&&& Wnﬁts &e&% &?&'aﬁ@ﬁkr&ﬂht eg@ engi ne,

rising yl'tnder w apart inlet and
e)opmmtg mﬂoﬁs&hsp@pthmam@rqoofs:h@nﬂnﬂmsposed in a bore of

irst main.fuel nmuni.cat.i

WS R OR i Brob oA Sy B P dhiobghadraig Fen

site oh ltRe 6YlindBe Béar MRAINIdtHRr dlded sfohd mdih !Budi lijedtom@nimbni€dting
ector adapted to inject a first portion of a main

with téﬁﬁ?r@éhreflgh 3 Haindnjegiign &lﬁroad%cxlwéelme@%ﬁhe raRaystnteatd on
S 'af Radtbn@ Pkt R} irﬂ&t&r%ﬂmﬁ&%nb N tht BoRAhHHRP lerdﬁt’ one

and a second maln I nj ector conmmuni cating wWith
injectlvmrsige mbm@dgﬁglmdmebmnipompﬁthﬁ qykmter.on site on the

cylinder near the exhaust port, the second nain fuel

injector adapted to inject a second portion of the

natn Thbaogbinafiod dfatlhich 84iedhekdin chegh lddheflisesmnacomi main fuel

injection site in a direction toward the di nal
injectiS a0 et 1954 OooiRMOIRLIREET O AORDLEY i HEGEORAGED, ¢ he
at least first and second main fuel injectors and the

at | east one pilot fuel injector are adapted to inject
di esel fuel.

36. A fuel injection combination for an opposed piston compression ignition
engine, comprising:

a cylinder with spaced-apart inlet and exhaust ports;

opposing pistons disposed in a bore of the cylinder;

a first main fuel injector communicating with the bore through a first main
injection site on the cylinder near the inlet port, the first main fuel injector adapted to
inject a first portion of a main charge of liquid fuel through the first main injection site in
a direction toward the longitudinal midpoint; and

a second main fuel injector communicating with the bore through a second main
injection site on the cylinder near the exhaust port, the second main fuel injector adapted
to inject a second portion of the main charge of liquid fuel through the second main

injection site in a direction toward the longitudinal midpoint.

37. The combination of claim 36, wherein the at least first and second main fuel

injectors and the at least one pilot fuel injector are adapted to inject diesel fuel.
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