OPPOSED PI STON ENG NE [ 0001] This application clains priority under 35
US C 119 as a Continuation- in-Part of PCT Patent Application

PCT/ US2005/ 020553, filed June 10, 2005, entitled "Inproved Two- Cycl e,
Qpposed Piston, Internal-conbustion Engine”, and also «clains priority
under 35 U.S.C. 120 as a continuation-in-part of US Patent Application
Serial No. 10/865,707, filed June 10, 2004 for "Two-Cycle, Opposed Piston
I nt er nal - Conbusti on Engi ne," the disclosures of both of which are

i ncorporated by reference in their entirety. BACKGROUND [0002] The

i nvention concerns an internal-conbustion engine. Mre particularly, the

i nvention concerns a two-cycle, opposed piston engine with cooling tail ored
to specific respective requirenents of the cylinders and the pistons, in
which a single wistpin |links each piston to associ ated connecting rods,
and a conpliant piston coupling nmaintains alignnment between each piston
and an associ ated cylinder. [0003] The opposed piston engi ne was invented
by Hugo Junkers around the end of the nineteenth century. Junkers' engine
uses two pistons disposed crown-@BPEYHR PISTQNIENGINE Y| i nder havi ng inl et
and exhaust ports near bottom dead-center of each piston, with the pistons
serving as the valves for the ports. The engine has two crankshafts, one

di sposed at each end of the cylinder. The crankshafts, which rotate in the
sane’di rection, a0@01]j n[thig apgiicatipnrrdaims pority gader 85 Pe%‘ﬁe%ﬂ 1972 gFentipnation-
Wistpins Wi thi nintpaR opPET @REntl Agpkicdtib® PCOA2DE/ 02085 Phfh 9. 10T5S Cénan&ﬁ hafts

are geared together to nt asing_of t rts._an r,ovi englne
output. In a typiggpmﬁﬁh (Sgkgﬁﬂ’?“ﬂ P@ﬁﬁeﬂ@ﬂ%ﬁﬁ%?“ﬁgmﬂﬁ?%gﬁ -t 38 nilihe
i nt ake crankshafhﬂmmﬂd”mny gD 3P aU &dC. cH 3P essso contgatipgdulpard of CAY daget t he

cylinders and Ieaxﬁpn@atfof.%hauch@rM@%ﬁIme@m nroey@dz;u(fok @@w&tyznbeopﬁﬂai ne.
Optional ly, a turbho-superchar be used. The advanfages o

Junkers' opposed et ofteEmrlies bWQ? F?%'Eﬁ tltB"neﬂ‘SC{Wescﬁl Both nef ftigh (?{Fcl e

engi nes i ncl ude istcp@rital bysefareecedh igir cniddtyced parts count and i ncreased
reliability, high thermal efficiency, and high power density. In 1936, the
Junkers Juno ai r AORGROUND

[0002] The invention concerns an internal-combustion engine. More particularly,
the ihvention concerns a two-cycle, opposed piston engine with cooling tailored to
specific respective requirements of the cylinders and the pistons, in which a single
wristpin links each piston to associated connecting rods, and a compliant piston

coupling maintains alignment between each piston and an associated cylinder.

[0003] The opposed piston engine was invented by Hugo Junkers around the end
of the nineteenth century. Junkers’ engine uses two pistons disposed crown-to-crown
in a common cylinder having inlet and exhaust ports near bottom-dead-center of each
piston, with the pisfons serving as the valves for the ports. The engine has two
crankshafts, one disposed at each end of the cylinder. The crankshafts, which rotate
in the same direction, are linked by connecting rods to respective pistons. Wristpins
within the pistons link the rods to the pistons. The crankshafts are geared together to
control phasing of the ports and to provide engine output. In a typical Junkers engine,
a.supercharger is driven from the intake crankshaft, and its associated compressor is
used to scavenge the cylinders and leave a fresh charge of air each revolution of the
engine. Optionally, a turbo-supercharger may also be used. The advantages of
Junkers’ opposed piston engine over traditional two-cycle and four-cycle engines
include superior scavenging, reduced parts count and increased reliability, high

thermal efficiency, and high power density. In 1936, the Junkers Jumo airplane
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engi nes, the nost successful diesel engines to that date, were able to
achi eve a power density that has not been matched by any diesel engine

since. According to C. F. Taylor (The Internal - Conbustion Engi ne in Theory

and Practice: Volune Il, revised edition; MT Press, Canbridge, Mss.,
1985): "The now obsol ete Junkers aircraft Diesel engine still holds the
record for specific output of Diesel engines in actual service (Volune I,
Fig. 13-11)." [0004] Neverthel ess, Junkers' basic design contains a nunber
of deficiencies. The engine is tall and requires a long gear train to
couple the outputs of the two crankshafts to an output drive. Each piston
is connected to a crankshaft by a rod that extends fromthe piston. The
connecting rods are nmassive to accommobdate the high conpressive forces
bet ween the pistons and crankshafts. These conpressive forces, coupled
with oscillatory notion of the wistpins and piston heating, cause early
failure of the wistpins. The conpressive force exerted on each piston by
its connecting rod at _an angle to the axis of the piston produces a
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t he engi ne conbustion LWhich, inturn, limts the brake nean
effective pressuf@'f "B@"@ﬁhgl %ﬁeator of engine power) achievable by the

engi ne. One crankshaft is connected only to exhaust-sjde pistons, and the
other only to i nf¥04kj flevprthelcshdunkers” basis dﬁﬂﬁb"“fé‘ﬂﬁl‘“ﬂé’“f’?ﬁ@f dsfisieneies- Sihge
pi stons account emdineup tall ad%edirek e Idn@r gpue traiangd dduple kb dUPhts & @e two
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i mbal ance, the wde separati o
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train. A massivecghgtife f&'lc&%td'e(én EHRPied R And CrafIdRstts! aﬂ'h@setdaﬁlpﬁkﬂw ﬁ‘)rces
repul sive forces exerte pi st on nthe. cr nksha ts duri
Conbust | on, whi cRPCeTdh Py (RSB G B e ot AP PeaSti GRS F1Krn
opposed pi ston efrjureeofddecwiifigids. i 1ThBi qodipgestive foréta exeemied $58ga¢t pjston by its
connecting rod at an angle to the axis of the piston produces a radially-directed force
(a side force) between the piston and cylinder bore. The friction generated by this
side force is mitigated by a lubricant film between the cylinder and piston, but the
film ruptures beyond a certain temperature and side force. Since the temperature of
the cylinder/piston interface is principally determined by the heat of combustion, the
breakdown temperature of the lubricant imposes a ]lmlt on the engine combustxon
temperature, which, in turn, limits the brake mean effective pressure (BMEP, an
indicator of engine power) achievable by the engine. One crankshaft is connected
only to exhaust-side pistons, and the other only to inlet-side pistons. In the Jumo
engine the exhaust side pistons account for up to 70% of the torque, and the exhaust
side crankshaft bears the heavier torque burden. The combination of the torque
imbalance, the wide separation of the crankshafts, and the length of the gear train
produces torsional resonance effects (vibration) in the gear train. A massive engine
block is required to constrain the highly repulsive forces exerted by the pistons on the

crankshafts during combustion, which literally try to blow the engine apart..

[0005] In an opposed piston engine described in Bird’s U.K. Patent 558,115,
counter-rotating crankshafts are located beside the cylinders such that their axes of

rotation lie in a plane that intersects the cylinders and is normal to the axes of the
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counter-rotating crankshafts are | ocated beside the cylinders such that
their axes of rotation lie in a plane that intersects the cylinders and is
normal to the axes of the 2 cylinder bores. The side-nmounted crankshafts
are closer together than in the Junb engines, thereby reducing the height
of Bird's engine as conpared with that of the Junp engines. Bird's
crankshafts are coupled by a shorter gear train that requires four gears,
conpared with five for the Junp engi ne. The pistons and crankshafts in
Bird's engine are connected by rods that extend from each piston along the
sides of the cylinders, at acute angles to the sides of the cylinders, to
each of the crankshafts. In this arrangenent, the rods are mainly under
tensile force, which renoves the repul sive forces on the crankshafts and
yi el ds a substantial weight reduction because a | ess nmssive rod structure
is required for a rod loaded with a mainly tensile force than for a rod
under a mainly conpressive |oad of the sanme magnitude. Bird' s proposed
engi ne has torsional balance brought by connecting each piston to both
crankshafts. Thicglinder bires alhelpideamermtedtdnnkghatix pngi clogergtpgathes than dmkhehfafpes, and
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provides |iquid Cool an
piston is connected by one set of rods to one crankshaft and by another set of rods to

the other crankshaft. Piston load balancing substantially reduces the side forces that
operaté between the pistons and the internal bores of the cylinders. However, even
with these improvements, traditional engine construction and conventional cooling
prevent Bird’s proposed engine from reaching its full potential for simplification and

power-to-weight ratio (“PWR?”, which is measured in horsepower per pound, hp/lb).

[0006] Bird’s engine uses an engine block in which cylinders, cylinder intake and
exhaunst manifolds, cylinder cooling jackets and engine bearings are cast in a large,
heavy unit serving as the primary structural element of the engine. Thermal and
mechanical stresses transmitted through the engine block and uneven heating during
engine operation cause non-uniform cylindrical distortion of the cylinders. The piston
crowns bear extremely high temperatures during combustion and become distent
radially as a result. The cooling system of Bird’s engine provides liquid coolant
through the cylinder jackets in the engine block, but the system is not adapted to
mitigate the non-uniform distortion of the cylinders or to prevent expansion of the
piston crowns. As a consequence, close tolerances cannot be maintained between
cylinders and pistons without a high risk of engine damage or early engine failure. Of

course, without close tolerances, it is difficult to provide an effective seal between




t hrough the cylinder jackets in the engine block, but the systemis not
adapted to mtigate the non-uniformdistortion of the cylinders or to
prevent expansion of the piston crowns. As a consequence, close tolerances
cannot be maintai ned between cylinders and pistons without a high risk of
engi ne damage or early engine failure. O course, wthout close
tolerances, it is difficult to provide an effective seal between 3
cylinders and pistons to limt blowby (the escape of gasses past the

pi ston) during engine operation, wi thout the use of piston rings. Arigid
pi ston structure in which connecting rods are coupled with wist pins
nmounted to piston skirts over-constrains the pistons during operation of
the engine. This over-constraint prevents any part of a piston from
repositioning with respect to the axis of an associated cylinder in
response to an inbalance of forces coupled to the piston through the
connecting rods. [0007] A two-stroke, opposed-piston engine with

si de-nount ed, counter-rotating crankshafts is described in PCT Patent
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conpared with BijddBifd @igthes)@he cylinders are not cast in an engine block, nor are they formed
with other passive structural elements. Consequently, the cylinders are not passive
structural elements of the engine. Thus, with the exception of combustion chamber
forces, the cylinders are decoupled from the mechanical and thermal stresses of an
engine block and are essentially only pressure vessels. Tailored application of liquid
coolant to each cylinder of the engine compensatés for asymmetrical heating of the
cylinders, while the symmetrical applicationAof liquid coolant to the intérior surface of
each piston crown maintains the shape of piston crowns during engine operation. A
single intermediate gear between the two crankshafts shortens the gear train and
substantially reduces torsional resonances between the crankshafts, as compared with

Bird’s engine.

[0008] The engine described in PCT Patent Application PCT/US2005/020553 also
includes a compliant member that allows for angular adjustment of piston structure
with respect to the cylinder in response to an imbalance in forces coupled to the piston
by the connecting rods.. In this regard, an axially-centered tubular rod is mounted in
the piston, and the connecting rods are linked to wrist pins attached to the rod. Piston
compliance is realized in the innate flexibility of the tubular rod. Elimination of wrist

pins from skirt mountings permits reduction of skirt mass and piston weight.




[ 0008] The engi ne described in PCT Patent Application PCT/US2005/ 020553
al so includes a conpliant nenber that allows for angul ar adjustnent of
pi ston structure wth respect to the cylinder in response to an inbal ance
in forces coupled to the piston by the connecting rods.. In this regard,
an axially-centered tubular rod is mounted in the piston, and the
connecting rods are linked to wist pins attached to the rod. Piston
conpliance is realized in the innate flexibility of the tubular rod.
Elimnation of wist pins fromskirt nmountings permts reduction of, skirt
mass and piston weight. 4 [0009] Further benefits to the engine described
in PCT Patent Application PCT/US2005/020553 have resulted from additi onal
enbodi ments of a conpliant piston structure including a conpliance boot
acting between the piston crown and an axially-centered rod nmounted in the
piston. A single wistpin mounted on an axially- centered piston rod,
externally to the piston, couples the piston with associated connecting
rods that run between the piston rod and the crankshafts of the engine. 5
SUMMARY [0010] M000%b- dipether, bensfisstodthsi ensing daseriibed i PRT sPasent ndopplicatign
crankshafts and pcrhjszd@sr/@zoissznIha¢eef$s.flfe@rﬂmqbamrﬁabms&m&ﬁﬁsf @fcotnﬂ)ﬁarﬁngi ne
is provided with tail ored .CP o |an my Fnders nd with s nnetr|c§
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thereby naintain mechani cal cl earance between the bore of the cylinder and
the pistons dur FoRyedingrods “Bb%‘l"é‘f"i“’&ﬁ' thﬂp‘étﬁﬁﬁidlaaﬁfhcﬁ@ﬁﬁ-‘é‘?ﬂﬁ‘ﬁ‘@&&ﬁ“‘bl st on
accommodat es novenent of an axially-centered piston rod relative to the
piston so as to maintain axial alignnment between the piston and the
cyl i nder bore during engine operation. A single wistpin is disposed
externally of the piston to connect the piston with connecting rods that
run between the piston and the crankshafts. 6 [0011] BRI EF DESCRI PTI ON OF
THE DRAW NGS




[0012] The bel ow descri bed draw ngs, which are not necessarily to scale,
illustrate principles and exanples discussed in the follow ng detail ed
description. [0013] FIGS. 1A-1D illustrate the structure of a cylinder
used in an opposed piston internal-conbustion engine [0014] FIG 2 is a
curve illustrating tine-averaged cylinder heat flux neasured in an axial
direction during operation of an opposed piston engine. [0015] FIG 3Ais a
si de perspective view of a piston and a piston rod with an attached
wistpin. FIG 3B is a side perspective view of the piston, with the skirt
removed, and with the piston rod and wistpin attached thereto. FIG 3Cis
a side perspective view of the piston-rod that attaches to the piston.
FIG 3D is an exploded assenbly view of the piston, with the skirt
removed, and with the piston rod and wistpin associated therewith. FIG
3E is an enlarged side sectional view of an upper portion of the piston
with the skirt partially cut away. [0016] FIG 4A is a side view of an
opposed pi ston engi ne showing a cylinder in which the pistons at top dead
center are coupl SYMNABYi marily tensile-loaded . connecting rods to two
crankshafts, with the view cut away to show a piston cooling structure.
FIG 4B is a per $¢o}i V:Qth-@Md)&pp&Rd@hd)n(&flgiﬂe wids tidemanntkdooduReafts ang r ods i n
the engine of FI . E are
per specti ve Vi ev\gy]m%s ls\Ma}cla f:%f-:?rﬁ {Hﬁa’i &egiégpﬁvtﬁge ﬁ[nQQslj%]anﬂd%hﬁééaegp osed

pi ston engi ne sh&R!itg O'é@'é‘é%% %ﬂdd\é‘ évmgie'alea'\?awneaéthgPlagesrow -akagether v

[0018] FIGS. 6A mdaxﬁ&da:ba.@@hmylirmemnagfe&mn@&maumingosy.sbﬁms useabl eto
ool e Rl LR Roluld A e E R0k fi0oR Sy Lpiien, POE RRRISSA, P St ons
of the opposed piston engne. @? PEREMAL ¢ PAIASTAm "of
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DESCRI PTI ON [002{ FIGS. 1A-1Dillustrate a cylinder 00 useabl e in an

opposed pi ston ovement of an axially-centered piston rod relative to the pnston SO as to maintain
axial alignment between the piston and the cylinder bore during engine operation. A
single wristpin is disposed externally of the piston to connect the piston with

connecting rods that run between the piston and the crankshafts.




i nternal -conbustion engine. The cylinder 1100 has four parts: a cylinder
liner 1102 forned as an open cylindrical tube with a cylindrical bore
1103, an exhaust manifold 1104, an inlet manifold 1106, and a cyli nder

sl eeve 1140. Preferably, the cylinder 1100 is rmade from al um num such as
a high-tenperature alumnumalloy, and it may be cast as a single piece,

or assenbled by fixing the manifolds 1104 and 1106 to the cylinder sleeve
1140 and then fixing that subassenbly to the outer surface of the cylinder
| i ner 1102. The longitudinal axis Ac of the cylinder liner 1102 is also the
| ongi tudi nal axis of the cylinder 1100. [0022] As best seen in FIG | A
the cylinder liner 1 102 has an exhaust. port 1105 constituted of a series
of circunferentially-spaced openings 1108 near an exhaust end 1109 of the
cylinder liner 1102. The cylinder liner 1102 also has an inlet port 1107
constituted of a series of circunferentially-spaced openings 1110 near an
inlet end 1112. Conbustion gases spiraling toward the exhaust end 1109 of
the cylinder liner 1102 are diverted at |east generally out of the
cylinder liner 1{@21] ntRBREFOESCRIDBEON QRFHE DRAWINKGGY shown in FIG |C. Each
opening 1110 of the inlet port 1107 has a ranped upstreamend 1110r at

whi ch pressuri zegomazy fTiewelg-defiribed ditwingl, @hicp afetnotlieOessariltoGtidd) iltuaeaté Nl et
mani fol d 1106 is div gsta%\ e)lmrrlr'gcp TR (- oo F%%(ﬂ%ﬂ'%ﬁ ﬁgc{‘f]e%i"(?gi"g ection toward

t he exhaust end fT ntra por i'nder |iner

1102, a nunber e d openings 1116 are v n a circunferenti al
sequence. At le e&dﬂg ES %‘“ﬁ §S‘TTT’6€?€CCEHPg5“s§df'IFé'I°pP?ff Y, and

at | east one ot hﬁnerodl-cbrhaxsuapetginags 1116 receives a sensor for sensing
engi ne operating conditions such as pressure or tenperature. In the

cylinder Iiner 1@&24phqm 2 fshRbEve MRyrdifg uﬁa%v@afgamnmentemuamagumﬁn 1116
for receiving fuel ni ector§ one_openi.ng 1116 5;Q(me:rnexr:'ewmg a pressure
sensor, and one op%ﬂ?ﬁ"mffn %“F%Pere%ﬁ1€|ﬁ%”“=€‘ "8{"tir e sensor. [0023]
The curve 1200 of FILG illustrates average heat flux measured across a

| ongi tudi nal traé®13h t’ﬂ@ I isiagidegpectiye VIEW-ofi 3 Rty and 2Pty 13 WEMt ruct i on
| i ke that of theameyéd \nﬁise;rm lHlQiJBBIdeitgpeﬁ@cnﬁe e oirhe piston Agthitheeskaur ve 1200

shows, the cylindgr | .ﬂ%t o PR R W inRANEH etk FIESREEL ke 1S
| ongi t udi nal axis (¥ﬁ e ner has rts
perspecuve v:ew of the piston rod that attaches to the piston. FIG. 3D is an exploded

assembly view of the piston, with the skirt removed, and with the piston rod and
wristpin associated therewith. FIG. 3E is an enlarged side sectional view of an upper

portion of the piston with the skirt partially cut away.

[0016] FIG. 4A is a side view of an opposed piston engine showing a cylinder in
which the pistons at top dead center are coupled by primarily tensile-loaded . -
connecting rods to two crankshafts, with the view cut away to show a piston cooling
structure. FIG. 4B is a perspective view of an end of a piston and connecting rods in

the engine of FIG. 4A, with crankshafts removed.

[0017] FIGS. 5A-5E are perspective views of a multiple-cylinder implementation

of the opposed piston engine showing assembly details at various stages of assembly.

[0018] FIGS. 6A and 6B are schematic diagrams of supply systems useable to
control the application of liquid coolant to a cylinder and opposed pistons of the

opposed piston engine.

{00191 FIG. 7 is a schematic diagram of intake and exhaust gas flow in the

opposed piston engine.

[0020] FIGS. 8A-8F illustrate applications of the opposed piston engine.
7



greatest heat load in its central portion, where conbustion occurs. Al so,
the end portion of the cylinder liner with the exhaust port experiences a
greater heat load than the end portion with the inlet port. Thus, in order
to mnimze non-uniformties in the tenperature of the cylinder and
resulting cylindrical non-uniformty of the cylinder bore, the cylinder is
cooled in a tailored manner that accommobdates the non-uniform ways its
portions are heated during engine operation. That is to say, a systemfor
cooling a cylinder such as the cylinder 1100 provides a greater cooling
capacity to the portion of the cylinder fromnear its axial center to the
exhaust end than the portion fromnear its axial center to the inlet end,
and provides the highest cooling capacity to the central portion of the
cylinder. [0024] Wth reference to FIG 1 A there also exists a potenti al
for a circunferential tenperature variation in the cylinder wall even with
uni formheat flux if the available cooling is not uniform around the

ci rcunference. Non-uniformcooling also occurs in the central portion 1114
due to the. sequeMETASEER PESCRETIONIG. To nmintain circunferential
tenperature uniformty, and thus cylindrical uniformty, in the central
portion 1114, th¢oo2dbl i FIGSahi-aDdihistritea tylinge 10pEwseatgsin hi dpposelyivores t he

cooling. that - ouhelniRugeQRGHERE] T LG, PRERLNGS HAL SRRPERS SR [ 002]

To provide a tailore coo apaci t at neets these goals, a nunber of
grooves or channé‘rfg‘e‘é?%'"ﬁpﬁv‘fyéfé‘ér“@h‘“P"n%!“*b‘ﬂ‘%‘i“é@a‘s‘m’? HO&. anpatpugimanifeld

c%/l i nderI i ngr 162 an vt ﬁﬁrhfdltglltoe dl_'\h%yl(ljn];lérhslék& uaogbrélfa,ab@ thé fﬁm@r?up 11ﬁ2
of interlaced gr es ral around t out si surfa romthe
central portion ?‘%)48 8&%]1%0&" ?lﬁm'"“m aug?ah'gh cmprgETe O mémé‘go djz? 1126
of interlaced grbocastashbinglepirce.air asmblmﬂby fixieg 'bﬂmsmlwssld%%t@él@;ﬁ;_@ohef r om t he

central portion IhidedsRAas ohabhgs ind ﬁ;mmsttsuéal%uy tg%faugr QP& Afind hese two

groups originates j ealr the central portion spiral
path around. ¢ he. SUbSrgben s e rpBunamt fesriinriat s E Faknle: | ve

port 1105, 1 107 ldnpitatirct axid efdhercytinder 188ct i on. " The drilled radial section of
each groove communicates with a drilled axial channel extending

| ongi t udi nal |y wideb2n tAxestGydniin@es. 1la, nlercynmeramtemomm anRxRag ?oﬁflld)j"le
cylinder liner 1102, rence

. . L al I t
nuneral 1129 in Ern&nuigi,(e)f %%%mh%:éég\fr\éfgre{xﬁ?lgg zﬁe opem%gs F]%S ngar an exhaust end

1109 of the cylinder liner 1102. The cylmdcr liner 1102 also has an inlet port 1107
constituted of a series of circumferentially-spaced openings 1110 near an inlet end
1112. Combustion gases spiraling toward the exhaust end 1109 of the cylinder liner
1102 are diverted at least generally out of the cylinder liner 1102 into the exhaust
manifold 1104 shown in FIG. 1C. Each opening 1110 of the inlet port 1107 has a
ramped upstream end 1110r at which pressurized air flowing into the inlet port 1107
through the inlet manifold 1106 is diverted into the bore 1103 in a spiral direction
toward the exhaust end 1109. At a central portion 1114 of the cylinder liner 1102, a
number of threaded openings 1116 are provided in a circumferential sequence. At
least one of the openings 1116 receives a fuel injector, and at least one other of the
openings 1116 receives a sensor for sensing engine operating conditions such as
pressure or temperature. In the cylinder liner 1102 shown, there may be, for example,
two openings 1116 for receiving fuel injectors, one opening 1116 for receiving a

pressure sensor, and one opening 1116 for receiving a temperature sensor.

[0023]  The curve 1200 of FIG. 2 illustrates average heat flux measured across a
longitudinal trace on the inside wall of a cylinder having a construction like that of the
cylinder 1100 during engine operation. As the curve 1200 shows, the cylinder liner is

non-uniformly heated with respect to its longitudinal axis. The cylinder liner has its
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drilled radial section 1130 with an end 1127e of a groove 1127 and
penetrates the edge 1131 through a hole 1133. This enables a stream of
liquid coolant to flow from9 the beginning of a groove in or near the
central portion 1144, along the spiral of the groove toward a respective
end of the cylinder |liner 1102, through a channel in the cylinder |iner,
and out of a hole in an edge of the cylinder liner 1102. Each group 1122,
1126 of grooves conducts an aggregate flow of liquid coolant fromthe
central portion 1114 to an end portion of the cylinder |iner 1102,
enabling cooling of the respective corresponding portion of the cylinder
liner, and thereby, of the cylinder 1100 itself. There is a pitch, or

spaci ng, (which nmay be constant or varying) between the grooves of each
group and the pitch for the grooves of the group 1 122 extending fromthe
central portion 1114 toward the exhaust end 1109 is less than the pitch for
the group 1126 of grooves extending fromthe central portion 1114 toward
the inlet end 1112. As a result, nore liquid coolant contacts the cylinder
liner portion ovegrea@st heatidpeiin Sskehied posipmavherrCbmblsrion ddearseAbaubé endort 1105
than the cylinder L. I b
provi ding great eF’O'J(t:'g'gF thpg)g'gheggf]%hﬂ?' tHgé)ﬂguSI &) gﬁ éxﬁ%ﬁhceFQﬁI aé;%%%'ro %)Jr}ﬁ%'ﬁa%/

i ncl udes the exhshesnd B‘EIF'?“ ‘111'05‘3 mﬁﬁe%&b‘rlam Orﬂﬁf tqmidmize pon-grifermaiges in fi5d
therefore has t h@nﬁkﬁahesﬁm&@mhd&xmamg@amw)son-aﬁfdnhnyemt&r@nh.lrbe grooves
near the central & 114 of .the &ﬁﬁinder diner 1102 whe éﬁnm e.sooling
requi renents are PARger &y cooled in 4, 1aiqres manngq fha a?cé’é)"\?nes fay° hREVE" a Vari abl e
cross- sectional “arse@ mh@ngarp heated duemtdm@haftratwhf'ﬁ@tistq m.dsdetem ﬁPﬂ ow

velocity of the eqpn Qt:ylln%rtsh&if‘asttllf%yqri&p‘fﬁﬁ) fp?dWlieEQE&ﬁEMo@hﬁg%pAcﬁ?ﬁJ thé at e of
heat renoval. Thus, the coql mg{y capaci t

rooves 1 s settable
over a wide rangBoHg" oS gl Afsax] Ce‘f"ﬁé“’ ‘?ﬁﬁ%‘b‘ﬂ’rﬁ °(5‘? tap fheprgieny
grooves, the | en@bh refr itsheiahreowr®she ihleeend] dndIprovfdet the highasosoeling dapeity to
cross-sectional ﬁ;eecgn 9 04&2?‘4%“ e_ of the grooves and the cool ant flow
rate into the chan t referring to FIGS. 1A 113, and 1D, a

third group of gi@% 135 exteﬁﬂ d t.he outsi de rface 1 120 .in the
central portion ] |tlE Fféer%rvf, f ere also exists a potentra% ¥or a circumferéntial
temperature variation in the cylmder wall even with uniform heat flux if the available

cooling is not uniform around the circumference. Non-uniform cooling also occurs in
the central portion 1114 due to the sequence of openings 1116. To maintain -
circumferential temperature nniformity, and thus cylindrical uniformity, in the central
portion 1114, the cooling adjacent to these openings 1116 subsumes the cooling that

would have occurred had the openings not been present.

[0025] To provide a tailored cooling capacity that meets these goals, a number of
grooves or channels are provided on the outside surface 1120 of the cylinder liner
1102. Referring to FIGS. 1A, 1B, and 1D, a first group 1122 of interlaced grooves‘
1123 spiral around the outside surface 1120 from the central portion 1114 toward the
e)rhaust port 1105, and a second group 1126 of interlaced grooves 1127 spiral around
the outside surface 1120 from the central portion 1114 toward the inlet port 1107.
Each groove of these two groups ox’iginateé in or near the central portion 1114,
follows a spiral path around the outside surface 1120, and terminates near a respective
port 1105, 1107 in a drilled radial section. The drilled radial section of each groove
communicates with a drilled axial channel extending longitudinally within the
cylinder liner 1102 through an edge of the cylinder liner 1102. One such axial
channel, indicated by reference numeral 1129 in FIG. 1A, communicates through a
drilled radial section 1130 with an end 1127e of a groove 1127 and penetrates the
edge 1131 through a hole 1133. This enables a stream of liquid coolant to flow from
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liner 1102, wth each groove 1135 extendi ng between two of the openings
1116 in the central portion. Each groove 1135 has an el ongated portion
1137 that extends in an arc on the circunference of the cylinder |iner
1102, and cross portions 1138 at'the opposed ends of the el ongated portion
1137_ Each cross portion 1138 is transverse to the elongate portion 1137

so that each of the grooves 1135 has the shape of an I. As best seen in
FIG 1 A each cross portion 1138 is positioned i medi ately adj acent an 10
opening 1 1 16. In operation, liquid coolant introduced into each groove

1135 at the <center of its elongate portion 1137 flows through the el ongate
portion 1137 toward each cross portion 1138 and then is exhausted from

hol es 1147 (best seen in FIG 1 B) in the cylinder sleeve 1140 at either
end of each cross portion 1138. Thus, liquid coolant flowing in each
groove 1135 has an extended flow path at each end 1138 of the groove, near
an opening 1116. Consequently, each groove 1135 provides an enhanced
capacity for cooling at the hottest parts of the central portion 1114, near
the openings 11ifebedilvéngdialgrovge dagpaeirthe denteal palach fian, didng tieespirsiak thporti on
1114 varies with ' entiale .di st _ [ng 1116
' the central p8Tt ar Rt EEEP ke ool R fict Pid\fi) B ahoc R

ef fective, | ocal FY@deridemhend qubef ahelenp ipmedasebthe cylindenlinpiel 182 dachhgromhe

openi ngs 1116 t hat22i 51260F gr36e s&idaétEad spgfepitt NBE obiquid\@oBhOdn BE centqal I al

grooves 1122, 1126.. T ffectiveness, of heat. r al .i.n the central
section 1114 isPYI& {]@43) BAGRY 'f’%ﬂ&f‘? %"ﬁ%ﬁ?%‘ﬁﬁ%?"%"h%g %%Eﬁ'%ﬁ?meoccur ring
in the zone wher espdative coaedpamding gogtivn of thezmiihdenlinchend théreby; ehthecylinflereach end

1138 before fl ow ikas th&e tsl dpitcRfor st Q0fich MO BL donbia S PryinSiedlees Of the
cylinder 1 100 are seen in FIGS. 1B-1D. The tu ulaé Cé!lngﬁﬁ sl eeve 1140

is received on t HESEGYELLech geayp gpd th pitchfps theyerpoyes | PyRDIZ2 extprdiigd on
the central port from tHekidrah pehtiex 1 Badowgd the estiadst et 100 G5 1643 ehae xtegitshi for and

et 1@ni 1ol dS 340, a0theld B, LS Fah % kA porddOR 1FTREIRAHS 10

the cylinder sleeve 1140 a e seans 1141 between t yl'i nder sl eeve and
the exhaust and®Mi1é% AvdiiPsul) e Yiquid goclang cortagy thegylindeqlineg gortiomavsr ar e best
seen in FIG 1 Duargebvrfatdidéa in@hiding thl exhated pérol 5 thhh @b c3nkbed 140 péraiyn be
individually cas ¥ncw;iiglg thlét?n ptep%lttil\((%, thereby providing greater cooling capacity for the

cylinder liner portion that includes the exhaust port 110S. The coolant is also the

coolest, and therefore has the greatest heat exchange capacity, as it enters the grooves

near the central portion 1114 of the cylinder liner 1102 where the cooling

requirements are the greatest. Furthermore, the grooves may have a variable cross-

sectional area along their length that affects the local flow velocity of the coolant

within the grooves and therefore the local rate of heat removal. Thus, the cooling

capacity of the spiral grooves is settable over a wide range by varying any or all of the

number of interlaced grooves, the length of the grooves, the pitch of the grooves, the

cross-sectional area along the length of the grooves and the coolant flow rate into the

channels.

[0026]  Still referring to FIGS. 1A, 1B, and 1D, a third group of grooves 1135
extend around the outside surface 1120 in the central portion 1114 of the cylinder
lijner 1102, with each groove 1135 extending between two of the openings 1116 in the
central portion. Each groove 1135 has an elongated portion 1137 that extends in an
arc on the circumference of the cylinder liner 1102, and cross portions 1138 at the
opposed ends of the elongated portion 1137. Each cross portion 1138 is transverse to
the elongate portion 1137 so that each of the grooves 1135 has the shape of an 1. As

best seen in FIG. 1A, each cross portion 1138 is positioned immediately adjacent an
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portions of the cylinder sleeve 1140 and fixed to each other and to the
cylinder liner 1102 by wel ding. Together, the exhaust and inlet manifolds
1104 and 1106 and the cylinder sleeve 1140 cover the grooves 1123, 1127,
and 1135, confining the flowof liquid coolant in the grooves. As best
seen in FIG 1B, the cylinder sleeve 1 140 includes pipes 1142, 1144, and
1145. Each pipe 1142 is positioned over the beginning of a respective
groove 1123 near the central portion 1114; each pipe 1144 is positioned
over the beginning of a respective groove 1127 near the central portion
1114; and each pipe 1145 is positioned over the center of the elongate
portion 1137 of a respective groove 1135. Liquid coolant flows into
grooves 1123 and 1127 through 11 pipes 1142 and 1144, near or at the
central portion 1 114 of the cylinder liner 1102, and flows in streans

t hrough the grooves and the dri lied channels 1129, and out of the holes
1133 in the end edges 1131 of the cylinder liner 1102. Liquid coolant flows
into the grooves 1135 through pipes | 145, and flows in streans through
the el ongate pompéndnes! 1163 operetianhiiquichepolatt BBodubks ipto edchFooye diASdethet hr ough
the cylinder slegyfer 0%%901%5@ pg%htllﬁms@ﬁro&é?l‘ihé él&%at@fpoxtubre 1874dswakd 38 to

permt liquid coolant to flow out of grooves best _seen in
FIG 1 C the pifg&d °1%ﬂ2°““1“11438 é‘fﬂ)‘hT‘l‘&S"}’raé &4 fyqmm holes 1A g% seepamFith (Bt ed on
l'iquid cool ant st yylindéraked1490 atfeitherend ofxath ¢rass oitipn) Ui 38. Tieedigaik suppl y

system as_expl al @&9 CJR@ \QngTJl&?% {;Jéﬁ%?hé&%'&@ﬁdeﬁ HPQ' f{mﬁl Jag'r’ér}dsug?é{f

provided in a li systemt Iquid coolant for the
three groups oft seswesmarea@wnelgrldm tcopicqt%ﬁ‘lﬁééf‘bﬂo‘tvél&ﬁ@%‘ﬁ@‘étaﬂve group

Iof gr govesI by waynnaa%edtcmcw foeSoolif@it tﬁdlf&fbﬁﬂbﬁﬁtdfﬂi&c&r]tirat [hﬁncglrlﬂwex‘éarttﬁb i nput
iquid coolant at a.desjre ressure. an ate for

grooves. In thes@p?"'"éuigw e Cgf’l'"ﬁézgpaé"r%pmv'rd%@yga({aﬁC?" g%mcf"?t&{ ?'acﬁiels d®ool ant
fl owi ng out of tltl@cgrmfvestwbmﬂam t@ﬁtslmestsmnfrudélé in fiR@egtfal périions \Theé nder

l'iner 1102. The kbamg@l]cﬁ@gloémlmxsbeerpek&m GstalRéd theBdTROr rdndvitE he@NQi NE.
In this case, the liquid coolant is exgelled t hr ough the hol es P&E at each

end edge 1131 of"’f"htge A ST Apeningidt 1o s “géﬁ‘éssb%‘g‘t"lcmméf’yf}}??‘m
coolant wi || fal kpifal gmxtelsuelnolk% Théd &8:ctivenesstofi keaoretrova én thkcantralssao:tfoaces of

the opposed pistong, (Bl g dr et bafdoc@iridgf ¥he 266 WiRE@E S 1N
t he bore 1103, there % égopgﬁﬂ" ‘Fbﬁﬁnl ; co oc Q] e ©
coolant tlows to and touches the center of each end 1138 before flowing to the tips of

the end.

[0027] Assembly details of the cylinder 1100 are seen in FIGS. 1B-1D. The
tubular cylinder sleeve 1140 is received on the surface 1120 of the cylinder liner
1102, centered on the central portion 1114 and cxtcndmg to and meeting the exhaust
and inlet manifolds 1104 and 1106. The manifolds 1104, 1106 may be wcldcd to the
cylinder sleeve 1140 at the seams 1141 between the cylinder sleeve and the exhaust
and inlet manifolds 1104 and 1106. Such welds 1141w are best seen in FIG. 1D.
Alternatively, the manifolds 1104 and 1106 may be individually cast with respective
portions of the cylinder sleeve 1140 and fixed to each other and to the cylinder liner
1102 by welding. Together, the exhaust and inlet manifolds 1104 and 1106 and the
cylinder sleeve 1140 cover the grooves 1123, 1127, and 1135, confining the flow of
liquid coolant in the grooves. As best seen in FIG. 1B, the cylinder sleeve 1140
includes pipes 1142, 1144, and 1145. Each pipe 1142 is positioned over the beginning
of a respective groove 1123 near the central portion 1114; each pipe 1144 is
positioned over the beginning of a respective groove 1127 near the central portion
1114; and each pipe 1145 is positioned over the center of the elongate portion 1137 of
a respective groove 11335. Liquid coolant flows into grooves 1123 and 1127 through
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t hose surfaces during engine operation. Alternatively, the |iquid cool ant
flowing out of the ends of grooves on the cylinder 1100 may be conduct ed
inliquid coolant return Ilines connected by conventional fittings to the
hol es 1133 and 1147 for collection and recirculation of the Iiquid cool ant
as expl ained below. [0028] As seen in FIGS. 1C and 1 D, the exhaust and
inlet manifolds 1104 and 1106 have respective internal annular vol utes
1150 and | 152 that conmunicate with the exhaust and inlet ports 1105 and
1107, respectively. Preferably each of the volutes 1150 and 1152 has the
shape of a scroll in order to induce swirling of gasses flow ng

t heret hrough, while controlling turbulent mxing. Swirling the pressurized
air facilitates scavengi ng and enhances conbustion efficiency. Ducts 1] 53
and 1.154 connect the exhaust and inlet manifolds 1104 and 1106 to a
system for discharging 12 exhaust gasses from and providing charge air to
an opposed:pi ston engine as described below. [0029] As seen in FIGS.

| B-1D, the cylinder sleeve 1140 includes one or nore openings 1156, each
aligned with a coipreSgdnu hig.trearan detie pualipagion 1116 of thetcliindeckrer hdBr | i ner

1102. One or nor gnd ffls ih Reamt %&gﬂaéérooe@s%dmrdﬁﬁg@&aaknsl1t1§9 BRZA 6 B0,
are nmounted to the c¥§3nder readed into openin 1116. Each

Fe T ed or hale Viah Bl endipoams 11310 ek slindss Brer 1 Lo epelam Bophita 1 60
and may be provihd@ebowtst 1135 thedughpipes ByS tagdflass Biascamshigrdughahalonghto030] An

annul ar groove | orRSrB"nQPQ'o A& &l s?%%hﬂs 1% hﬂ% SYAr&%ﬂ?{ecghmFslée%Qz in
the bore 1103, f seating an ring sich O I's visib

through the inl étm@rﬁcpozlilmedmhthrrr'asaf ﬂreAenaﬁaltho eesetit fawidh cqolant WJ@WaﬂuéORn si bl e
in FIG 1D. The fie gfdobgs 135.63 basfteeepnomqad thOpiPANI AL 1 1 BNGd WM 4Fre @KBES S

| ub f h h f
ubricant fromt \Si lé%sqlié]é)r{noun%é qiﬁm cgolax% s§p£ 1%%?14$tha9%r):gesc?% iﬂuﬁ’utdonS (not

seen in these flg
preferably nade edolamt supply|sysem asfdxplained hﬂil%t'lﬁmerllqwdtceqlilrabupply[@@@@]mawt h

reference to FIGy rbgdéﬂq Ilqud c&hﬁn %ly@gﬁém b s:lagﬂy 'héul@f:&)‘l’dndﬁ)gm\é‘tﬂr&

mounti ng brackets 116% S¢§ he outside surface of the cylinder
sl eeve 1140 thaP o8& PECYT *H"F'H““éf‘??%H@@ﬁ%?'@%ﬂﬁ%‘?f“’t%é@gv PY3PEs) when

t he cyl i nder 1106F thepipes that communicate with the grooves to input liquid coolant at a desired
. pressure and flow rate for the group of grooves. In these figures, no lines are

provided to conduct liquid coolant flowing out of the grooves on the outside surface
1120 of the cylinder liner 1102. The liquid coolant may be collected by a sump in the
engine. In this case, the liquid coolant is expelled through the holes 1133 at each end
edge 1131 of the cylinder liner 1302. -Some portion of the liquid coolant will fall
from the holes 1133 onto the outside skirt surfaces of the opposed pisions (not shown
in FIGS. 1A-1D) as they reciprocate in the bore 1103, thereby cooling and lubricating
those surfaces during engine operation. Alternatively, the liquid coolant flowing out
of the ends of grooves on the cylinder 1100 may be conducted in liquid coolant return
lines connected by conventional fittings to the holes 1133 and 1147 for collection and

recirculation of the liquid coolant as explained below.

[0028] Asseen in FIGS. 1C and 1D, the exhaust and inlet manifolds 1104 and
1106 have respective internal annular volutes 1150 and 1152 that communicate with
the exhaust and inlet ports 1105 and 1107, respectively. Preferably each of the volutes
1150 and 1152 has the shape of a scroll in order to induce swirling of gasses flowing
therethrough, while controlling turbulent mixing. Swirling the pressurized air
facilitates scavenging and enhances combustion efficiency. Ducts 1153 and 1154

connect the exhaust and inlet manifolds 1104 and 1106 to a system for discharging
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assenbl ed into an opposed piston engine. The nounting brackets 1164 are
shown nounted to the external surface of the cylinder sleeve 1 140 by

adj ust abl e constricting clanps 1165, although this is not nmeant to be
limting. The nounting brackets 1164 may be welded to the cylinder sleeve
1140, or may be individually cast wwth respective portions of the cylinder
sl eeve | 140, which are fixed to each other and to the cylinder |iner 1102
by wel ding. [0032] FIGS. 3A through 3E illustrate a piston 1300 useable in
an opposed piston internal-conbustion engine. The piston 1300 is
preferably ringless, although this is not intended to exclude the use of

pi ston rings on the piston 1300, if required. Referring to FIGS. 3A and 3B,
the piston 1300 includes a cylindrical section 1302 wth piston crown 1308
at one end. The cylindrical section 1302 has an open end 1309 opposite the
crown 1308. The portion of the cylindrical section 1302 extending 13 from
the crowmn 1308 to the open end 1309 forns the piston skirt 1310. The

| ongi tudi nal axis AP of the cylindrical section 1302 is also the

| ongi t udi nal axi sxkpstighsses firinsangpraviiiae charggiaistan eppeked BBON epginefasr abl y a
tubul ar rod, showaslibedtefow. 3C, IS attached to the piston 1300. The piston
rod 1330 includes a shaft 1332, a central bore 1332, a disc-shaped end

section 1334, anodho} " RPAE3Ads S AL, AR JRRDH ] Bihltacs ol it ON 1

1330 has a cylindrical cross-sectiona ) I'S not 1nten to
limt the constr@egiings 166, ¢askaligned with p eerrespindine direpdpd enepigg 15i@de thénal shapes
may be used. [ O0Q@ddeMiden1 102f @R GRrd MellifiEctdrs @V880Each hPeaPédSdt R8ncdk20@nd, W t h

ona cr own’ pi ece b o s $ROS TR st mefre B g iR by ' 0o The
crown piece 1308anjedtar 113 imeaipted at HE9 ¢r Dhigh-prsisuredud 308 hltPpndwarhes 1321.

Toget her, the crQuRidal G5B fuclRPOGs@Mts 308 afeloW i bs 1322, The ribs 1322
serve as | oad-bearing el enent’'s and define cool ant fl ow passages 1, 329

ther ebetween 107 (piss} Oy ERLi" oo HIESEUEheb ALl endBF RLELMALY el gD, 1322

and the fIOM/paésages & evenly spaced circunterentially about the
| ongi tudi nal  axiths bare PP3fferrsadsing an Prréngr Qs suchrRdrinhBi6d foriedle hemph¥gages,
exhi bit rotati onglieceHdMBLGYFIGS. 1A and1B, and both O-rings are visible in FIG. 1D. The O-

rings 1163 are provided to contact and wipe excess lubricant from the exterior

surfaces of the skirts of opposed pistons (not seen in these figures) that move in the

bore 1103. The O-rings are preferably made of a resilient fluoro-elastomer material.

[0031] With reference to FIGS. 1C and 1D, the cylinder 1100 is provided with
mounting brackets 1164 mounted to the outside surface of the cylinder sleeve 1140
that are received in a framé (not shown in these figures) when the cylinder 1100 is
assembled into an opposed piston engine. The mounting brackets 1164 are shown
mounted to the external surface of the cylinder sleeve 1140 by adjustable constricting
clamps 1165, although this is not meant to be limiting. The mounting brackets 1164
may be welded to the cylinder sleeve 1140, or may be individually cast with
respective portions of the cylinder sleeve 1140, which are fixed to each other and to

the cylinder liner 1102 by welding.

[0032] FIGS. 3A through 3E illustrate a piston 1300 useable in an opposed piston
internal-combustion engine. The piston 1300 is preferably ringless, although this is
not intended to exclude the use of piston rings on the piston 1300, if required.
Referring to FIGS. 3A and 3B, the piston 1300 includes a cylindrical section 1302
with piston crown 1308 at one end. The cylindrical section 1302 has an open end

1309 opposite the crown 1308. The portion of the cylindrical section 1302 extending
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around the longitudinal axis AP, and inpart such symmetry to the internal
portion of the piston, under the crown 1308. The ribs 1322 extend radially
toward the inner surface of the piston skirt. 1310, abut the back surface
of the crown 1308, and also extend longitudinally within the piston 1300
froma back surface of the crown toward the open end 1309. The ribs 1322
transfer the axial |oads exerted on the crown 1308 during engi ne operation
to other elenents of the piston 1300. The precise shape, extent, and
nunber, of ribs 1322 may vary, for exanple, according to engine design and
operating specifications. Preferably, the crown pieces 1308a and 1308b
constitute a single crow unit, with the skirt 1310 forned as a single
cylindrical unit and joined to the crown unit. The crown unit and skirt
may be assenbled from nmachined parts or made by casting and/ or nachi ning
hi gh-tenperature alum num steel alloy, or iron, and then joined by
brazing, welding or threading. In this exanple, the skirt 1310 is threaded
to the crown 1308 at 1325 as best seen in FIG 3B. [0034] Wth further
reference to Fl GEom3Ke @tein 3R)8 tatheiopal ead WB09tbisithe @Békdn skirktBOMRle to t he

biston 1300, i's ilalfiedsA0al Hand QREANSKLGRS 13654 bRRWL AR RInat B skt on T od

1330 14 by a sto and & bor rea nut et ween spacers 1345
and 1346. |f degisioad3¢drA pisen susidd0 prederitdy otubplar ropsheyhidiFiE Jetsween t he

Cg O\Sln 130§ and t Ia@acgédxb@tei PGl 13ﬁa.i ‘PheQistdn18d WSF0Shddhdes 4 SAR 1332, Fodbrarnek s]hi m
1349 may be provi et ween, the s r 1345 t he st 3.. [.0035
Benefits are reall?@eﬁgﬁv\s’@P'fdoWdﬁﬁnf”Egﬁgtar" éé#ﬁ?ééa‘@gﬁergSS?tfof'gg3%§éangfs[s[‘? on 1300
to deform el ast theakiston rod 1339rhas aeyhinéricatiuressrsertional iskape o Pleis wnptanteridse ta he

purpose of  regaiipifikk ARchRliod BHaR Nt B8] vhth BlhePdrbsSRE%RBHal BRD vkhe piston
1300 and the cylinder as the piston reciprocates in the bore of the
cylinder. Such d&8rmation may be referred to as "conpliance". Conpliance
is provided by retaining the disc-shaped end section 1334 of the piston
rod 1330 in a cofthncWithgdrenragghe riay opde pistos 130Q (with & skpvi@hismodeEd ween
the di sc-shaped @n@irakidif FOG. I8) e RicWnAB08 8 EorkddBn aBdwh PRce 0BV 4348 by

; gZI llgggt 'y def Oi)arx]gkpn p'ierg:c rli?O%B,O c%%%lc%%ntglfyft(; tq\)c(: ch%'wnfp?gcg ?B&g,tils Jr(])gleg) po th::hcerO\B}l ston

piece 1308a by screws 1321. Together, the crown pieces 1308a and 1308b form ribs
1322. The ribs 1322 serve as load-bearing elements and define coolant flow passages
1;329 therebetween for piston cooling, described later. Preferably, the ribs 1322 and
the flow passages 1329 are evenly spaced circumferentially about the longitudinal
axis Ap. Preferably, the ribs, and therefore the passages, exhibit rotational symmetry
around the longitudinal axis Ap, and impart such symmetry to the internal portion of
the piston, under the crown 1308. The ribs 1322 extend radially toward the inner
surface of the piston skirt 1310, abut the back surface of the'crown 1308, and also
extend longitudinally within the piston 1300 from a back surface of the crown toward
the open end 1309. The ribs 1322 transfer the axial loads exerted on the crown 1308
during engine operation to other elements of the piston 1300. The precise shape,
extent, and number, of ribs 1322 may vary, for example, according to engine design
and operating specifications. Preferably, the crown pieces 1308a and 1308b constitute
a single crown unit, with the skirt 1310 formed as a single cylindrical unit and joined
to the crown unit. The crown unit and skirt may be assembled from machined parts or
made by casting and/or machining high-temperature aluminum, steel alloy, or iron,
and then joined by brazing, welding or threading. In this example, the skirt 1310 is
threaded to the crown 1308 at 1325 as best seen in FIG. 3B.

[0034]  With further reference to FIGS. 3A and 3B, a single wristpin 1342, extemal
to the piston 1300, is retained on the threaded end section 1335 of the piston rod 1330
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[0036] FIG 3D is an exploded view of the piston 1300 depicting further
details of elenents of the piston and an assenbly sequence thereof. As
seen in FIG 3D, the crown backing piece 1308b includes a central annul us
with a bore 1328 to be centered on the longitudinal axis AP, behind the
crown 1308. The crown backing piece 1308b is secured to the crown piece
1308a by two screws 1321 extending through each rib 1322. The di sc-shaped
end section 1334 of the piston rod 1330 is retained in a conpliance boot
1336 constituted of a resilient material, for exanple a fluoro- el astoner
material. The conpliance boot 1336 is itself contained in the conpliance
cont ai ner 1337. The conpliance container 1337 is a cylindrical enclosure
assenbled froma first piece 1337a and a second piece 1337b. Threaded
screws 1341 join the first and second pieces 1337a and 1337b. The
conpliance boot 1336 may be <constituted of a single nolded piece, or it
may be assenbled from nol ded parts. Preferably, although w thout
limtation, the conpliance boot 1336 is assenbled around the disc-shaped

end section 1334 byph stoha345 atl @rpored thrda880nug 3 344gbeteeenfspagers fl B4foand 1348 a6t oneri c \

di scs 1338 and 1%§§reélﬂﬁx&rJaLé&%&lsﬁJn%ﬂhQ@FJcl gbét'w@&é@é‘rgwnﬁt% e 1338 is

positi oned between the first piece 7a an di sc-shaped,  end section
1334; the ring Iaatipnplaxisof theaigtriy ’c?ﬁ?rd’ mpachinghshird 49, mayrbeipryidgd betwestaped

end section 1334;heapster 128 afld € stb33M3i s posi ti oned between the di sc-shaped
end section 1334 and the second 15 al piece 1337b. The disc 1338 has a

central opening }g3§P 8@9.?:9%{ &A@&&ﬂ%ub@i $he stractat supbbRin@ B3 Bisied 13§380 and
the through hol es 1338t ngl . lined with ?hfﬁ netaﬁu$ nge?gb y brass)

backing rings. TP glastiea 9‘“ﬁ%f§" maneh{yrige euEine APAGH ‘Bfﬁg CBHB°F8Ur through
hol es 1339t. The regpiaingnrgd/aS@380taininglagialdigemnau gérwean tbe giston 1300 asd dp 1343 so

that the disc 13 Rict rod
1330. The openlgglgggsg% Hﬁ&ﬁhéﬁqﬁ?%ﬁgﬁ£ﬁge§€§L% é@éﬁégziﬁe @?%ﬁﬁ:h thin

metal (pref erabl e refreed$g apgemplinges’i FgBPlianpeis provided by fefaﬁg@ B¢ d'f%%‘a?ﬂﬁr ough
hol es 1338t, 133%hd @E&onNIGB4 ofsth®pision Fdaa 3B@inlkal cB@plidnBgBool BBt pekmadob for the

|2|pggl ng% ;ﬁgng ]’3382 Ooggn%ecn§§egv5cecnri]|§:§§s —Csah?peF ﬁndVY?’th o; tHg })lgt%ll; rodelf3§(§ S to

crown 1308 by resnllently deforming in response to off-axial force acting on the piston
rod 1330.

[0036] FIG. 3D is an exploded view of the piston 1300 depicting further details of
elements of the piston and an assembly sequence thereof. As seen in FIG. 3D, the
crown backing piece 1308b includes a central annulus with a bore 1328 to be centered
on the longitudinal axis A;, behind the crown 1308. The crown backing piece 1308b
is secured to the crown piece 1308a by two screws 1321 extending through each rib
1322. The disc-shaped end section 1334 of the piston rod 1330 is retained in a
compliance boot 1336 constituted of a resilient material, for example a fluoro-
elastomer material. The compliance boot 1336 is itself contained in the compliance
container 1337. The compliance container 1337 is a cylindrical enclosure assembled
from a first piece 1337a and a second piece 1337b. Threaded screws 1341 join the
first and second pieces 1337a and 1337b. The compliance boot 1336 may be
constituted of a single molded piece, or it may be assembled from molded parts.
Preferably, although without limitation, the compliance boot 1336 is assembled
around the disc-shaped end section 1334 of the piston rod 1330 using two flat fluoro-
elastomeric discs 1338 and 1339 and a fluoro-elastomeric ring 1340. The disc 1338 is
positioned between the first piece 1337a and the disc-shaped end section 1334; the
ring 1340 is received around the perimeter of the disc-shaped end section 1334; and

the disc 1339 is positioned between the disc-shaped end section 1334 and the second
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conpliance container has a |ipped central opening 1337ao, and the second

pi ece 1337b has a |ipped central opening 1337bo. The openi ng 1337bo is

| arge enough to clear the stop 1343 so that the second piece 1337b nay be
recei ved over the shaft 1331 of the piston rod 1330. The conpliance
cont ai ner 1337 encl oses and retains the conpliance boot 1336, with the

di sc-shaped end section 1334 of the piston rod retained within the boot. A
nmetal disc 1348 with a central opening 13480 and through holes 1348t is

di sposed in the conpliance container 1337 between the disc 1338 and the

pi ece 1337a. Before the conpliance container 1337 is assenbled, the first .
piece 1337a is secured to the bottomof the crown backing piece 1308b by
threaded screws 1333 that extend through through holes 1337ai in the first
pi ece 1337a and that are retained in corresponding threaded hol es (not
seen) in the crown backing piece 1308b. The conpliance container 1337 is
then assenbl ed around the conpliance boot 1336 by provision of elongate

t hreaded screws 1341 that extend through through holes 1337bt, 1339t,
1334t, 1338t, andiet3UBY. Bredlisrid3d kas aicerwd! 9pening i Bgd entl fohr thiegsh nddses

1337at. [00371 mﬁﬁinﬁé%@mﬁ’gliSh@axthﬁEﬁﬁol&q@BSt%@e'llﬁemmtﬁinri&@alby t he

conpliance contai ner the disc 1348, and the backin gs t he

di scs 1338 and 1%pseferaylybrasy)ibackinedgs. JFheydisg 1??&'@6@&’%&1%@“%@5’&% ‘i"iJo‘r‘]"_’LrSSQt,
wi t h backi ng ri ngsougaiheles 133ghtThg openirgei339d ik tangetcheugliitactedréire seip 1B#EsosCr ews
1341 in order toguprgyi 'Qf@g@.@?%"ﬁ%&&wmb rhﬁ%szc Imﬂg&&ﬁ%d??ﬁ)t Ths36 may

resiliently deform t hough at1on
conpl i ance boot IB%‘G‘%?P?W@“HIWUP%“ hetsy &P nappe lined “ﬁ‘?’é‘i'ﬁﬁ“"?"b@”ef%%y with
respect to. a piVefas§)@hdkingingd m%a@d(rlg&né@of thSthf B RdIe\iBBE, 1BDEIremge agai n

to FIG 3D, the i St pi 342. ha

wristpin can be ¥Y2race| {\}egac neLne ﬁ?g()b %?oggé%ffcé?"@ﬁs]lg e B#g%(g%%egg?n 1330,
and nount ed t her E1G 3Eo With fusthes raferkence ¢ FIRS- HP andiiE. thedimst pepe B37hef tr own

pi eces 1308a andonla%&comﬁemhigﬁae@rmp&gem;gisﬁna@dna {he s&corapiecance

cont ai ner 1337 hgxg beep isenble n§ %gtﬁ%%349 (5§ usg&%ﬁ%nd he spacer
1345 are recei ved> R hpnaliered pengalopetipg i 353 PR3 TR 1988 agai nst
the stop 1343, f olkhralwedorb)348 kethat the second piece 1337b may be received over the shaft

1331 of the piston rod 1330. The compliance container 1337 encloses and retains the

compliance boot 1336, with the disc-shaped end section 1334 of the piston rod

retained within the boot. A metal disc 1348 with a central opening 13480 and through

holes 1348t is disposed in the compliance container 1337 between the disc 1338 and

the piece 1337a. Before the compliance container 1337 is assembled, the first piece

1337a is secured to the bottom of the crown backing piece 1308b by threaded screws

1333 that extend through through holes 1337ai in the first piece 1337a and.that are

retained in corresponding threaded holes (not seen) in the crown backing piece 1308b.

The compliance container 1337 is.then assembled around the compliance boot 1336

by provision of elongate threaded screws 1341 that extend through through holes

1337bt, 1339t, 1334¢, 1338t, and 1348t, and are retained in threaded through holes

1337at.

[0037] Deformation of the compliance boot 1336 is contained by the compliance
container 1337, the disc 1348, and the backing rings in the discs 1338 and 1339. The
diameters of the through holes 1338t and 1339t, with backing rings, are slightly larger
than the diameter of the screws 1341 in order to provide space within which the
compliance boot 1336 may resiliently deform. Preferably, although without
limitation, the compliance boot 1336 allows pivotal movement of the piston rod 1330

with respect to a pivot point P on the axis Ap.
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wristpin 1342, the spacer 1346, and the threaded nut 1344. Although not
shown in FIG 3D, one of three connecting rods is received on the wistpin
1342 prior to nounting the wistpin to the threaded end 1335. This
arrangenment may be understood wth reference to FIG 4B, where a
central |l y-mounted connecting rod 1447a with a forked end 1447aw havi ng two
| ateral | y-spaced engaging arns with aligned openings is slidably received
on the wistpin 1342. The forked end 1447aw is positioned on the wistpin
1342 such that the clearance hole 1347, threaded end 1335, and threaded nut
1344 are centered between the engaging arnms of the forked end 1447aw.

[0039] Referring to FIG 3E, it may be desirable that the piston 1300 be
cooled to alleviate thermally-induced distortion during engi ne operation.
Distortion of the piston results fromthermal expansion, conpression
pressure, conbustion pressure, inertial forces and bl owby pressure. The
greatest risk of thermal distortion occurs at the crown 1308, especially
adj acent to and at the corner 1312. Wthout cooling, this portion of the
pi ston 1300 may {(ooBgje OWith rREprangagam to PES.3D| A wrigtpin I3¢2 bdse cramb@hok300 a

mushr 0om of tul | pyS130E ARGrLAIRANG. £ikfhelobinetraRRRLAFE0EE HERGol R PI St on

and the cylinder bore contro distortion may
elininated, or al330cpdtmougistdhersin fokp Fvem@d%@ea'stow3%|(?ﬂcafhﬁrv‘f?gma%“?%| n a
cross section x- X3088 & 1308b, 3e)complianpOBk D336 ahmmt-,laanﬂraamoaaa& 1337 Ravder to

mnimze the the eeegiselgﬁleéj?]!\’] %‘mggﬁ“%ﬁ‘tﬁ?‘g gcaeg' #Zﬂtﬁ a(r)ecrgé'”;v%do\,\'\t}\l le cooling

the crown by appli one or codtl ant on the
back surface 131@refledend [3350vhe phitencred 1336, %ﬁa@ﬁtdhﬁtﬁt@rﬂMﬁ sfoléqmépamq ally

uni form such CO%&@Qlwzrﬁ%péc@isaéeaeldh\etﬂrtuaemhaémtma,b@h@vmmc heat
distribution in and _adja he crown, 1308. 8%0 4QJ Ibn g agai n to
FIGS. 3B and 3E, Fihé&P %‘ﬁ E‘é‘ffﬁ"(?ﬁ“eﬁtf‘“glrf"&d?ﬁc% ‘T"E)Stlf' é PRI sur f ace
1316 of the crownodriing theaatisipén wnbkethsadedend 338. Blois ardng@8erit may heurglesiond
backing pi ece_130RDcddraRE id F1ef15n held ekl Mdukirel bSEd R L&t PR S Sages

1329. Each 17 oW passage IS positioned between a respective pair of

ribs 1322 and i sfoskedsnd {44 P‘ﬁéi"l"ﬂfe‘ﬂ’oé%e’ﬁé}’ waced eagreing PBRs WitnlispedeoPaires 1328
at a sl ant al ongiststkablyaedeivet oh @ravrikpibl 34Df Theltorked e 44 B308is positidied drothe

passage 1329 ext eggpmtlg)‘?‘such hQFtheecc:jlga?an]égI]fo%e 9;47:[ tﬁ?eaded end 1335, and threaded nut
1344 are centered between the engaging arms of the forked end 1447aw.

[0039] Referring to FIG. 3E, it may be desirable that the piston 1300 be cooled to
alleviate thermally-induced distortion during engine operation. Distortion of the
piston results from thermal expansion, compression pressure, combustion pressilre,
inertial forces and blowby pressure. The greatest risk of thermal distortion occurs at
the crown 1308, especially adjacent to and at the comner 1312. Without cooling, this
portion of the piston 1300 may bulge during engine operation, giving the piston 1300
a mushroom or tulip shape and raising the risk of contact between the piston and the
cylinder bore, if not controlled. The distortion may be elliminated, or at least
si'xbstamially reduced, by maintaining as thin a cross section x-x (see FIG.3E) as
possible in the crown 1308 in order to minimize the thermal impedance where
maximum heating occurs, while cooling the crown by application of one or more
s;:reams of liquid coolant on the back surface 1316 of the crown. Since the distortion
is substantially uniform, such cooling may be tailored to the substantially symmetric

heat distribution in and adjacent the crown 1308.

[0040] Referring again to FIGS. 3B and 3E, the application of liquid coolant to the
back surface 1316 of the crown 1308 may be understood. The bore 1328 in the crown
backing piece 1308b transitions to the radially-distributed flow passages 1329. Each
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crown 1308. Near the edge 1312 of the crown 1308, each fl ow passage 1329
transitions in a sharp reverse curve 1329' to be directed toward the open
end of the piston 1300. The bore 1328 of the piston rod 1330 constitutes a
channel to deliver a streamof a liquid coolant to the crown 1308 by way
of the flow passages 1329. The bore 1332 of the piston rod 1330

communi cates through the opening 1337a0 in the conpliance container 1337
and the bore 1328 in the crown backing piece 1308b with the flow passages
1329. A stream S 1 of liquid coolant C introduced through the bore in the
t hreaded nut 1344 received on the threaded end of the piston rod 1330 fl ows
in a first direction along the axis of the piston 1300, through the bores
1332 and 1328. The stream Si inpinges on the back surface 1316, aligned
with the center of the crown, and fans out into streans S2 that pass

t hrough the fl ow passages 1329, flowing in an inclined axial direction

al ong the back surface 1316 of the crown 1308 toward the edge 1312. Near
the edge 1312 of the crown, the liquid coolant C flows out of the crown,

al ong the skirt ¥oMpassesmi3d? isipesitipned betwigenBEectivg gaiy piyihsd P3andnviaxiadly oci t y
of the cool ant Gnahnéh doha€ 1 HRAEN REHE adiBRNSLONS st amg uiel mvc m&&ms 1329
may be varied to_assure Qg?gﬁggce of tﬂgzstre g ﬁ?g fl ow of.the
cool ant within t fEMCFSR % B A ‘f"é"r‘@s PHa Btffcelgg% 881316, As
i S known, turbul emye 1388 hdene de etifect 3¢ 2 petbe trywo il 3G8heaxcke o pmssaged32nduct heat
away from the bagk,stnb ﬁ'ncaesh;%:l'@ersgegrvé %95!0%%"&%&5\%3 thWp%ﬁ%gﬁﬁ 1329.

The flow rate of the cool ant |l evel to assure a high rate
of heat renoval PIHH1EA: F}eé’ﬁﬁ lf%8f ‘hel‘l’fﬁfgn '°FH@Q:"GB?‘1“H§9 a chanpettodglivgr ay he
fl ow passages 132Rednsofadiqhidlzbeladv@the arowindBos Bngs df yhefwkpasggeang2orThal | of

the number of pasgaqss, oddi§ lgw%g%b%‘&m‘?ﬁunk@c@s Bﬁﬁ%@ﬁ?'ﬁmﬁ § 3550 ?tLthﬁe

orientation of the passages e VI Scosit ate o0
coolant Cinto tﬁ@“ﬂ?%ﬁ"(ﬁ?“@sﬁo‘”” m%WeP%F%ﬂB'eH@cmlbamn@lﬂedwbomh of the

open end 1309 of idTwopasdagesy 1336)0a E@abﬁm ot Uilyhi@ G4t Biidthbdhded Whrbugh@sd tﬁJFH
flow ng out of 1 hethe n?agd rlx‘ut }}491 ve ogglma'lrea{ioé)él ofgtgu;ssto r(?{} PZ{Bb%ﬁWS back

symetri cal dellvery reans cgor
surface 1316 of tatfiestdirestinn ilgwhas&wfehe mﬁpri b%ﬂﬁa tb)@@&h thgbaés 3R andci3@n duri ng

engi ne oper at i on @06l STiABINES onPhe BEPKIAARY 1336 |aY g8 Wi @R ceftdBlrlhd’g of 18
crown, and fans out into streams S2 that pass through the flow passages 1329, flowing
in an inclined axial direction along the back surface 1316 of the crown 1308 toward
the edge 1312. Near the edge 1312 of the crown, the liquid coolant C flows out of the
crown, along the skirt 1310 toward the open end 1309. The viscosity and velocity of
the coolant C and the number and dimensions of the flow passages 1329 may be
varied to assure turbulence of the streams in the local flow of the coolant within the
flow passages 1329 and along the back surface 1316. As is known, turbulence
enhances the capacity of the coolant to conduct heat away from the back surface 1316
and the sides of the flow passages 1329. The flow rate of the coolant C is raised to a
level to assure a high rate of heat removal from the crown 1308. Thus, the cooling
capacity of the flow passages 1329 is settable over a wide range by varying any or all
of the number of passages, the dimensions of the passages, the axial orientation of the
passages, and the viscosity and flow rate of the coolant C into the piston 1300.
Preferably, the coolant C flows out of the open end 1309 of the piston 1300 to be

collected with liquid coolant flowing out of the cylinder 1100 by a sump.

{0041} Thus, rotationally symmetrical delivery of streams of liquid coolant
directed at the back surface 1316 of the crown 1308 assures uniform cooling of the

crown during engine operation and eliminates, or substantially reduces, swelling of
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the crowm and the portion of the skirt imedi ately adjacent the crown
during engine operation. The shape of the piston 1300 is thereby
substantially mai ntai ned, even at high BVMEP. According to an exenplary

pi ston design utilizing such streans to control thermal distortion, the
differential expansion of the crow relative to the lower cylindrical
portion of a 3.15 inches (8.0 cn) dianeter piston can be maintained at |ess
than 0.001 inch (0.025 mm. Wth effective cooling of the crown 1308, it
beconmes less inportant to transfer heat through the piston skirt 1310. As
aresult, the skirt 1310 rmay be nmade thinner than otherw se would be
necessary, thereby lowering the mass of the piston. [0042] A two-cycle,

opposed piston internal-conmbustion engine illustrated in FIG 4A is now
described. This description presunmes a conpression-ignition engine for the
sake of illustration and exanple only. It could instead be a spark-ignited

engi ne. The described engine is constituted of at |east one cylinder with
tailored cooling in which cylindrically non-uniformthermal distortion is
el i mi nat ed or sub®gicainiaad thg poeidnl ole kkirt irmp@lidtclahdjaantahe Gbweadrmgehgise | | qui d

coolant in t .he g?@&f’opdiﬁﬁc{g!l&a Kq tinEsto rl?ﬁ&?&l%eﬁetbg s&b@%ntla(ilxlmam alnedlélvglg atf

illustrated in
opposed pi st ons, high BdHh P@FOWWSeqﬁrthemnlawlp;manﬂaﬂ@eﬁﬂrzmsw SHF%‘ISéml onis

elimnated or suhibRREdmal didtoriiOAl WA fYntRA Pdphzdh oPihe GlowaR@arive tdE Rowek I €S

of a liquid coolant .i.n,the esklo S t to th st on
7300 11 Pust r at ed HinefeisHon 38 pchee®'o ool CieleR s e oy Ll
separ at el y cool ethaQ.08bipth @H25 mm)o1W1a1 dffecfive dodmg bhihe crown dB0&%itderogwel i ng of

the cylinder tOchEJ‘iﬁ{ omnttam&micsﬂtﬁa m&ﬂngta,gsmmlaeApmmnﬁle@m ;3¢
relied upon to cool %%et el ement s andgto mai nt ai n mechani cal cl earance

bet ween them duF‘ia%BE'E WB"‘éﬁ@P&’t"FB‘ﬂseWfdcq?"ﬁﬁsﬁgﬁﬁ%ijlﬁeﬂﬁﬁﬁ&f"ésst he need
for piston ringsofthd pidB] As shown in FIG 4A the engine 1400 incl udes at
| east one cylinder 1100 wth opposed pistons 1300A and 1300B di sposed in

it for reciprocatdosg omegcler@b&@ﬂpk@wtanmdmm&n dpREniRRcdeh iFes. and
the center of thﬁA%llwnesc dlg_g ‘ i tudi nal axis. A, of th<§clinder
is collinear witf{HEYGHEPE ﬁgfscgk’éoé' pA UBFS A REPTBSY ‘5“'&‘0'1%5'5\ Arief 13008.
The pi stons 13007kentidSe0® wdexaemipird It could ingtaddnd spasiepoital ewgide- Tisunt ed
count er - r ot at i NgaésERl SRRl iS coh@dfied Bt IAR iy 1ieler wifh thilbFed:co@n§ in which

cylindrically non-uniform thermal distortion is eliminated or substantially reduced by
application of streams of a liquid coolant in the manner described with respect to the
cylinder 1100 illustrated in FIGS. 1A-1D. A cylinder of this engine has a pair of
opposed pistons, in each of which thermally-induced radial distention is eliminated or
substantially reduced by apphcatlon of one or more streams of a liquid coolant in the
manner described with respect to the piston 1300 xllustrated in FIGS. 3A-3E. Whlle
the cylinder and pistons are separately cooled by application of a liquid coolant,
tailored cooling of the cylinder together with symmetrical cooling of the pistons may
be relied upon to cool these elements and to maintain mechanical clearance between

them during engine operation, which may thereby eliminate the need for piston rings.

[0043]  Asshown in FIG. 4A, the engine 1400 includes at least one cylinder 1100
with opposed pistons 1300A and 1300B disposed in it for reciprocating opposed
motion toward and away from each other and the center of the cylinder 1100. The
longitudinal axis A of the cylinder is collinear with the longitudinal axes A, of the
pistons 1300A and 1300B. The pistons 1300A and 1300B are coupled to first and
second side-mounted counter-rotating crankshafts 1430 and 1432 which, in tum, are
coupled to a common output (not shown in this figure). A single wristpin 1342 is
mounted to each of the pistons 1300A and 1300B by way of a piston rod 1330. Each
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coupled to a comon output (not shown in this figure). A single wistpin
1342 is nounted to each of the pistons 1300A and 1300B by way of a piston
rod 1330. Each 19 of the wistpins 1342 connects ends of a plurality of
connecting rods 1447 to a respective one of the pistons 1300A and 1300B.
The perspective of FIG 4A illustrates only two connecting rods 1447 for
each piston, but it is to be understood that one or nore additional
connecting rods are not visible. [0044] In FIG 4A, the two side-nounted
crankshafts 1430 and 1432 are disposed wth their axes parallel to each
other and lying in a common plane that intersects the cylinder 1100 at or
near its longitudinal center and that is perpendicular to the |ongitudinal
axis A, of the cylinder. The crankshafts rotate in opposite directions. The
connecting rods 1447 are connected to crank throws on the crankshafts 1430
and 1432. In plan, each connecting rod 1447 has an el ongate strai ght
section extending froma crankshaft toward a wistpin. At the end of the
straight section, each connecting rod 1447 curves toward one of the
wristpins 1342. TPhee ouistpimg | 5gpenco endsipé a plyratioaf icorpegting sodb 4447 whor t ens t he
overal | wi dth of {B&:iNeHe e he PlRion®1300AENE I SDB. %@g&ﬁe&evela@ﬁman t he
connecting rods %nd the ends of th eﬁ&%stong durln% ?lne oper ati on.
[0045] FIG 4B i sME"HeShdp roueAerrs 4ahioesh BEg Prsdn Pasuesiond he
engine 1400 wt Iﬁnawr&rokshafatdsmbmmmdctmgmdlshms:brwasﬂﬁedet ails of the
connecting rods 1447. As seen in FIGS. 4A and 4B, each piston 1300A and

1300B has three wmpctlhmm m&dﬂlewma@ﬂkouﬂtéadrirﬁsrﬁhagiaeamiz&tzmem.%éka As

di scussed above, a, Ge ﬁé“qountg con z&tlng rod 1ﬁ47 . qg gxt rked

wri stpin end 14473 e"aﬁestp i g A" S TGRGCRE AT T8 M REVING® al i gned
openi ngs ( not seeYi)ndtrHaOOawenmumoegitudmat«nnqe%!dltl@tb@ampnmlalme to the
wristpin 1342. Thﬁ.gﬁﬁﬂﬂaiaﬁJA(..,Mé%ﬁﬁde@%@%ﬁusﬂﬂtsrr&%M&B@s.@%ﬁe&m&r gRkshaf t

end 1l447ac with an openin nmount i n th roll bearings 1438, to a
crankshaft. Sec§pectingfess gﬁ NAHERRAEES tg&'B?h‘B{f’tws 516 "}"’68’5“'“1‘39157 H33p ount ed
to a wistpin 134232. boplilpeadhdomiectng rod $447danaradséngme sudght dctddmextamdimp bet ween

a respective end gl J Rkt touiand D wiiifih. ARthe BRFor S lgnd BichOlpd Wi SLPI N
end 1447aw. Each seco
connecting rod 1447 curves toward one of the wristpins 1342. The curved shape of

the connecting rods 1447 shortens the overall width of the engine, while providing
clearance between the connecting rods and the ends of the pistons during engine

operation.

[0045] FIG. 4B is a perspective view of an end of a piston 1300 in the engine 1400
with crankshafts removed to illustrate details of the connecting rods 1447. As seen in
FIGS. 4A and 4B, each piston 1300A and 1300B- has three connecting rods mounted
to its single wristpin 1342. As discussed above, a centrally-mounted connecti ﬁg rod
1447a has a forked wristpin end 1447aw with two laterally-spaced engaging arms
having aligned openings (not seen) that are mounted, with needle bearings 1436, to
the wristpin 1342. The centrally-mounted connecting rod 1447a has a crankshaft end
1447ac with an opening for mounting, with roller bearings 1438, to a crankshaft.
Second, laterally mounted, connecting rods 1447b are mounted to a wristpin 1342,
outboard of a first connecting rod 1447a, each between a respect.ive end of the
wristpin 1342 and one arm of the forked wristpin end 1447aw. Each second
connecting rod 1447b has a wristpin end 1447bw having an opening for mounting,
with a needle bearing 1436, to a wristpin 1342. Each second connecting rod 1447b
has a crankshaft end 1447bc with an opening for fnounting, with a roller bearing
1438, to a crankshaft.
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connecting rod 1447b has a wistpin end 1447bw havi ng an openi ng for
nmounting, wth a needle bearing 1436, to a wistpin 1342. Each second
connecting rod 1447b has a crankshaft end 1447bc with an openi ng for
nmounting, with a roller bearing 1438, to a crankshaft. 20 [0046] The
geonetric relationship between the connecting rods 1447, wistpins 1342,
and crankshafts 1430, 1432 shown in FIGS. 4A and 4B keeps the connecting
rods 1447 principally under tensile stress as the pistons 1300A and 1300B
nove in the cylinder 1100, with a limted | evel of conpressive stress
resulting frominertial forces of the pistons at high engine speeds. This
geonetry elimnates or at |east substantially reduces side forces between
t he pi stons 1300A. and 1300B and the bore of the cylinder 1100. [0047] In
FIG 4A, additional details and features of the cylinder 1100 and the

pi stons 1300A and 1300B are shown. In the cylinder 1100, the exhaust port
1105 is covered by the exhaust manifold 1104 through which the products of
conbustion flow out of the cylinder 1100. During high power operation of
t he engi ne 1400, [60a5] EReEpéreeuat reBlmRRhip biGidpsibe connecting exda fiét7ewtigping |

tenperature of ”i§ tkst{lﬁmiﬁ' fhaz W, .ﬁ‘%ﬁﬁ le esﬁ# ke%'e&:?ﬁ. @?rﬁ.e&fﬁ ch or

exceed 375C, a hi “enoug nperature to er age
tenperature of t H‘E’Sr’fﬁ‘ﬁ ﬁftﬂF'ﬂa'!D’ lTG‘ZI tefste Higesas thegistqng ‘390échﬁéé600ﬁ'ﬂ?ﬁet'h@ehl gh

initial exhaust gﬂ&d&.elrrpervamurmmby 1e1vbﬂafsbtb§:egwel¢res£ +eeuuucgffrmsmauerugrcag air.
Nevert hel ess, thef& ior.surfaces o duct

1 153 may be cover e PR} O{l%at h}% iepging s(,gf‘:c 5. 1%%30metgr’ynq mxﬁages or at]lﬁast sﬁng%qantnafgy

rature
pai nt. Sili conerdduspsdide fmpes betweartbe aﬁte"&ﬂéé%l pnd GPOR mdsth?)bﬂfpefstbe C)@ﬂéefs uch
conposition is nRedgal oxide filled paint with a thermal conductivity (K) of
| ess than 1 Wneter-K sold under the trade nane Corr-Pai nt CP4040 by

S oei 1 “Spher 1 o MUATP 1R 1 AL Aakddf el e & d0RIrbq1 iRy TP | R R X! 1O
m crospheres of glsﬁ’ﬁsl@@ﬁd"‘b}'3qf’8taﬁ‘eﬁh§wEdP Bis&yident 180.dhq qx&?}ﬁ@’“‘b‘é%& bi nder
system sol d undekoveh@ bs,mokehaaacrmanﬁmarmm BeHoh b,mcmne@seauct;mcsmbmapaswtu on

provides a coati ngt OQ%)\élcg d%r H&S Hanngch d[l)'lo%elr ggl)eterloS KPthe engl Slﬁo& ?an 0. 36
example at BMEP = 150psi, the average external temperature of the exhaust manifold
1104 and the duct 1153 may reach or exceed 375°C, a high enough temperature to
coke diesel fuel. The average temperature of the manifold 1104 and duct 1153 is
reduced from the high initial exhaust gas temperature by the subsequent flow of
scavenging air. Nevertheless, the exterior surfaces of exhaust manifold 1104 and the
duct 1153 may be covered with an insulating coating such as a high temperature paint.
Silicone-based compositions are useful for this purpose. One such composition is
metal oxide filled paint with a thermal conductivity (K) of less than 1 W/meter-°K
sold under the trade name Corr-Paint CP4040 by Aremco. Another suitable
composition is a coating formulated by mixing sil-cell spherical microballoons sold
by Eager Plastics, Inc. or microspheres of glass sold by Potters Europe with a silicone
based binder system sold under the trade name Aremco 8080 by Aremco; this
composition provides a coating having a thermal conductivity (K) of less than (.36
W/meter-°K. Alternatively, or in addition, the interior surfaces of the exhaust
manifold 1104 and duct 1153 may be coated with a ceramic material. It may also be
desirable to apply a liquid coolant to the exterior surfaces of the exhaust manifold
1104 and duct 1153, although this would make the energy removed from the exhaust

gas unavailable for use in a turbocharger.

[0048] Referring to FIG. 4A, the cylinder 1100 also has an inlet port 1107 covered
by the inlet manifold 1106 through which pressurized air flows into the cylinder 1100.

21




Wneter-K Alternatively, or in addition, the interior surfaces of the
exhaust manifold 1 104 and duct 1153 may be coated with a ceram c
material. It nay also be desirable to apply a liquid coolant to the
exterior surfaces of the exhaust manifold 1104 and duct 1153, although
this woul d make the energy renoved fromthe exhaust gas unavail able for
use in a turbocharger. [0048] Referring to FIG 4A, the cylinder 1 100 al so
has an inlet port 1107 covered by the inlet manifold 1106 through which
pressurized air flows into the cylinder 1100. 21 Because of their

| ocations with respect to these ports, the pistons 1300A and 1300B nay be
respectively referred to as the "exhaust" and "inlet" pistons, and the ends
of the cylinder 1100 are simlarly naned. [0049] The rel ati on between
piston I ength and the length of the cylinder, coupled wth a phase

di fference between the pistons 1300A and 1300B as they traverse their
bott om dead center positions, nodul ates port operations and sequences them
correctly wth piston events. Thus, a phase offset between the bottom dead
cent er positi onsBeggpwshldeis logations With EBspech tofhise Rorshige isBIS00pand 1399B5 opens
when the exhaust may 66 REpecth3BAéreHEVBSs TH8AExhalkse” O tInRM fiRaH, 48 MHe@hds¥Si t1 on,

then the inlet p§%t11é071§22ns..ggen tQF inlet piston 1300B noves near its
bott om dead cent 8¥ SHEYFL BN FEIIBENIHIY whi ch the exhaust port closes after

t he exhaust piston noves away fromits bottom dead center position, and
then the inlet pHOfol11Fhe plasion betypsngpistorjgngthyandithejeaathof thexpyfipder,egupled anay
fromits bottom derdprRaliEtrep@Tciviceithe [pl3dad]300Atahd 130Bae hee rhwersEkieir 4A, two

cool ant reservol 5 bAROR ARA L4008 Aot DLV AR RULROAthell il EorBG_ENOS

of the pistons 1 \ and reservoir as an ‘elongate nozzle 1461
that is recei vedwithpistee crehise ek phate offigbetnsemthe Hottom depdcenten pesitidesl end 1335

of the piston rogrodidfa sehhenbd # vHRM tROExhhRE pdrON05 BEknt BRerARSOGhdE Siston Pi St ON
1300A or 1300B i d throu reade eservoir

f h the th ded nut 1344 fromt
1460A or 1460B E%PO VEY PHL B89 98 AR P%’@"*I‘?eﬁdﬁ‘ed“lé‘op&“gﬁ? PR hus fed
at a constant pwbeghe let piston { 309Bhueves 138iks yitom dewk centsppmitipmdoljpivanzon r od

1330. The press ucvﬁicfl %Q%ustlplnq blobks GRA! R Uxn piQIm hb&es 9@&@} {28 [196buba3 0 in one

or nore constantly-flow ng streans ) j )
déad center position, and then the inlet port 1107 closes after the inlet piston 1300B

moves away from its bottom dead center position.

[0050] With reference to FIG. 4A, two coolant reservoirs 1460A and 1460B are
provided outboard of the open ends of the pistons 1300A and 1300B. Each reservoir
has an elongate nozzle 1461 that is received in the threaded nut 1344 mounted on the
threaded end 1335 of the piston rod 1330. Liquid coolant for cooling the associated
piston 1300A or 1300B is fed through the threaded nut 1344 from the reservoir 1460A
or 1460B by way of the nozzle 1461. The liquid coolant is thus fed at a constant
pressure into the bore 1332 of a corresponding piston rod 1330. The pressure forces
liquid coolant out of the piston rod 1330 in one or more constantly-flowing streams

directed onto the back surface of a crown 1308 through the flow passages 1329.

[0051] An opposed piston engine according to this specification has working
elements (cylinders, pistons, linkages, crankshafts, etc.) received upon a structural
unit in the form of a frame of passive structural elements fitted together to support the
working elements. The frame bears the stresses and forces of engine operation, such
as compressive forces between the crankshafts, and the cylinders are neither cast in a
block nor formed with other passive structural elements. Each cylinder is supported in
the engine frame and is thus decoupled from the mechanical and thermal stresses of

an engine block. Hence, the cylinders | 100 are essentially only cooled pressure
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directed onto the back surface of a crown 1308 through the fl ow passages
1329. [0051] An opposed piston engine according to this specification has
wor king elements (cylinders, pistons, |inkages, crankshafts, etc.)
received upon a structural wunit in the formof a frane of passive.
structural elenents fitted together to support the working elenents. The
frame bears the stresses and forces of engine operation, such as
conpressive forces between the crankshafts, and the cylinders are neither
cast in a block nor formed with other passive structural elenents. Each
cylinder is supported in the engine frame and is thus decoupled fromthe
mechani cal and thermal stresses of an engine bl ock. Hence, the cylinders 1
100 are essentially only cool ed pressure 22 vessels. This engi ne
construction, together wth cooling of the cylinder 1100 and pistons 1300A
and 1300B in the manner descri bed above, elim nates non-uniform

cylindrical distortion of the cylinder and swelling of the piston crowns,
and permts the cylinder-piston interface to be very close-fitting.

Advant ageousl y, wessds.{Thislengizxrongimotiona tpgethdrivathehelingof theicglinder 1409 ardds t he
option of an enghERnsPHbARNd r@bsrmme@haﬁ.&%aésenbewamepemlmsmbm%for&oo52]

FI GS. 5A-5E are side perspective views show ng mcreaq?l[f{r}?gw% rrgrmtgte

~assenbly of the ﬁﬁﬂﬂgﬁ'ﬂd'b‘f’g‘PB Af ‘@ﬁ@f'ﬁ@e’fﬂﬁ)ﬁwwl'igﬁ’fé'?e@és Shafts
based on the cyltergigideapistopingtioce tc be sdry losd-firisg. dldvintaguewly, Witk Glbradd 3A- 3C.

The engi ne 1400 %?iﬁ% ttl\{}?clﬁ}{ac{eﬂ E %fbrd@}l; gﬁ{j‘&hoftan 'eﬁglﬁesde @nlatymafy%Spu&@ sake of

illustration. It can sca to engines of "any si'ze and engi nes
havi ng one, two UﬂhPﬁpﬂénﬁ? nDre cylinders. In FIG 5A the engine 1400
includes two cylinders 1100 having the construction illustrated in FIGS.
| A-1D, with oppot®82lpi HIGHSALTFOOAside perdBODB vitivs saydeg ingredsingly cphpleter | st pi ns

1342 of the oppogﬁanm 8#@@5;,@5& vslto?.lehgﬁe u&b&&.@s.éénou%a@ﬁﬁﬁshm vaRden 1447
are coupled to the wistpins X and t he crankshafts 1430 and 432 The

exhaust ducts 115‘3Cé'r"ié’e‘raé‘e&s(?@&o’fbﬁu‘&t?f'?‘éfsflﬁ)'ﬁallﬁgm Aftmss thqengiped
pl ate 1510, andhisheobﬂlneérsdltﬁd\@h&ﬁﬁshe&ﬂiyﬁbedlelsa‘ke@ﬂﬂlﬁﬁ&ﬁ&ndlﬁg mpnerhengs of

an engine plate %%gto er@Pn d %‘%ﬁ} %J‘%d eH%Ine h'illiﬁgB “(Jyjo?%\r e”clr%ﬁa .H s, | NLO
the cylinder 110 il il a con |qU| ant into
respective gr Oupgl HeE. ,dm,@gme ,l,%gclgh:@ gyo cylinders 1100 having the construcuon

illustrated in FIGS. 1A-1D, with opposed pistons 1300A and 1300B disposed in it.

The wristpins 1342 of the opposed pistons are visible in FIG. 5A. Connecting rods

1447 are coupled to the wristpins 1342 and to the crankshafts 1430 and 1432. The

exhaust ducts 1153 are received in corresponding openings in an engine plate 1510,

and the inlet ducts are received in corresponding openings of an engine plate 1520.

At least one fuel injector 1158 mjects fuel into the cylmdcr 1100. Pipes 1142, 1144,

and 1145 conduct liquid coolant into respective groups of grooves on the outer

sarface of the cylinder 1100.

[0053] FIGS. 5B and SC show the engine 1400 without cylinders, pistons and
reservoirs. The engine 1400 has a frame constituted of end plates 1522 and 1524, and
amiddle plate 1526 positioned between the end plates 1522 and 1524. Through holes
1528 are provided through the plates 1524 and 1526 for mounting cylinders to the
frame. The plates 1522, 1524 and 1526 have bearings 1530 for rotatably supporting
t!ie crankshaft 1430 and bearings 1532 for rotatably supporting crankshaft 1432. The
end and middle plates 1522, 1524, and 1526 are held together on one side by a
number of engine plates including engine plate 1510 and counterpart engine plate
1511, and on a second side by engine plate 1520 and counterpart engine plate 1521.

‘One reservoir 1460 (shown in FIG. 4A) is mounted to one side of the frame between
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surface of the cylinder 1100. [0053] FIGS. 5B and 5C show t he engi ne 1400

w t hout cylinders, pistons and reservoirs. The engi ne 1400 has a frane
constituted of end plates 1522 and 1524, and a.mddle plate 1526

positi oned between the end plates 1522 and 1524. Through holes 1528 are
provi ded through the plates 1524 and 1526 for nmounting cylinders to the
frame. The plates 1522, 1524 and 1526 have bearings 1530' for rotatably
supporting the crankshaft 1430 and bearings 1532' for rotatably supporting
crankshaft 1432. The end and m ddle plates 1522, 1524, and 1526 are held
toget her on one side by a nunber of engine plates including engine plate
1510 and counterpart engine plate 1511, and on a second side by engi ne

pl ate 1520 and counterpart engine plate 1521. One reservoir 1460 (shown in
FIG 4A) is nounted to one side of the frane between 23 engine plates 1520
and 1511, the other to the other side of the frane between engine plates
1510 and 1521. [0054] Continuing with the description of FIGS. 5B and 5C

t he gearbox 1570  houses an output gear train through which the opposing
rotational noti oesgind platbel 520 pmhids halie ghet k3Be ather sids 3P tha freme beyptenckngioe an
output drive shaff, . Tbg £345:0f the crankshafts 1430 and 1432 extend into
t he gearbox 1570. A gear wheel 1572 with a toothed outer rimis fixed to

the end of the crt haft .1430 th ato ed outer
rimis fixed to t@gkinﬁo'fm‘flﬁ%wg}tg‘ﬁ ¢ xéff"t{onwg@?s n"’lnd EEUBex g\XEeel 1575
has an annul us lﬁmewrtdvtmztg@otﬂhedﬂwgbWdeh@temmﬁirmﬂetnwallmmnaﬁdhe t oot hed

out si de circunf ecgRERarlO1580 a1 59LER chuplddRE SEoltpud Ui eShast. Afe L 6F vk 1 M Of the
gear wheel 1572 en Mg&ﬂglﬁ%de ci.rcuynference 1577 of ear wheel

1575 at one | oc&®! gftendiinip B sparRoxg 3P WébthEﬁgé‘ﬂﬁéges t he
out si de ci rcunf ermred outds7iB isdixed hahg@elrof i emnkshb(t $4Mtandim gdahwhedl dE&! | on
diametrical |y OPRARfoutddSulifim il BEAL tggend-la?ﬁxeg:%xs}{aﬁtlhﬁ 9 RELUBREANe [ nner

gear 1572 and the I nside circunference 4 teeth
on the inner gea™hesidotHies phanylys H%d’ﬂﬁ’i‘faé?‘ét*@é“s‘d%‘flc‘?'%feteh“é Igéhmndayt j o
bet ween t he out etoograbutiiid droafitkrénde 1578t A¢ @en il thaael @ EL he ButdaTiB of tiEYeade

33165 wi th NCD 5 g8t by Aol Uil b Ao 157Por i 2hilihel 1558 TR eNCe:

location and the outer rim of the gear wheel 1573 engages the outside circumference
1578 of the gear wheet 1575 at another location diametrically opposite the one
location. The gear ratio between the inner gear 1572 and the inside circumference
1577 may be 33/65 with MOD 4 teeth on the inner gear and the inside circumference,
while the gear ratio between the outer gear 1573 and the outside circumference 1578
may be 33/65 with MOD 5 teeth on the outer gear and the outside circumference. This
arrangement of gears permxts the opposing rotations of the crankshafts 1430 and 1432
to be translated into the continuous rotation of the output gear wheel 1575 with an odd
number of gears (three, in this case), with a non-integral gear ratio, and without any
ir:ltermediary belts, chains, or other torque transfer elements. The result is a simple
output gear train, shorter than that of Bird’s engine, in which the crankshafts are
commonly coupled by a single gear (the gear wheel 1575), which reduces torsional

resonances between the crankshafts, as compared with Bird’s engine

[0055] Asseen in FIGS. 5B and 5C, an axle plate 1581 is attached by threaded
screws to the annulus 1576 and a cover 1582 is fastened by threaded screws to the end
plate 1522, over the gearbox 1570. The axle plate 1581 has a central axle 1586. The
cover 1582 includes an output bearing 1585 that receives the axle 1586, thus enabling
the frame to support the output gear 1575 for rotation. The axle 1586 constitutes the

output drive of the engine 1400. It may be coupled to an intermediate transmission or
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arrangenment of gears permts the opposing rotations of the crankshafts 1430
and 1432 to be translated into the continuous rotation of the output gear
wheel 1575 with an odd nunber of gears (three, in this case), with a
non-integral gear ratio, and without any internediary belts, chains, or

ot her torque transfer elenents. The result is a sinple output gear train,
shorter than that of Bird's engine, in which the crankshafts are conmonly
coupl ed by a single gear (the gear wheel 1575), which reduces torsional
resonances between the crankshafts, as conpared with Bird' s engi ne [ 0055]
As seen in FIGS. 5B and 5C, an axle plate 1581 is attached by threaded
screws to the annulus 1576 and a cover 1582 is fastened by threaded screws
to the end plate 1522, over the gearbox 1570. The axle plate 1581 has a
central axle 1586. The cover 1582 includes an output bearing 1585 t hat
receives the axle 1586, thus enabling the frame to support the output gear
1575 for rotation. The axle 1586 constitutes the output drive of the
engi ne 1400. It may be coupled to an intermedi ate transm ssion or 24
directly to the dmdicdem thodenesrhpdagntdyenoor maye shafih gédrs belgechaims, chwb ors

chai ns, cans or nt or system(not
shown). [0056] Ff’%’gﬁgbabzyhﬂg{;\lgp%r&gkgﬁg{ﬂﬁgu%@é&\?\nﬁ?tﬁﬁm cylinders 1100

mounted to the l.at es 1 reade rews
and/or bolts 152 g eﬂﬁ. g St\oﬁ'gmeeﬁg'ﬁef wi'gg‘ﬁol l"f"hl p °“me‘?§2( and 1526
into threaded hobwnﬁmi@dieplmkﬁ%Wligﬁémmadedmms aﬂ%bph? ERd edtersinze ws
1527 provide for ygagK hbie P9k Af piad! 1AQhe 1526040 uﬁéaeecﬁlbwsﬁﬁhéﬂ\@@ntfngr

i nspection, repa a nde S |sto ssenbl ed
oot e, 1900 | o btk 1 EhE RRRac] i d S oo bR A LB R o by
threaded screws thetnganl400éorémdecgibatremirld2¢plmerdent b0Ylindemeor@isginncTlpl at es

1520, 1521, 151sterﬂt§lgd Jn@njm]: 146058 gJe}{m F16. QéQQrﬁ r@s@gom&\ aﬁ@%ﬁ%nt@& ates
1580 are nounted by threaded screws and/or bolts to the end and_m ddle

pl ates 1522, 15248y thiieed sgrsygbefveqnipe ‘f"idd’I'Pées ‘F%‘S‘?]‘S%p?"r“&f‘f’épbﬁtgq or the
engi ne 1400 are ps;af mabdny lﬂﬂd&:sﬁf'cuhllgﬂ)Ahrﬁﬂ]&ﬁ(ﬂfﬁ,faﬂdﬁ)v&l[ﬂmmm&ld oy (such

as 5454 al um nun?nf)ﬁnhe(} lﬁ' t egéi revrv]sd én%% B”al&'?' gnc end’il and mqgcﬁe ;Swlgt?:‘g YSZE,O {SZQ,Saﬁg bl y

and operation of ngl ue
1526 of the frame

[0057] The frame parts for the engine 1400 are preferably made of high
temperature aluminum alloy (such as 5454 aluminum) that is cast and/or machined as
necessary for assembly and operation of the engine. Engine fuel and scavenge
systems may be as described below. Preferably, the liquid coolant and the fuel used
for the engine 1400 are diesel fuel that may also serve as a lubricant for the pistons
and other engine elements. Preferably, engine operations are controlled by way of an

engine control unit (ECU) with associated sensors and actuators, as needed.

[0058] The mounting of auxiliary engine apparatus to the engine 1400 may be
understood with reference to FIG. SE. For example, a turbocharger 1590 is mounted
tc') the engine plate 1510 for ease of coupling to one or more exhaust ducts and a
supercharger 1591 is mounted to the engine plate 1520 for ease of coupling to inlet
ducts. A fuel injection pump 1593 is driven by a timing belt from the end of one of
the crankshafts. Coolant, lubricant and scavenging pumps (not shown) are mounted
to the back of the engine 1400 and are driven by the end of one of the crankshafts.
The coolant pump provides liquid coolant to the pipes in the cylinder sleeve 1140 and
to the reservoirs 1460A and 1460B. A sump pump 1594 is mounted to the bottom

plate 1580. Aithough not shown in these figures, the extensions of the crankshafts



systens may be as described below Preferably, the liquid coolant and the
fuel used for the engine 1400 are diesel fuel that nmay al so serve as a

| ubricant for the pistons and other engine elenents. Preferably, engine
operations are controlled by way of an engine control unit (ECU) with
associ ated sensors and actuators, as needed. [0058] The nounting of
auxiliary engine apparatus to the engi ne 1400 may be understood with
reference to FIG 5E. For exanple, a turbocharger 1590 is nounted to the
engi ne plate 1510 for ease of coupling to one or nore exhaust ducts and a
supercharger 1591 is nounted to the engine plate 1520 for ease of coupling
toinlet ducts. A fuel injection punp 1593 is driven by a timng belt from
the end of one of the crankshafts. Cool ant, |ubricant and scavengi ng punps
(not shown) are nounted to the back of the engine 1400 and are driven by
the end of one of the crankshafts. The cool ant punp provides liquid
coolant to the pipes in the cylinder sleeve 1140 and to the reservoirs
1460A and 1460B. A sunp punp 1594 is nounted to the bottom plate 1580.

Al t hough not shovimough thelmsleplite 46242y ddode emploned todg vofibratiam demaerkedf t s 25
through the back pliad Rckagfts.my al so be enployed to drive vibration danpers
and engi ne accessories. [0059] Control of the delivery of quuid cool ant

by a liquid cool uppl te 1609, Usea I t h dinment is
illustrated in tﬂﬂkgﬁhgﬁa F@y |épbé quEf qmﬁkya+ﬁuscm§mﬁm“? QmlGOO
i ncl udes a progr éﬁ%ﬁF@leeng*ier?ec%é)ﬁw@!mmlstl""s(fﬁ&))‘ ﬂl%tlcmﬂ!‘hélaE@U of601

senses a t]germﬁram.%ofrhé %gx dtd?qdﬁcroomelﬂﬁedgy w?ymﬁ.tbxaerbgg@r@smfon 3440 t1 g(r) iaded
into one of the i n_the cylinder

al so senses terrpgg%glﬁj&gi' %‘? I%Or SHIE %‘Fm{"ﬁﬁt“’ﬁl %ﬁ@"fﬁﬁ’d&gghﬁa’%G’OB by
way of sensors 16hidk 1ahQIthicadedBnoondiabl opaningsel 16 Bt thasylib@0 Gigerd hQR. T3 0B.

Qther sensors (gety @bl RS QLS tdiipiraRkQ\k 38 ctodRs bfthé Bﬁbﬁ@isb&&mﬁlﬁsbéﬁ 'bg
engi ne operating . conditions . to the ECU 1601. In th 1]%‘ijyI3?F§%tem 1600, a

scavenge punp 15¥2Y ofsBpyelod!L e 16148 menaiedindbe R‘?‘%‘?ﬁ‘? Ohero0 and
pi stons 1300A aneeni@d @Bt sinchowpLnPsprovide iaped indicativh bO vigiousengine bpesaipgr at or

1630 and a filt eEonliﬁi?bgis ItheaEéﬁ'ﬁ%{dl IR sup%@e’%stem 1600, a scavenge pump 1594
recovers coolant exhausted from the cylinder 1100 and pistons 1300A and 1300B and
p,:umps the coolant through an air separator 1630 and a filter 1631 to a (dry) sump
1632.

[0060] Asillustrated in FIG. 6A, a cylinder coolant circuit pump 1634A pumps
coolant collected in the sump 1632 through a heat exchanger 1635A and a bypass
valve 1636A and into a manifold 1638A. Liquid coolant for provision to the grooves
in the cylinder 1100 is maintained at a selected pressure in the manifold 1638A by
control of the bypass valve 1636A by the ECU 1601 and a pressure sensor 1639A in
the manifold 1638A. From the manifold 1638A, the liqﬁid coolant flows through
proportional valves 1642, 1644, and 1645 and into grooves on the outside surface of
the cylinder 1100 via pipes 1142, 1144, and 1145, respectively. All of the valves
1636A, 1642, 1644, and 1645 are controlled by the ECU 1601.

| [0061] As illustrated in FIG. 6A, a piston coolant circuit pump 1634B pumps
coolant collected in the sump 1632 through a heat exchanger 1635B and a bypass
valve 1636B into a manifold 1638B. Liquid coolant for provision to the piston rods
1330 in the pistons 1300A and 1300B is maintained at a selected pressure in the
rﬁanifold 1638B by control of the bypass valve 1636B by the ECU 1601 and a
p'ressure sensor 1639B in the manifold 1636B. From the manifold 1638B, the liquid
coolant flows through proportional valves 1660A and 1660B into the reservoirs
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[0060] As illustrated in FIG 6A, a cylinder coolant circuit punp 1634A
punps cool ant collected in the sunp 1632 through a heat exchanger 1635A
and a bypass valve 1636A and into a manifold 1638A. Liquid cool ant for
provision to the grooves in the cylinder 1100 is nmaintained at a sel ected
pressure in the manifold 1638A by control of the bypass valve 1636A by the
ECU 1601 and a pressure sensor 1639A in the manifold 1638A. Fromthe

mani fol d 1638A, the liquid coolant flows through proportional valves 1642,
1644, and 1645 and into grooves on the outside surface of the cylinder
1100 via pipes 1142, 1144, and 1145, respectively. Al of the valves

1636A, 1642, 1644, and 1645 are controlled by the ECU 1601. [0061] As
illustrated in FIG 6A, a piston coolant circuit punp 1634B punps cool ant
collected in the sunp 1632 through a heat exchanger 1635B and a bypass

val ve 1636B into a manifold 1638B. Liquid coolant for provision to the
piston rods 1330 in the pistons 1300A and 1300B is naintained at a

sel ected pressure in the manifold 1638B by control of the bypass val ve
1636B by t he ECU1460@Jandm¢c08 angfiesstbi escpeirs,olirodghi3b8bares 13AZ ofithepifton abdd 636B.

From the manif ol 9'33%) ﬁéféhei;alaﬁs &a%&'o@the%fb%é‘mmé &Bé&% 61§>.pr1%%&198'

val ves 1660A and € reservoirs 14608 and from
the reservoirs, ¥HrsdEIrR: h%%I@%ECGF"WH@W EﬁUﬂé@l]s 1330 onto the

back surfaces of .the crowns in the pistons 1300A and 1300B. Al of the
val ves 1636B, 16B062] arfdie EEEDIB04ilmstoadtin B1G. 64 ibgrogrammeChy hagbing fr6062] The

ECU 1601 i |l ustr ahgfhdaakabdor chhhdeSand] a%%m%bys ﬁara@.u@nd%edamqa&.bm@t ed
val ues of cylinder and piston terrperatures and sensory .data

i ndi cative of eRfifiRiac BprEstipgcnyli %ﬁ&??‘éﬁé"etsﬁ"‘?fd‘ﬁ‘i’ §ﬂ‘f’ rgs JRYAPRMS CBHEC £ | ow
rates for vari ouspeenigg hvads. (fieEOU 1691 ko sngifdepetaGhl dduditiossnd egindaginde

operating condit th
p g condi t 1,005 caithafirlsl 8sHirR0Ae ol Afint REBEARILES andlthfphltl nes t he

current engl ne | accesses and conp ul re pressures and
flow rates for tﬂ’é“lqh'r“‘é?bf"'ﬁﬁs?'éﬁ?ﬂd§1°&‘ffatﬁh@' E'WWWF“‘H?I’@ cERIPIETHd 00 apdstheyns
1300A and 1300B. piddss 1300A 164013008 € ThE€BOU 160 13hdnBnivall e SalldsI626A, 16427,

1644, and 1645 to provide coolant to the coolant circnits of the cylinder 1100 as
required at the current engine operating point. This control may be either open loop
or closed loop. For example, at full engine power, using diesel fuel as the coolant, the
pressure and flow rates provided to the pipes 1142 and 1144 may be less than 1 bar at
1 gallon per minute, and the pressure and flow rate provided to the pipes 1145 may be
less than 1 bar at 4 gallon per minute. At the same time, the ECU 1601 also sets the
valves 1636B, 1660A, and 1660B to provide coolant to the coolant circuits of the
pistons 1300A and 1300B as required to control thermal distortion of the crowns 1308
at the current engine operating point. For éxample, at full engine pchr, using diesel
fuel as the coolant, the pressure and flow rates provided to the reservoirs 1460A and

1460B may be less than 3 bar at 15 gallons per minute per piston.

[0063] Control of the delivery of liquid coolant by an alternate liquid coolant
supply system 1650 is illustrated in the schematic diagram of FIG. 6B. The system
1650 provides a first coolant (water, for example) to the cylinder 1100 and a second,
different coolant (lubricant or diesel fuel, for example) to the pistons 1300A and
1300B. The supply system 1650 includes the programmable engine control unit
(ECU) 1601 and the sensors 1610, 1611A, and 1611B in the cylinder 1100 and
pistons 1300A and 1300B. The supply system 1650 utilizes liquid coolant return lines
1661 connected conventionally to the holes 1147 in the cylinder sleeve 1140 and the
holes 1133 at the ends of the cylinder 1100. The liquid coolant return lines 1661
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1644, and 1645 to provide coolant to the coolant circuits of the cylinder
1100 as required at the current engine operating point. This control may
be either open loop or closed |oop. For exanple, at full engi ne power,
usi ng diesel fuel as the coolant, the pressure and flow rates provided to
the pipes 1142 and 1144 may be less than | bar at 1 gallon per mnute, and
the pressure and flow rate provided to the pipes 1145 may be |ess than

bar at 4 gallon per mnute. At the same tine, the ECU 1601 al so sets the
val ves 1636B, 1660A, and 1660B to provide coolant to the coolant circuits
of the pistons 1300A and 1300B as required to control thermal distortion
of the crowns 1308 at the current engine operating point. For exanple, -at
full engine power, using diesel fuel as the coolant, the pressure and fl ow
rates provided to the reservoirs 1460A and 1460B may be | ess than 3 bar at
15 gallons per mnute per piston. [00631 Control of the delivery of |iquid
coolant by an alternate liquid coolant supply system 1650 is illustrated
in the schematic diagramof FIG 6B. The system 1650 provides a first

cool ant (water, fcomverpxanmh eturh mabified ¢§d2i theol @gturis th Grsakihidcopodg thedi f f er ent

cool ant (I ubri cant;kr Ho6SEd refditir1669r €xanple) to the pistons 1300A and
1300B. The supplygéys?en1i6§8 ingiudes t he programmabl e engi ne control unit

(ECU) 1601 and t nsors 16 61 | and 1611B in t cyli r. 1100 and
pi st ons 1300A an@&T§EOBgS*ﬁbméﬁgﬂ%§cgyébgﬁfggﬁﬁ“ﬂf?WFE%@EPTéﬁf@ﬂggblant
return lines 1664uidoniuttaittcledmibiresaml 1663 thooughe hims bebarized 1665 and he
cylinder sleeve 4140 3 {6BGintd WhGfoldl 87 Akirdt N§ui& BsbRanPlor bidGisioN td hser 1é00-

The liquid coolant return |ines 1661 27 converge into a return panjfol
1662 that ret ur n&PKS P fresylindenl 10 issprirtained 3t Asarqiadepressiis (ibrepaniiplinlofd a
reservoir 1663. [bYOaiol dhSingassivalvE a6 byBhe BOU il6end @ pebsarktsemsor KB in punp

1664 pumps the { ifeShanidblalhs! 1508 uAlthanfiBla 1865, 9L dld 1018 LASR YL rechD3

t hrough a heat exchanger (éﬁ?ss val ve Into a manrfold
1667. First |i quiPtPredioraneivesde7Hi6{A anbip7s inte graovey piying @utside syrfgee ofyhg nder
1100 i s mai nt ai nedinAtr A0S tr&fgh pihePI RS SUML, dnd 1145¢CreBRBlEeB]. A& EE vabys cont r ol

of the bypass Valtg&’%%g?h%%%"gﬁg%?%%%?‘g%’ﬂ% d.tﬁ‘el’?&?ﬁg&i[e sensor 1669 in the

mani fold 1667. From irs iquid coolant flows

t hr ough
g [0065] The supply system 1650 shown in FIG. 6B also includes the piston coolant

circuits of the supply system 1600, which are constituted of the elements in sequence
from the scavenge pump 1594 through the reservoirs 1460A and 1460B to deliver the
second liquid coolant for cooling the pistons 1300A and 1300B as described above in
connection with FIG. 6A. As with the system 1600, the second liquid coolant is
streamed into the pistons 1300A and 1300B and recovered by the scavenge pump
1594.

[0066] The ECU 1601 illustrated in FIG. 6B is programmed and opératcs the
supply system 1650 in the manner of the supply system 1600 to map pre-calibrated
values of cylinder and piston temperatures and other sensory data indicative of engine
operating conditions to first and second coolant pressures and flow rates for various
engine operating loads, and to control the provision of the first and second liquid
coolants at those pressure and flow rates to the cylinder 1100 and pistons 1300A and

1300B, respectively.

[0067] It should be evident that the liquid coolant supply systems of FIG. 6A and
FIG. 6B can control the cooling of the cylinder 1100 independently of the pistons
1300A and 1300B in response to engine operating conditions by varying the flow

rates and pressures of the liquid coolant applied to the cylinder 1100 separately from
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proportional valves 1672, 1674, and 1675 into grooves on the outside
surface of the «cylinder 1100 through pipes 1142, 1144, and 1145,
respectively. Al of the valves 1666, 1672, 1674, and 1675 are controlled
by the ECU 1601. [0065] The supply system 1650 shown in FIG 6B al so

i ncludes the piston coolant circuits of the supply system 1600, which are
constituted of the elenents in sequence fromthe scavenge punp 1594

t hrough the reservoirs 1460A and 1460B to deliver the second liquid

cool ant for cooling the pistons 1300A and 1300B as descri bed above in
connection wwth FIG 6A. As with the system 1600, the second |iquid cool ant
is streaned into the pistons 1300A and 1300B and recovered by the scavenge
punp 1594. [0066] The ECU 1601 illustrated in FIG 6B is progranmed and
operates the supply system 1650 in the manner of the supply system 1600 to
map pre-calibrated values of cylinder and piston tenperatures and ot her
sensory data indicative of engine operating conditions to first and second
cool ant pressures and flow rates for various engine operating |oads, and
to control the pnigMiosi@ers afd gréseurtd dfshe lanid ce@aangplietl (uthel pistoanl3a® sndat t hose

pressure and fl Og’%@? ?l?lug %etlﬁglc%éblhaqgﬂgﬁggmgm lmi i % ﬁﬁr%@fl 166]9! théI‘SOOB’

respectively. [0 shou evi at the T1quid cool ant supply
systens of FIG 6maeidiffagnctemppratisgs ag tha pistons ﬁ‘i’@A@B@)MQ%&ﬁTdCPmmshpﬁender
1100 i _ndependg_nt ltampefanirbsandtpeddons, r:n J?Bf&ee 10 RAank 3P @hbihdlope RS RO EURBitib. eng: ne g
operating conditions var the flow tes. an essures o e liqu
ool ant appl 1 ed tepgtn: ol Sgeeradith ol g A 53 U E e Aoy es Sand
pressures of theahd Hi90H euablss dwtliqadpboled stnply dysteps winauyaih 3@Chanigald  1300B.

Thus, the |iquid oah@RE spabiRPbitweshthEltRe LA of Bk BjIRE: 1106 arfdthd el&le 1100 at
the .same or different tenperatures as %&Eﬁ i stons,  1300A and 1300B, and can

vary those tenp@PaetsFSt thepitgns d ¥ ang 1 P desirprapngr s GPS °é’ﬁ‘§fi'f$e
oper ati ng condi t koniitions varglependent control of the tenperatures of the
cylinder 1100 and the pistons 1300A and 1300B enables the |iquid cool ant

supply systens t ¢oos8] NtRkENysE&RABbGAENS fo BrRVANEAicds! & arthdGeliftNGeBS t he
hore 1103 of the ar(l: Xllapiogc eplisto]hle(r)lging' Qu%htap t atodégc%ibgfherein are illustrated in FIGS. 9A-9C
of the priority PCT Patent Application PCT/US2005/020553 (“‘the priority
application™), which, as discussed above, is incorporated herein by reference. As is
described in the cited passages, the liquid coolant provided to cool the cylinders
and/or the pistons may be the diesel fuel also provided to power the opposed piston

engine.

[0069] A system for providing charge air to and discharging exhaust gasses from
the opposed piston engine 1400 is illustrated in FIG. 7. The system may scale to
serve one or more cylinders 1100. In the system 1700, an air inlet manifold line 1734
and an exhaust manifold line 1732 are respectively connected to the inlet ports 1107
and the exhaust ports 1105 of one or more cylinders 1100. These manifold lines are
preferably mounted outside the engine enclosure. The engine schematically illustrated
in FIG. 7 is a turbo-supercharged or supercharged engine. Thus, the manifold lines are
connected to a turbo-supercharger 1736. Specifically, the exhaust gases moving
through the exhaust manifold line 1732 drive a turbine 1740 en route to an exhaust
line 1738 to mechanically drive a compressor 1742. The compressor 1742 draws air in
on an air inlet line 1737 and pressurizes the intake air before directing the intake air to
the inlet manifold line 1734 by way of an intercooler 1739. A supercharger 1746 or
equivalent device may be connected between the intercooler 1739 and the compressor

1742 and is mechanically driven to provide scavenge air for starting the engine.
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di anmeters of the pistons 1300A and 1300B within a desired range as engine
operating conditions vary. [0068] Fuel system enbodi nents for providing

di esel fuel to the fuel injectors of an opposed piston engine such as that
described herein are illustrated in FIGS. 9A-9C of the priority PCT Patent
Application PCT/US2005/ 020553 ("the priority application"), which, as

di scussed above, is incorporated herein by reference. As is described in
the cited passages, the liquid coolant provided to cool the cylinders

and/ or the pistons may be the diesel fuel also provided to power the
opposed piston engine. [0069] A systemfor providing charge air to and

di schar gi ng exhaust gasses from the opposed piston engine 1400 is
illustrated in FIG 7. The systemmy scale to serve one or nore cylinders
1100. In the system 1700, an air inlet manifold line 1734 and an exhaust
manifold line 1732 are respectively connected to the inlet ports 1107 and
t he exhaust ports 1105 of one or nore cylinders 1100. These manifold |ines
are preferably nounted outside the engine enclosure. The engi ne

schemati cal |y i | [[0870} at Ba us¢srand-pgplicationsofantoppdsed-gistpe ez sefdortion this

super char ged engisp&ificiidhcice bl RN b W sk B SppicAVAQShE tvd-GcR

turbo- supercharger 1736. Specifically, the exhaust gases %ﬁﬁhf t hr ough

t he exhaust mnani fE8¥EeS 'f‘ﬁ‘éd‘igi%“?‘aF'ie\?'é’s"def‘%?eﬁlm°15‘?fb°aéﬁef"d T an exhaust
line 1738 to nechmmneabﬁyvdhqmﬂpﬁwﬂﬁ&pﬂﬁ&ﬁﬂmmiTMGatheﬂmonpmamsanmhmgz

draws air in air
before Idl rlectl ng t é"ﬁ%n akeag J(MQP Sggﬁe sf‘%ﬁg?"rﬁ%%&%ﬂx%ﬁﬁﬁ e a'ﬁ%@#% :Nay of
an intercool er 1739thisgawegyde WP&?f@m‘S‘WS'"BﬂméﬂWF‘%ﬂdéM sutacs YFé‘CFFay B

connect ed bet weemat hcluddWiake ot @Jckédmsalc&adu&m afOMPBIRS, smorcﬁc?eézscwds i s
mechani cal |y drlvegstolgrOV|d aven elag&miogm tar&dp Vaeman|sne
[0070] The uses and appriEaeicom ns B VSR SpPOEdS |sTon enyine se ?%Pfh in
this specifi cat iinstanggsdnii\BH, dlicknging lsoeﬁmlbélmtm@frmvdaﬁy sughps & begti on

using two-cycle gRgirk¥eSubrhdat, g)dhagu WMRr G¥IEaRd £li @BRhleRNEl BRSlar VERRIENRI NE
can be installed_in or  .nmount

devi ces, or ot hef 'Gffalitef é*di‘.ﬁtﬁgﬁeﬁ{j‘va{"?‘fgt g@?"{"’(/ ?ﬁ\‘g’%ﬁr‘é’g‘éﬁﬁ@ 8 OWésf' CmlSZe

FI GS. 8A-8F for exgingiséstalled inlaippwered) ampdemennsulh 3 a lawnmower, edger, trimmer, leaf
blower, snow blower, chain saw, and all equivalent and similar devices. In FIG. 8E,
this engine is installed in an electrical power generating device. In FIG. 8F, the engine

is installed in a pumping device.

[0071]  Although the invention has been described with reference to specific
illustrations and examples, it should be understood that vartous modifications can be
made without departing from the spirit of the prmcxples of our engine. Accordmgly,

the invention is limited only by the following claims.

30



8A, this two-cycle opposed-piston engine 1400 is installed in a surface
vehi cl e, which can include wheeled or tracked vehicles, such as

aut onobi | es, notorcycles, scooters, trucks, tanks, arnored mlitary
vehi cl es, snow nobiles, and all equivalent and simlar instances. In FIG
8B, this engine is installed in a water-going vehicle such as a boat,
hovercraft, submarine, personal water craft, and all equivalent and simlar
vehicles. In FIG 8C, this engine is installed in a fixed or rotary-w ng
aircraft. In FIG 8D, this engine is installed in a powered inplenment such
as a | awnnmoyeg,edger, trimer, leaf blower, snow bl ower, chain saw, and
all equivalent and simlar devices. In FIG 8E, this engine is installed

in anl Ie' SCt i Ca'ArpQW%EecQ@Qt@ﬁ ahbiRg irdRMing Gwo Bﬁeﬁio@mte&Erank&ﬁftﬁ@b%ﬁderl s
installe In a

h the | een
descri bed M?Wgrcﬁfq'gqléﬁ%gnd[ %O’g%’é%f"?fig)rer ?rl“{]%?zga?f 085’1059 éigg %L ﬁﬂ?rl t shoul d
be under st ocdiptdeatinguathiedass, moatiidh esab pistes ichudehe cylingrite! tWldli/ rﬁﬁmped@p@m ng

fromthe sp | 0 BYIREy eMSi@HgGhiaeaY rotatiohe)
Cvention | 2&1 L cﬂ)fsea Qﬁ’d Qéﬂn% éjlcﬁﬁm Thegdv%'nﬁnnog A al@yﬁg Fighe: Ie/sroal 2 opposed

pi ston englﬁ@mP%@VﬁHPﬁﬁﬁPWHMQrde nDunted crankshafts, a cylinder having
central and end jpemttears ethek: a bore, and a pair of opposed pi stons di sposed

for ~reciprocati %& bEkoR ﬁecogﬁéc?eddb ﬂwe\émg%%{ RAGHs lW &%R&tihgfbldggﬁéaémgﬁél i ndri cal

body, an open en and ning @& crown, the cylindrical body
exhi bi ting it Bdernalde Heiistesl symmetry adj acent the crown, characterized
in that: each pm$mgnhé§wﬁagn@@@@¢ to the two crankshafts by connecting rods

el udes: a1 1 nér ROV RG “4gvbGe st azeT L Re e e R Fons
port openi ngshiend petieth end portion; a sleeve on the Ilner t he sleeve
extendi ng from the, Cenrhiad iRPrthé AMelNREH-ing1em BBERRY bbr‘ﬂﬁﬁ towdkdihe
end portions; and,
port manifolds on the liner over the end portions and continuous with the sleeve;
and in that the cylinder further includes:
groups of grooves that extend on the outside surface of the liner from the central
portion toward the end portions, and a group of grooves that extend substantially
circumferentially in the central portion; and
one or more pipes in the cylinder sleeve, each pipe in communication with a

respective groove and with a source of liquid coolant.

2. The engine of claim 1, in which each piston includes passages positioned for

directing symmetric flows of liquid coolant to a back surface of the crown of the piston.

3. The engine of claim 2, further including a rod for each piston, in which each
piston includes a cylindrical body with an open end and a closed end defining a crown,
each rod having a first end attached to the piston near a back surface of the crown of the
piston and a second end extending through the open end of the piston, the single

wristpin for the piston being attached to the second end.

4, The engine of claim 3, in which each rod includes a tubular rod for directing a

flow of liquid coolant to the passages.
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port manifolds on the Iiner over the end portions and continuous with the
sleeve; and in that the cylinder further includes: groups of grooves that
extend on the outside surface of the liner fromthe central portion toward
the end portions, and a group of grooves that extend substantially
circunferentially in the central portion; and one or nore pipes in the
cylinder sleeve, each pipe in communication with a respective groove and
with a source of liquid coolant. 2. The engine of claim1, in which each

pi ston includes passages positioned for directing symetric flows of
l'iquid coolant to a back surfac f t y t b . to #he engi ne
of claim2, %furt rquﬁ‘(?l(ﬁcfr%azla%fr%gr fngrﬁd@é%&B?iﬁroﬁﬁn#ﬁ;ﬁm@?c%o%ztich pi st on
i ncl udes a eydplyrudtiguihdoolbody wi th an open end and a closed end defining a
crown, each rod having a first end attached to the piston near a back
surface of the crown of the piston apd. a _second t [ ough the
open end of 6t he Biestgire of Fl'é‘”&?rf@rlﬂk?r ”‘ﬁﬂ’lg@?ﬁirﬁ ?Oérea(fqﬂgygﬁset%gﬁr e?atr\{glrgattached
to the second @pbsinglenddhack pigioneénobidinglaairewrBandi coftpliah beet ARINIRFWIR udes a
tubul ar rod, for direct]i WoltINoF anin botht beipascagas. 31 5.
The engi ne H\ecé?wa{‘larﬂ%f?‘gfqg? ?fhtgé L%ﬁ%@&%%dﬁgmﬁggg%ro? conne?ti ng the bore to a
suppl y of | pothedreesiognd of tBe fhe engi ne of claim 1, further including a rod
for each piston, each rod having two opposing ends, each piston including
a crown and a conpliant boot acting between the crown and one end of the
respective rod, the single wistpin for the piston nounted on the opposing
end of the rod. 32
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