| MPROVED TWO- CYCLE, OPPOSED- PI STON | NTERNAL COVBUSTI ON  ENGQ NE RELATED

- APPLI CATIONS 5 This is a continuation-in-part of co-pending US Patent
Application Serial No. 10/865,707 filed 06/10/2004 for "Two-Cycle, Opposed
Piston Internal Conbustion Engine", the subject matter of which is hereby
i ncor porated by reference inits enti rety. BACKGROUND 10 The invention
concerns an internal conbustion engine. Mre particularly, the 1invention
relates to a two-cycle, opposed-piston engine. The opposed piston engine
was i nvented by Hugo Junkers around the end of the nineteenth century.
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15 ports I and E near bottom-dead-center of each piston, with the pistons serving as the

valves for the ports. Bridges B support transit of the piston rings past the ports I and

E. The engine has two crankshafts C1 and C2, one disposed at each end of the
cylinder. The crankshafts, which rotate in the same direction, are linked by rods R1

and R2 to respective pistons, Wristpins W1 and W2 link the rods to the pistons. The

20  crankshafis are geared together to control phasing of the ports and to provide engine
output. Typically, a turbo-supercharger is driven from the exhaust port, and its
associated compressor is used to scavenge the cylinders and leave a fresh charge of air

each revolution of the engine. The advantages of Junkers® opposed piston engine Oover
traditional two-cycle and four-cycle engines include superior scavenging, reduced
25  parts count and increased reliability, high thermal efficiency, and high power density. |
| In 1936, the Junkers Jumo airplane engines, the most successful diesel engines to that
date, were able to achieve a power density that has not been matched by any diesel
engine since. According to C. F. Taylor (The Internal-Combustion Engine in Theory

and Practice: Volume II, revised edition; MIT Press, Cambridge, Mass., 1985): “The

30  now obsolete Junkers aircraft Diesel engine still holds the record for specific output of

Diesel engines in actual service (Volume I, Fig. 13-11).”




Nevert hel ess, Junkers' basic design contains a nunber of deficiencies. The
engine is tall, with its height spanning the |engths of four pistons and at
| east the dianmeters of two crankshafts, one at each end of the cylinders.
A long gear train with typically five gears is required to couple the
outputs of the two crankshafts to an 5 output drive. Each piston is
connected to a crankshaft by a rod that extends fromthe interior of the
pi ston. As a consequence, the rods are massive to accommobdate the high
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force than fororsional resonance effects (vibration) in the gear train. A massive engine block is

20  required to constrain the highly repulsive forces exerted by the pistons on the
crankshafts during combustion, which literally try to blow the engine apart.

One proposed improvement to the basic opposed-piston engine, described in

* Bird’s UK. Patent 558,115, isto locate the crankshafis beside the cylinders such that

their axes of rotation lie in a plane that intersects the cylinders and is normal to the

25  axes of the cylinder bores. Such side-mounted crankshafis are closer together than in

the Jumo engines, and are coupled by a shorter gear train. The pistons and

crankshafts 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 crankshafis. In

this arangement, the rods are niain]y under tensile force, which removes the repulsive

30 forces on the crankshafis and yields a substantial weight reduction because a less

massive rod structure is required for a rod loaded with a mainly tensile force than for

a rod under a mainly compressive load of the same magnitude. The wrist pins




a rod under a mainly conpressive |oad of the sane magnitude. The wist pins
2 connecting the rods to the pistons are disposed outside of the pistons on
saddles mounted to the outer skirts of the pistons. Bird' s proposed engine
‘has torsional balance brought by connecting each piston to both
crankshafts. This balance, the proximty of the crankshafts, and the
reduced | ength of the gear train produce good 5 torsional stability. To
bal ance dynam c engi ne forces, each piston is connected by one set of rods
to one crankshaft and by anot her set of rods to the other crankshaft. This
woul d
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increase in BMEP to increase power is confined by the limited capability of the
engines to cool the cylinders and pistons.

20 Substantial combu_sﬁon chamber heat is absorbed by pistons and cylinders. In
fact the crown of a piston is one of the hottest spots in a two-cycle, opposed-piston
compression-ignition engine. Excessive heat will cause the crown to expand, which
can lead fo piston seizure. The piston must be cooled to mitigate this threat. In all
high performance engines, the pistons are cooled principaily by rings mounted to the

25  outside surfaces of the pistons, near their crowns. The rings of a piston contact the
cylinder bore and conduct heat from the piston to the cylinder, and therethrough to a
coolant flowing through a cooling jacket, or by cooling fins on the engine cylinder
assembly. Intimate contact is required between the rings and cylinder bore to cool the
piston effectively. But piston rings must be lightly loaded in two-cycle, ported

30 engines in order to survive transit over the bridges of the cylinder ports, where very

~ complex stresses occur. Therefore, the rings are limited in their ability to cool the

pistons, which places a limit on the maximum combustion chamber temperature




30 engines in order to survive transit over the bridges of the cylinder
ports, where very conplex stresses occur. Therefore, the rings are limted
intheir ability to cool the pistons, which places a limt on the maxi nmum
conbusti on chanber tenperature 3 achievable before engine failure occurs.
It is known to apply a liquid lubricant to an inner surface of a piston in
order to cool the piston, but the presence of structure in the interior of
the piston to receive one or nore wist pins greatly limts the surface
avail abl e for cooling and the means by which the liquid [ubricant can be
applied. 5 Pri cachlambtslmferpleﬁgmfﬁln@l dters. G lédﬁvrﬁt@ agﬂgl fquljﬂ ﬂGllfcahﬁt whi ch
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Tai |l ored cpé)l ing el km riat etﬁ or at least sjignificantly reduces non-uniform
: It is clear that an increase in engine power in a two-cycle, opposed piston

engine can be achieved with elimination or at least substantial reduction of the
thermal and mechanical stresses that cause non-uniform radial distortion of the

cylinder and with elimination or at least substantial reduction of thermal distortion of

piston crowns.




distortion of the cylinder and expansion of the piston crowns that would

ot herwi se be caused by heating of these elenents during engi ne operation.
In one aspect, the 10 cylinder may be cool ed by directed stream ng of

| i quid cool ant through groups of grooves on an external surface of the
cylinder. In another aspect, each piston may be cooled by application of
one or nore directed jets of liquid coolant to a back surface of the crown
of the piston. Radially non-uniform nechani cal stresses on the cylinder are
elimnated or at 15 |least significantly reduced by freeing the cylinder
from passive architectural or structuraé &b&gﬁgis of the engine, such as
an engi ne block. In one aspect, the cyli Y y be supported in the
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structural elements of the engine, such as an engine block. In one aspect, the cylinder
may be supported in the engine principally by pistén structures and fuel and coolant
lines.

Altogether, these improvements maintain a close, uniform cylinder-to-piston

20 clearance that enables a tight seal between the cylinder and the pistons, while
avoiding contact between the pistons and the inside surface of the cylinder.

Further improvements in engine operation may be realized by permitting some
compliance between the cylinder and pistons during engine operation. The pistons
may be mounted in the engine with a degree of flexibility that enables the pistons to

25 maintain alignment with the cylinder during engine operation.

These improvements, and other improvements and advantages described in the
speciﬁcation which follows, provide a very simple two-cycle, opposed-piston, engine
capable of a substantial increase in BMEP, and with reduced weight, resuiting in an
engine with the potential to achieve a PWR much higher than attained by comparable

30  prior art engines of the same size and speed.




an opposed-pi ston internal conbustion engine. FIG 2A shows the pistons at

I nner or top dead center. FIG 2B shows the pistons at outer or bottom
dead center. 10 FIGS. 3A-3F are schematic sectional illustrations of the
cylinder and .pistons of FIGS. 2A and 2B illustrating a conplete cycle of
the pistons. FIG 4 is a plot showing relative phasing of the two opposed
pistons of FIGS. 3A-3F. FIG 5A is a side sectional view of the cylinder
wi th opposed pistons of FIGS. 15 2A and 2B rotated 90 on its axis. FIG 5B
is the same view of the cylinder in FIG SA showing an alternate o
enbodi ment for cooling the cylBRIERDESOREETINORNAOBRARNGIE perspective
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an end vi ewsof pqgaguggggg&%inepyl i nder opposed- pi ston engi ne nodul e showi ng an
open gearbox with one gear partially cut away. 25 FIGS. 8A-8C are
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provi des |iqui ﬁ(&g AL t.he engi ne. FIG 10 is a schematic di agram of
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structure of a cyliFided isspRbiRwil &12596 PRdingUTRRAWIRBboRA pRfbns of FIGS.
opposed- pi st on Argtl_.er nal conmbustion engine. FIG 12 is a cque m)dg I ng
ti me- aver aged %yT i hder heat flux in an axial 5 direction during operation

of an opposed pi st oFIGeBgii§&side sectional view of the cylinder with opposed pistons of FIGS.
15 2A and 2B rotated 90° on its axis. FIG. 5B is the same view of the cylinder in FIG.

5A showing an alternate embodiment for cooling the cylinder.

FIGS. 6A and 6B are side perspective views showing increasingly complete
stages of assembly of a single cylinder mechanism for the first embodiment opposed-
piston engine. '

20 FIGS. 7A-7C are perspective views of a single-cylinder opposed-piston engine
module for the first embodiment opposed piston engine showing assembly details at
ingreasingly complete stages of assembly. FIG. 7D is an end view of the single-
cylinder opposed-piston engine module showing an open gearbox with one gear
partially cut away.

25 FIGS. 8A-8C are perspective views of a multiple-cylinder impiementation of
the first embodiment opposed-piston engine module showing assembly details at |
increasingly complete stages of assembly.

| FIG. 9A is a schematic diagram of a supply system for an opposed-piston
engine which provides liquid coolant to the engine. FIG. 9B is a schematic diagram of

30 acombined fuel and coolant supply system for an opposed-piston engine. FIG. 9C is a

schematic diagram of another supply system for an opposed-piston engine which
provides liquid coolant to the engine. |




FIGS 13A-13E illustrate the structure of a piston useable in the second
enbodi nent engine. FIG 14A is a side view of the second enbodi nent engine
showing a cylinder wth opposed pistons in which the pistons are coupl ed
by primarily tensile-loaded 10 connecting rods to two crankshafts, with
the view partially cut away to show a piston cooling structure according
to FIGS. 13A-13E. FIG 14B is a partially sectional side view of the second
enbodi ment engine. showing a cylinder with opposed pistons in which the

pi stons are coupled by primarily tensile-loaded connecting rods to two
crankshafts, with t hew partiall 15.cut. away to show an al.ternate
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of the opposed-piston engine. 7 DETAILED DESCRI PTI ON First Engl ne

Enbodi ment Confidhedimentgpgige-f i r st embodi ment of an opposed piston engine are
illustrated in Fl Qg 4M adsidBvi bSH4" VAN [ A tEh
s1§@v163;kb? t%h&ﬂ e%ﬁ:o@%\ﬂb & Onsjg&gglg a:]c Il%&‘

opposed pistons 12 and 5 14 dispose erein. I a nove
coaxi al |y in tWéhopposed @istas i rwhighp thepistonst are woupled bya pdmarily wnsile-lbadedn each

ot her. FI 2A. r & 9‘" . .at to r .i nner.) dead
center whS;% ?ﬁ%ykéﬁgrﬁsqﬁﬂ@pea Sﬁ%‘?sj?t%’ téli%}rle @g‘gmgr%léehsa@%t ag@%%’oﬂ‘é’%’,aﬁé&? t he
monent of i gni ¢goding stRic@re &Bordirgue FIGS.dSAHIBE. pi st ons near bottom (or outer)

dead , Wh . . nd _of. .t hei ' . . kes.
10 These. and i nt e d L% 5 Brof el ot WRnios BRERE I PRl Posite. ol o

showing a cylinder with opposed pistons in which the pistons are coupled by

primarily tensile-loaded connecting rods to two crankshafts, with the view partially
15 cut away to show an alternate piston cooling structure.

FIGS. 15A-15E are perspective views of a multiple-cylinder implementation
of the second embodiment engine showing assembly details at various stages of
assembly.

FIG. I6A is a schematic diagram of a supply system useable to control the

20  application of liquid coolant to a cylinder and opposed pistons of the second
embodiment engine.
_  FIG. 16B is a schematic diagram of a modified supply system useable to
cdr_ltrol the application of liquid coolant to a cylinder and opposed pistons of the
second embodiment engine. |

25 FIGS. 17A-17F illustrate applications of the opposed-piston engine.




The foll ow ng expl anati on presunes a conpression-ignition engine for the
sake of illustration and exanple only. Those skilled in the art wll
realize that the elenents, nodul es and assenblies described may al so be
adapted for a spark-ignition engine. 15 As shown in FIGS. 2A and 2B, the
cylinder 10 is a tube with the opposed pistons 12 and 14 disposed in it
for reciprocating opposed notion toward and away from each other and the
center of the cylinder 10. The pistons 12 and 14 are coupled to first and
second si de-nounted counter-rotating crankshafts 30 and 32 which, in turn,

are coupled to a common out put (no i l.gures). 20 The pistons
12 and 14 are hollow cylindrical @%%‘5#‘5@5 axial ends 12a and
14a whi ch term nat e iFqst®; Fnbodingadl 14d, open axial ends 120 and 14o,

and skirts 12s and 14s Ich_extend fromthe open axial ends 12? and 140 to
the crowns 12d and-omrenents gt Bst ebedigentept ap qprased pigtoneagng e Hlusiisted o

structures, arf FIGRUDAGHI BB, Thie #RERs aNdwrh FMtRr 16 XithRepdsa® pffons M€ afd St Ons
12 and 14, respectively. 25 Each of the saddles 16, 18 connects ends of a .

plurality of cbhdispeseddhareinsThopistons [Reandeld mpee poaxiay iprthevaylindes {0 jins
mounted. The p ' | I | thatl €8 ; . cting
rods for each g‘?"? ?%%6%%%%?&%]2&?%&%%3%&? sdttlj(r)ég' Itéh%t§ 11%1%85%.«} Lrhlr%glrs %ﬁp%‘
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are connected I 6 . opRN tk [ , ile
t he connecti ngs@ge%’ ggasﬁgggmglﬁ%t szglgla g?%r}gghgg@thgggtf%{hteI?rgs?%dgd%{ng%fé&n%’g t he
open end of t heunter) deaihcehter, witere dheyearé lat the ahd| of sheli6 expradsid8 op powérdstrokgésnk age
bet ween t 2, and res

he, pi st ons .14 and their ective rods, .t he pistons | ack
"ntornal  wi? ot DR EnafeReals piifons AT vl ARG R e APRRE Bl 0chnd The
pi stons permts codflenfolléwinpganpRnstiondprasuthed @ tanpessipndgritiornkhgine fontthe t he
pistons 12 and 14 f« t he open ends 12q.and 140, {0, be ai xed at crowns
Pha Dncer nal <ke o8 5kt SRRaRE:Sont ridte st iscn? i e daldnc”
si de- nount ed cglamdid) afddeles Bnddideniilicd descHb&imseslsobd Maplee ifsr avpesk-ightigmr al | el

to each other and lying in a cormmon plane that intersects the cylinder 10
at or near it¥8ngitudinal center and that is perpendicular to the axis

of the cylifnder. Thes sHakank et SArRAUAE thd\cRRRSSIE B Hiube GHihORe opgdied
connecting rods 20a, 20b and 22a, 22b are connected to crank throws on the

crankshaf t's 30PigtARs Bandeltdisaserh Bk iforgresiprgcating opposed motion toward and away
from each other and the center of the cylinder 10. The pistons 12 and 14 are coupled

to first and second side-mounted counter-rotating crankshafts 30 and 32 which, in
turn, are coupled to a common output (not shown in these figures).

20 The pistons 12 and 14 are hollow cylindrical members with closed axial ends
12a and 14a which terminate in crowns 12d and 14d, open axial ends 120 and 140,
and skirts 12s and 14s which extend from the open axial ends 120 and 140 to the
Crowns 12&__'and 14d. Saddles 16 and 18, in the form of open annular structures, are
mounted to the open axial ends 120 and 140 of the pistons 12 and 14, respectively.

25  Each of the saddles 16, 18 connects ends of a plurality of connecting rods to the
respective piston on which it is mounted. The perspective of these figures iliustrates
only two connecting rods for each piston, and it is to be understood that one or more -
additional connecting rods are not visible. The connecting rods 20a and 20b are
connected to the saddle 16 near the open eﬁd of the piston 12, while the connecting

30 rods 22a and 22b are connected to the saddie 18 near the open end of the piston 14,
Because the saddles 16 and 18 provide linkage .between the pistons 12 and 14 and

their respective rods, the pistons lack internal wristpins. The resulting open structure




di sposed to forman acute angle with respect to the axes (and the sides) of
the cylinder 10 10 and the pistons 12 and 14. The connecting rods are
linked to the saddles 16 and 18 by neans of needl e bearings 36, and to the
crank throws by neans of roller bearings 38. As each piston noves through
t he operational cycle of the engine, the ends of the connecting rods
coupled to the piston's saddle oscillate through an angul ar path, and

there is no conplete revolution between those ends and the el enents of the
saddl e to 15 which they are coupl ed. Needle bearings with sufficiently
smal | diameter rollers produce at least full rotation of the rollers

during each os® fhespddies and the Ristony pamets eplangdispensery 2hwnd g6 tmextendraxially ng
bearing life. Ti6 tRyuiEis12Gnl th&&gi&é Bhéh &t ‘l{(\ﬁﬁﬂldt 118 16 80 BtellaN e '&fb@gls

saddl es, and crankshafts in FI and 2B keeps the connecting rods
princi pal |y unded intesaal shigs ofithe pistons; 52 and Idhwespsttivelins 12 and 14 nove in the
cylinder 10, with arfd g4 gﬂe-ln?o\ﬁﬁiedcgmﬁgﬁmg 9 dnd 325 ee(ﬁﬁzf)%e%smtﬁ g LM
inertial forces of the pistons at high engine speeds. I's geonetry
reduces or Subgerabielitagdch other midiaingsn 8 cetembw plaassthbinteesects theeyladet that cand
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Becausebof thdisposkd)ltoafbmmamd dhgleaﬁi]ﬂmkpﬁbﬂo&lmh s @Ad Hﬁgidetb&»lﬂﬂiéc@ﬁﬁ‘t&r 12 and

14 may be respegti . referr as the "exhaust" .and "inlet" pistons,

and t he end@ o?ﬁf‘?ﬁe’tgﬁéllspﬁﬁ a‘l‘gﬂh&g‘_’S‘B’nﬁ‘é‘f”gif?ﬂslaﬁllﬁl‘eﬁé‘hﬁ'ﬂﬁa@ﬁﬁr@ﬁéﬁlll%d, but

by no means t hy gighis dT@s&dldburingO54, 1288 ERdht @Ak Brows B midRs ¥ rffer 30HindS are

descri bed bel %/{5, The operations of the exhaust and inlet ports are

nodul at ed by <HeIED Bistop FovEs bronigh the erergorah sYgie obibe enging the eads pfthet one
9 injection sitémkdik rédi@olpled J the HistorPYdalak oSSMktE BrinGl d@?an%%l@r %’ish, ?ﬁée e fuel

injectors (described below) admts fuel into the cylin
fol | owi ng il | uthereds nofemplpatg renolwtianhetvnsn ose ends tand Hestlemantseofithe sadille o

bet ween pi $% Onwhféﬂ%é}b?llreh&)ubfgcgg?ﬂﬁﬁcg b%}ﬁ}ggﬁiglggﬁﬁcie&pﬂg%ﬁ?tdk]mqoﬁgged to
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| The geometric relationship between the connecting rods, saddles, and
crankshafts in FIGS 2A and 2B keeps the connecting rods principally under tensile
20  stress as the pistons 12 and 14 move in the cylinder 10, with a limited level of
compressive stress resulting from inertial forces of the pistons at high engine speeds.
This geometry reduces or substantially eliminates side forces; between the pistons and

the bore of the bylindélj. |
In FIGS. 2A and 2B, additional details and features of the cylinder 10 and the
25  pistons 12 and 14 are shown. The cylinder 10 includes an.inlet port 46 through which
air, under pressure, flows into the cylinder 10. The cylinder also has an exhaust port
48 through which the products of combustion flow out of the cylinder 10. Because of
their locations with respect to these ports, the pistons 12 and 14 may be respectively
referred to as the “exhaust™ and “inlet” pistons, and the ends of the cylinder 10 may
30 be similarly named. A preferred, but by no means the only possible, configuration for
the ports 46 and 48 are described below. The operations of the exhaust and inlet ports.

are modulated by movement of the pistons during engine operation. At least one




sequence themcorrectly with piston events. In this regard, the inlet and
exhaust ports 46 and 48 are displaced axially fromthe |ongitudinal center
of the cylinder, near its ends. The pistons nay be of equal |ength. Each

pi ston 12 and 14 keeps the associated 10 port 46 or 48 of the cylinder 10
closed until it approaches its bottom dead center position. The phase

of fset between the bottom dead center positions produces a sequence in

whi ch t he exhaust port opens when the exhaust piston noves near its bottom
dead center position, then the inlet port opens when the inlet piston noves
near its bottom dead center posjitio follow n aust port

: ltion, 1. ich the ex
cl oses after tHéeckon é‘f@nﬁ’@ts?h%“s‘f‘dhlsr@%ghWﬁ% P{“’s"bB‘PfeoE’l"hB‘é‘ﬁB’(’f%nt er

posi tion, and {d&%b&&‘ﬁ‘el&vﬁﬂﬂnitsﬁ%ﬂnt&ih@%@%d@i {er the inlet piston noves away
fromits bottom dead center position, | GS. 3A-3F are schematic

represent ations of Anhdhecfoliowing illugtrations snd  deseription awidl astablish, phesgelation ang 2B
illustrating a ' ' - ' "). |
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t he conpression stroke of oth pistons. Using a convenient neasurepent,
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reference to Fdadm @ledRateBPositloAS tHeR tH8 ink? bR BpeafhencMBLiMEL piktBhA @icved O t he

poi nts at which the closed ends 12a and 14a of the pistons 12 an 14 are
farthest from Peseitybeitorsdrad cantesposifien. Jollovring which thepxhaushpat clpsss afierdhe); st on

12 10 occid's Likgdst gﬁmrlﬁoac%wg} ffﬁohﬁit&m{oﬁ% 8dadARREA &esﬁ{)a?, Bef theimudaag: cent er

for the piston 14 occurs just after 180 of the cyc operation. A
t wo- st roke, copgstdesss aferithginlet piston poves awap dlomcijschotomglepdieonisx pesitioted wi t h

Lgfegr Sag 1O FI GS. BAs3%a-3FHS schEmh RpleShtdtRnd BERE chithdlP10 hidiikbad ive, and

and 14 of FIGS. 2A and 2B illustrating a representative cycle of operation
(“operational cycle”). In this example, with the pistons at top dead center, the
20  opposing rods oﬁ each side of the cylinder form an angle of approximately 120° as
shown in FIG. 3A. This geometry is merely for the purpose of explaining an
operational cycle; it is not meant to exclude other possible geometries with other
operating cycles. For cor@irenierit;e, an operational cycle may be measured rotationally,
starting at a crank angle of 0° where the pistons are at top dead center as shown in
25 FIG. 3A and ending at 360°. With reference to FIG. 3A, the term “top dead center” is
used to refer to the point at which the closed ends 12a and 14a of the pistons 12 and
14 are closest to each other and to the crankshafts and air is most highly compressed
in the cylinder space 42 between the ends. This is the top of the compression stroke of
both pistons, Using a convenient measurement, top dead center occurs at 0° of the
30  cycle of operation, Further, with reference to FIGS. 3C and 3E, the term “bottom dead
center” refers to the points at which the closed ends 12a and 14a of the pistons 12 and
14 are farthest from the crankshafts 30 and 32. Bottom dead center for the piston 12
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5 to neasure a full cycle. The events and actions of the cycle are
referenced to specific points in the 360 cycle wth the understandi ng that
for different geonetries, while the sequence of events and actions will be.
the sane, the points at which they occur in the 360 cycle will differ from
those in this explanation. Referring nowto FIG 3A, prior to the O
reference point in the operational 10 cycle where the pistons 12 and 14
will be at top dead center, fuel is initially injected into the cylinder
t hrough the at | east one injection site. Fuel may continue to be injected
after conbustign_co nges he fuel m xes wth conpressed air and the
mxture ignit egc%‘éﬁlﬁg’ﬁ %%@ng’g@gaY‘aﬁgéOPfﬁ‘gogr}g)ﬁgalQ%afgﬁn{ﬁrffg theRistpr 44 ons
apart in a poeeursiustaier 1800oftthé ¥R1d dfperaastkshafts 30 and 32 to rotate in
opposite directions, The 15 pistons 12 and 14 keeg the inlet and exhaust

F

ports 46 and 48 cl o&dWoulirke GompEssingrition opgriional eyl isrpwaerplainedvight er i ng

the inlet port reRiehe@XORIGE. SALIFNThRAbABAiRSs BERRISTe iuﬁé?{aﬁvc,hﬁh Ee%ﬂ?‘B at
90 in the og)eratlonal cycle, the pistons 12 and 14, near mdway through
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enough out of #aquensy of extats and actions wilkbe th eares WeumintparwhictBtheywxicheintthe i nl et

port 46 is sti géoaﬁ,a%gﬂl C}iﬁf.@’gﬁ%ﬁ?ﬁﬁ%}rﬁ%ﬁf%ﬂ&%ﬁg’wt i on now begin to flow out

of the exhaust po e cyCleis referred to as
bl ow- down. I n FlI G Riferriag nd8Go iFiGt Bk, prjxerta ttheobfadefetance goint fethe ppahticad

exhaust pogg s 48 are open ssurized aiy flqws.into, the

cyl i nder 1[)(s ZSétghcr ouegr%ﬁ}eﬁé&fnﬁﬁgtangggt"ﬁggf’ a\%’?l 8ade9?ﬂ§&s€l‘e o ¥ dngsred
conbustion fl cingo thet cylihddr tkrouglx Hirustt lefs® fohe 48 ectio aite.NBleh nayOunffelfoSbelS

resi dual combust i asse re displace i th pressurized air, In FIG 3E,
at 193 the ex hlg{fg@%ﬁﬁ coﬁ%’“?@"c‘f%ﬁﬂ”ﬁ?%‘ﬁg’%i@gﬁn% compgessed aprpad thy ot
port 46 is stiixnepegniesibetiveed he cRizas endaf 128 ahd 488 GiviRBdhapiRivEs Atk in a
explained in nore detail below Cha gh% air continues to be forced into the
cylinder 10 30PY¥F §¥R) Ve theatrankshatis 48 agd32|to rotate imyepnositesdirectiensgThenf t er

whi ch the LONSiSeSs P andliBake the @bt id elaustiforts %5#@43388£eatduﬂ£§1{heﬁ%&lnez
shown in FIG 3F the pistons 12 and 14 are near hal fway through their
conpressi on st§%0ke blockmegisirom satering the inletpo,and exhauy droms leawing the exhavstd8 ar e

closed. The pigskONSFIR 3ANGt g if erbpelifbl pute e BIBAL £l 14! e iy Conter
positions, and the cycle is continually repeated so | ong as’ the engi'ne
oper at es. through their power strokes, continue to travel out of the cylinder 10. The inlet and
exhaust ports 46 and 48 are still closed. In FIG. 3C, at 167° in the operational cycle,
20  the closed end 12a of the piston 12 has moved far enough out of the cylinder 10 to
open the exhaust port 48, while the inlet port 46 is still closed, The products of
combustion now begin to flow out of the exhaust port 48. This portion of the cycle is
referred to as blow-down. In FIG. 3D, at 180° in the operational cycle, the inlet and
exhaust ports 46 and 48 are _open and pressurized air flows into the cylinder 10
25  through the inlet port 46, while exhanst produced by combustion flows out of the
exhaust port 48. Scavenging now occurs as residual combustion gasses are displaced
with pressurized air. In FIG. 3E, at 193° the exhaust port 48 is closed by the piston 12,
while the inlet port 46 is still open due to the phase offset described above and
explained in more detail below. Charge air continues to be forced into the cylinder 10
36 through the inlet port 46 until that port is closed, after which the compression stroke
begins. At 270° in the operational cycle, shown in FIG. 3F, the pistons 12 and 14 are
near halfway through their compression stroke, and both the inlet and exhaust ports 46
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FIG 4 is a plot showi ng the phases of the pistons 12 and 14 during the
representative operational cycle just described. Piston phase may be
neasured at 5 either crankshaft referenced to the top dead center of each
piston. In FIG 4, the axis AA represents the distance of the crown of a
piston fromits top dead center position, and the axis BB represents
phase. The position of the piston 12 is indicated by the line 50, while
that of the piston 14 is indicated by the line 52. At top dead center 60,
both of the pistons are in phase and the closed ends 12a and 14a are

equal |y distant m 1 ongi t udi nal ter of the c t he
oper at i onal E‘P‘{a %F@cgg‘ﬁg HP‘hB’% g#d‘ﬁ 1? it PREHS FI0YF V‘%%%ggmﬁ 'r?prfﬁ?;\@s
until it reache&térrpssltmst@@tﬁbe@eleqemrﬁhumlrsﬁea@aso lohi!8d thb edgiiecoptitsi N t he
operational cycle, indicated 62. After the 180 point, the |ston 14

passes through its H6kthit %I@Hlﬂ Sb‘e‘ﬁlpér‘h‘]‘o@hﬁﬁs 8@“&@%@%1‘%@@& BUH with
~the piston 12 patdslnddie @%t:@ﬁa?%?ﬂé 3461 8dcREHHRA.2BiSoR philsePRAGY %e%eaglﬁ'@d 'af‘ the

cycle. 15 The oscillating phase offset between the pistons 12 and
i |1 ustrat edSi neithecrrankshath sfererced fiethgden dead csetenfirernpiston. InidGi 4ithy a’@md
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When t he cl ose ves past represent ed
by 65 on CC, bbthh pjstoms areang:hmqeemdalmjclexed\cadxgl:!agmﬂauearemlqmdly digtantddoon CC,

t he exhaus po cIo a chargin ccurs until i ston
end 14a reil%he 'ﬂ‘ég‘ er'?e ‘ﬁed;] 53}06@55% 8%‘%%’ %’thﬁfs"r seigé) 3
cl osed and conpllsﬁﬁsatmﬁcréaeggnsead? link ﬁhaséiﬁﬁﬂllrlabhﬂleﬁ ﬁsucbﬁonadéase:entéxrmttme fact
that the connecti the res I ve,.pi st on trav r h

di fferent pat h%“ﬁ*ff??’ﬁagﬁr 3987‘?“‘?%{383( % rpdi %ef)&’e'@ Pﬂ'g%g?/er
the top of one¥@tbank§;h@é§ thrdugR it9 bB@sm ldead bRt | past @wﬂrbeglhetdoe&mm With t he

sanme cranksh It shoyld be noted with respect to FlG 4 that the
respective opeﬂ’fall?tjit ke lbtgetwmﬁtowew&a&*ﬂuhﬂ&swﬁé? BhayK¥ay not

necessarilyslie on taessifihelphRR et Hefidden tidtons 19 ah@ l AllluyBat@PRFIOH and
cl osi ng phases ma differ fromthose shown. seen in FIGS. 2A 213, and

5A, the cyl i ndeneblestiiedesited sequsncing ofhe mlst apdbexhaust pprsA6and 48; Indhiasseand. ends
and annul ar exfigyst cangl Fat 2 5GraiRits bRl 1Ritiée of i ofdtvn S8 Pistod Yhere the port

controlled by the piston opens. Thus, when the closed end 12a of the piston 12
reaches the point represented by 64 on CC, the exhaust port only begins to open. E
20 When the closed end 14a of the piston 14 moves past the point represented by 65 on ‘
CC, both ports are open and scavenging takes place. At 67 on CC, the exhaust port
closes and cylinder air charging occurs until the piston end 14a reaches the point
represented by 68 on CC when both ports are closed and compression begins. This .
desirable result arises from the fact that the connecting rods for the respective pistons |
25 travel through different paths during crankshaft rotation; while one rod is going over
‘the top of one crankshaft, the other is rotating under the bottom of the same
crankshaft.
It should be noted with respect to FIG. 4 that the respective opening positions
for the exhaust and inlet ports may not necessarily lie on the same line and that their
30 relative opening and closing phases may differ from those shown.
As seen in FIGS. 2A, 2B, and 5A, the cylinder 10 includes a cylinder tube 70

with opposing axial ends and annular exhaust and intake manifolds 72 and 74, each
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t hreaded, wel ded, or otherwi se joined to a respective axial end of the
cylinder tube 70. The manifolds 72 and 74 may be denom nated the "cylinder
exhaust manifold" and the "cylinder inlet manifold", respectively. The
mani fol ds 72 and 74 have respective internal annular galleries 76 and 78
that constitute the exhaust and inlet ports, 5 respectively. Preférably
each of the galleries 76 and 78 has the shape of a scroll in order to

i nduce swirling of gasses flow ng therethrough, while inhibiting turbul ent
m Xi ng. Smﬁrling t he pressurized air facilitates. scavenging and enhances

conbustion eff,cienc The nder, nifold 72 also.i udes, an, annul ar
passage 77 sur }lgfﬁﬁigﬁl Adefl, 03%%1381’0'@‘%% P & Frespergive axfal end ﬁgﬁﬁt‘y%’s‘ﬁb"e %7 nmay
be connected t G'hé mﬁiﬂdles az ahd OWmayQJeQ:fen&htrﬁfeﬂ ad *t?hﬁdelr lexRERYt MHHORI nd

stagnant air, £ool, the periphery of the manifold 72. \Wen the cylinder
mani fol ds 72 a lil“HjF’é“i?‘?S rﬁ’i’é‘b‘p% ereciyely. The mapifplds 78 and id havegespegtive

portions extenéhfl HLGRr Qhldks 16/ Rkl 7§hﬁatb@&ﬁtltﬁ?ththe:@ﬁ€s‘i'a§que{T?GH§ ned to

closely match the diameter of the pistons 12 and , e pistons and

cylinder may bESPECHIRY- cPafP‘@EPbM Wrﬁitthﬁr gallesesn @ andcBhbast the ishape oé arsatoll in
expansi on char gffefid ﬁlhhé‘essmhfngléf gas 04| i, a%gﬂléfeﬁﬂéugﬁ?pmlg'}&t%%%ulédtngs)

are used, there is no need f bridges spannin
cl ose tol er anc8ixiag Sydrlisstths mﬁunm%efacmmesmav@ngMganébmcesfcombmWn| st ons

and the i nner GhauRt eimoby e IR TERLS ol LA RS20 kDl O

exanpl e, the spac bet ween eac on an Pora
of 0.002" to Geeosilan @iyl 76, The aﬁ:ﬁllanpess@gis?? mayﬁemmimctcd)to réteivd #ifflons) . The

absence of (pri he for t|on t I nt nifold
74 into a Sé)\ll rglgiﬂﬁgagl‘ﬂgﬁqﬁ%ﬁgmkam adr é%? e;?e'np °?ﬁl‘,} 'B‘t“ﬁtkﬁlﬂ‘g

t he pistons ar When dmmdhnﬂemﬂahfolﬂmgs and 14 mhdumélleto theegmda tubd T0, fiefrbutebe
exhaust and inle S .annu annuyl ar equences . of
openings to t h%r%l ‘fad%f ‘é‘%’%ﬂtﬁ’ﬁf@?ﬁ iﬁ%g"‘ﬁﬂaﬁg’@é’r?%s‘%ﬁﬂ l‘yjtt?lé °§‘?1¥1n5| t

of the rings pmatchttﬂiaemméﬁeSof thestofi21 DAl 84 ah@the gisfons biE cifdbrngl

mani f.ol ds 72 74 open. in e |nternal annul ar galleries 7 and 78,
provi di ng conngg?ﬁ’%ﬁi %8 aih@" xFRIRatiols themmal c¢xparsions chaserteristigsedf i ve

exhaust angsi nh@lesﬁ?moh@tﬁﬁonsﬁh@o@ﬁngs?aﬁ'ﬁsﬂ?ﬂﬁf&@?lo %béiiefo§€ﬁ&g‘e9§tﬁbmﬂé ew of
the cylinder 1’%va th posed., pistons 12 and 14 at their respective

posi tions whenf B8t EFF’BrFéﬂseé?lﬁ‘laEcel rgay esgbtgined b%@nﬁbﬁ’ pieter digmeserowf i n
these figures, tht BRiddk shP AR lﬁ@er%hel& e wnﬂﬂérﬂﬁ&e‘gghg%gle@so g&é!ra%gr}‘oif I ngs,

al though they may be provided with rings if dictat n an
operation. Pi stdiple; thgspacing bepraen sach pistemenst the bore mysﬁeemghmerderftxfﬁ 00D

reasons. Firsty 0.003” (2 mils, or 50 microns, to 3 mils, or 75 microns). The absence of bridges
20 also facilitates the formation of the intake manifold 74 into a swirl inducing shape
such as a scroll. If, on the other hand, the pistons are provided with rings, it will be
necessary to form the exhaust and inlet ports as annular passages with annular
sequences of openings to the tube 70, thereby providing Bridges to support the transit
of the rings past the ports. Tubes 82 and 84 formed on the cylinder manifolds 72 and
25 74 open into the internal annular galleries 76 and 78, providing connection between
the exhaust and inlet ports and respective exhaust and inlet manifolds.

FIG. 5A is an enlarged side sectional view of the cylinder 10 with onposed
pistons 12 and 14 at their respective positions when the operational cycle is near its
180° point. As shown in these figures, the pistons 12 and 14 are provided without

30 - piston rings, although they may be provided with rings if dictated by design and
operation. Piston rings are optional elements in this engine, for two reasons. First,

piston rings accommodate radial distortion of pistons and cylinders in order to assist
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pi ston rings accommobdate radial distortion of pistons and cylinders in
order to assist 13 in controlling the cylinder/piston seal during engine
operation. However, the cylinders illustrated and described in this
specification are not cast in an engine block and are therefore not
subject to non-uniformdistortion fromany thermal stress or any
mechani cal stress generated by other engi ne conponents, or asymmetri cal
cooling 5 elenments. As a result the cylinders and pistons nay be nmachi ned
with very tight tolerances for very close fitting, thereby confining

combusti on and I|n1t bl ow of c usti on products al on
interstice bet feoRTed E&]thﬁic%lf"lﬁllfgl?;%iﬁﬂn? R, Shgaf gper@ﬁ’(‘} ﬂwevﬁfglﬂ %P‘iieﬁi;s act

to cool the pi ffuSihtéisndRs@ed HEthAAPEALEROn aldoNS? ¢t in Wkdgine Bl MAGkde
operates, each piston may be cool ed by application of I|qU|d cool ant 10

because each pihstede inot sbipddtocaen-ynitomy sdigtartion) from ey theymal \SressaPad®y f rom
(or  protrudes Lokl gﬁ%sé: ¥reRear b}aﬁthbxt e &&ﬁ&x@:&tﬂ horl Jsﬁnﬁ@ﬁi‘éﬁl%o@ﬁﬁ@

center position so that ITquid coolant can be applied to its external
surface. Se® Felggent ms 3 aesultothe gylinders m@plﬁ@gamy besmachinied twith Moy dighbut  of

and back i nto [ fig. eyl fopgg{y’cldsta fliing RRABY Wnfidive oHHORASPHTihfinP BINRRLT | bed)

with a liquid coolant on the oute |rt 57addi t' on,
| i qui d cool ant of somipqslmneu’odllws alm!g mmﬂcﬁbem‘ee@ @?cht piston gmqi tireeeylimderf ace

along its ski éécm%) pisgo Hilgs aﬁg uc%'opgist hgra ?-lr vJeo il OA

and 6A, each prston I's”su Yhe cyl i nder
10 near its bothboamg-ﬂheau;bera&a,t eerchgnstom InGHy. beTa&mlery by reppliqatied of lﬂ;mdaepolant

representa this npans that, wth.the d end.12a n 12
20 near t hLd ou?%’?usgd oP PR A REIRdIGALY, aﬁupsgtﬁjm% CHPIfely YA gﬁagu# S(%’ﬂ
pi ist onh12 is pmbadearﬁdnglmelcﬁﬁﬂe;rﬁsl Wmuf‘ezd;ﬂbﬁmgh 1fsrb©ﬁbmhbactydnéer¢esm&10%m| | ?
only the portign i ston cro e 00
the gallery 76?%HWBT @m ?Wﬁ@fﬂggg'ofﬁﬁxﬁ?mtﬂgg@§ﬁ Eﬁﬂigh %Bfﬂggé 't emai ns
:jn t hebe)c(i hguls'[ thiﬁ%l %&fr@.'hﬂs iZ §1s£dnt lh&?:s 3{1{ ?\htﬂldajwkh b tl’gehﬂym]i-dz@lr,l in @bﬁ‘ihoilv@red%by

escri bed bel ow. shou e note at, e pi st on
subsequent | y neReEsSsH tocbe deseribep with ja; iand, o °Pgmf gn fl}?é’“é‘*{tsl%‘%‘l‘cet‘%éis E’t"t RS
substanti aldy atﬁ'ilﬁn‘noﬁé‘lﬁ'd Bob14d? %bfp}shédlewra diShenhre 4 ok 26)8866 @fet hififabORosad

center position. Thus, at its tom dead center position, substantially
the entire sklﬂﬁsmuk@cqﬁdlfﬁl@@%tsﬂmﬁhd 14 protrudes fromthe cylinder 10

and is exposed for I%?célx? Ble, mhﬁcsd%haaﬁ@%de&ﬁrmaaﬁ Q8 A R0W ibdintigggurs in
this illustrative exanple 1's not neant
withdrawn from the cylinder 10 near 1ts bottom dead center position. Taking the
piston 12 as representative, this means that, with the closed end 12a of the piston 12
20  near the outer edge of the annular gallery 76, the skirt 12s of the piston 12 is
substantially entirely withdrawn from the cylinder 10 while only the portion of the
piston crown 12d between the outside edge 760 of the gallery 76 and the outside edge
720 of the exhaust manifold 72 remains in the exhaust manifold 72 fitted on the end
of the cylinder 10 as described below. It should be noted that each piston 12 and 14
25  subsequently moves back into the cylinder 10 to the extent that it is substantially
enclosed by the cylinder 10 when it reaches its top dead center position.

Thus, at its bottom dead center position, substantially the entire skirt of each
piston 12 and 14 protrudes from the cylinder 10 and is exposed for cooling. The
detailed description of how that occurs in this illustrative example is not meant to

30 limit the scope of this feature; what is required is that enough of the outside surface of
the skirt of each of the pistons 12 and 14 be periodically outside of the cylinder 10

during engine operation to be sufficiently cooled by application of a coolant to the
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30 limt the scope of this feature; what is required is that enough of the
outside surface of the skirt of each of the pistons 12 and 14 be
periodically outside of the cylinder 10 during engine operation to be
sufficiently cooled by application of a coolant to the 14 outside surfaces
of the skirts outside of the cylinder. The percentage of the piston skirt
that is exposed in a particular application nay vary based on a nunber of
factors including, for exanple, system coolant requirenents, engine
geonetry, and designer preference. 5 As a piston noves in and out of a
cylinder it is copled by application of a |iquid coolant (by dispensers to
bg descri bed) ©BtSoR SurfagesQf the skirtaquiside qfithe cylinder. Thepercsptage ?fc}zﬁ pistpR skigd
coolant is appkhaeds &xpsedi MREPIREI S apBlicatiBh ridy Yy bhddlUn aSHﬁl’;@&eof%&Jf%Q Its
skirt up to and including its crown. The sanme |iquid cool ant |s(Ppe erably
used to cool Hestuding, foriekaraple.oiystamcroplaat eqeisaments, efginengeomictry.cand deyignan
reference to Fg@ﬁﬁmﬁé and 6A, 10 cool ant di spensers, preferably nmade of
steel tubing, dispense a liquid coolant onto the pistons 12 and 14 and the
cyl i nder 103duri ng 4sgipigompeorest incmd oth of h eybadee itdis speled dy appbcetibnbfiage
extends at | eagf,;: r | a. I N h | i.nder .t ube and
exhaust and in?g?gﬁgﬁP@L¢%§§§%a%%%KﬁﬁgHg%ﬁggggga‘1§$%%§§g%¥§£ﬁgé%¥£ﬁPar

di spensers 86additdsh |iq@s coolam ik HPlediby eliserdsend ¢r126) ruits ihndrduifadealdnglitk way

around the cylinder .10 ...15 The. di spengser 86a. i i t.ioned .qutbqgard of the
center of the Fg?ﬂg' & anrga'ﬂa*%‘f’%imi?f’&nh ersafnﬁiiq!ﬁ%tcgf’ at ‘éaﬁge%@%?seﬁﬁ%%ﬁo
di spensers 86bbathdheBifiteriar andl the atteribraf alie piktons. With rReténcd o PRISVGANN A,

i fold d.74,. f t i.al center of the  cylinder 10
inﬁmor ger St ggagg?%}“b%ﬁé‘g?%ﬁ%%ﬁ"g’% é’PgtPa)é':"ﬂ“% gEpese ’8“'@!?8"%’6%‘{“&@3 regi on

of the cylindepistoR@r2 i 0 dndithe GUAAHGT10' RSN O BSpiMEHeRitioh.n BBRdatOHiSensee and
74; and the 20 dl%ﬁﬁg er 86d [s |ocated outboard of the cen!ti%er o?&t he inl et

mani fol d 74, n&4H eHeRdsiat loagt ggrerallyaxiglly along and againg thecylindasitybgiand t ube

88 extends at &@a6d af€ MREAhAnfoldX29drdY7R IFeR0aMIN PaSdEhidifdGlaf Hlshiidas t ube
and exhaust and inlet manifolds 72 and 74. Four axially spaced

senicircul ar dP& &%t 86% apb8od qbmd fiogrthe mapifgd qubshaifivay mound thpevlindani® ol d
t ube 88 h t : i | ' i £ d 25
ube al § wayhhghtacrtdeg if yodiiped omoaraih?éﬂ% dé@g‘{?%?rm@égﬁg& ol A

outboard of the center of the exhaust nan near dge
720; the two BRaEgmewpide gdge 421 thedwardispenssest 3Gh andeB6a heg logdtechdwer thet ween

the manifolds gﬁm le befveel rﬂ?J ﬁﬁlﬂgzl%s P4 f4b§re%® nga%%ee&xiﬁfceltngreotc t%cls | nder

10 in order to -apply proportionat _
cytinder 10 in order to apply proportionately more liquid coolant to the hottest region

of the cylinder than to other, cooler regions nearer the manifolds 72 and 74; and the
20  dispenser 86d is located outboard of the center of the inlet manifold 74, near the
outside edge 740. A second dispenser manifold tube 88 extends at least generally
axially along and against the cylinder tube and exhaust and inlet manifolds 72 and 74.
Four axially spaced semicircular dispensers 88a, 88b, 88c, and 88d extend from the
manifold tube 88 halfway around the cylinder 10. The dispenser 88a is positioned
25  outboard of the center of the exhaust manifold 72, near the outside edge 720; the two
dispensers 88b and 88c are located over the cylinder between the manifolds 72 and
74, preferably near the axial center of the cylinder 10 in order to apply proportionately
more liquid coolant to the hottest region of the cylinder than to other, cooler regions
nearer the manifolds 72 and 74; and the dispenser 88d is located outboard of the
30  center of the inlet manifold 74, near the outside edge 740. Opposing dispensers are
" linked together as at 89 for structural integrity. Altemnatively, the dispensers may be

entirely circular and connected to a single manifold tube. Further, fewer or more
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nore liquid coolant to the hottest region of the cylinder than to other,
cooler regions nearer the manifolds 72 and 74; and the dispenser 88d is
| ocat ed out board of the 30 center of the inlet nmanifold 74, near the
out si de edge 740. Qpposing dispensers are |inked together as at 89 for
structural integrity. Alternatively, the dispensers may be entirely
circular and connected to a single manifold tube. Further, fewer or nore
15 di spensers may be provided and may be differently positioned than as
shown. Still further, the dispensing branches could be replaced by a

nunber of circulidpensesst @) by proviRg add E\%@e%ﬁ%ntﬁ}’?@s&’tﬁ%x@d ARk Rl #titf'l

| i qui d cool ant rometﬁ conmon sour ce. e di spense ve substanti a
apertures for herche dispensing dwanghescaouldl besreplacadi by « owhbartof wirdemfepneaiyur e i s
applied to expqsadd AsdzEkdes fAnesticaiwi | h istons 12 and 14
and the outsi degsurface_of pt'i%% cy?@lnegew{hpglge f8f.aﬁﬁ=}?£e ércgﬁlg?smﬁfespensers
are positioned near Thdlispensgischdve esubstantiall epertigessfonted ieereintoi frerh dshitin aor der

to ensure tRat {gifdebsl ' ed to substantially the entir

out si de surface_qof thgﬁngl ?t Sﬁ‘ﬁ%ﬁsga%heg&j‘é’f?% Se‘?%‘ﬁﬂ? S‘B*ﬂc%‘é’éﬂ’“pﬁﬁﬁs(?ﬁﬁ‘e
Dependi ng on f &istass sl2s e 1dsandythe emiside swfiicardf the giylindeieibes 70.2 Paddly,
geonetry and degsj f nce, -t.he di spensers, . nozz|l es, or other

sui t abl e cool -aﬁ%bg{égr% iageraqugﬁﬁ% ‘é‘*ﬁ%%ﬂ"&e ?PVBé’“FSé%cFQE‘E% ‘?fzﬁh‘a“iaﬂlf‘ﬂf’%’érm@%

di spense or app snshredt Hquid obalmit it applieiol sabstRBRLE M 398 ofside IBLRY bEMe! adi al
peri pheral surgf.gc rgas of .the skirts., For_exanple, |liquid coolant may be
applied to theg%ﬁtag?n e eoal’“al}?'@&na*ge rPisfeR Bepepdiae i fagtoss) Wil aatsysterast
25% 50% &P 7b86loft rehqdreaichn) cheingigloméry hhd ERSBaR Srlefienct Nik! @ﬁ%"ﬁ% and

6A, the liquid coplant dispensers that apply liquid coolant to the dutside
surfaces of thgozﬁﬁeg’to(f r‘?gleéﬂ'gta@ |°P?¥€F§PP%!F°@8%€9W mpy bhgpasifinnedincordérdoent s;

_however, one odispamseorcippRERGRd SodkRy t@krﬁﬂlepﬁeﬂcﬂ{tfg% ok ﬁ%‘oh&r Hﬁl@éﬁﬂe@f’ﬁr

mani folds 72 and 74 in addition to, or instead o e separa ement s

shown in the fiylreereasxt the,skiss. For exampie ligwd saolaptrmayskroappliectorthGoutsiBe
i nstead of COObr gxeritd Surfatk P Ehe skir M a?@ea?thﬁé%%{)%t OpIJ}?ggpa_l%ra%ai fegﬁg@" i nder
provide a’coolng

t ube may bgsrdi sposed in a jacket 87 to rov passage: ar ound
the cylind t‘FﬁcBB’é??HV\hi ch the coolant may be circulated. In this case,

the saddl os. 16 and 16 ana s R odne Bglia b AaitahbaEs ol el Rl ghdfie °
pernit i mprovellic antpide surfaged ofshe pistonodnd dyljuded aobbambs being feparatetehintnts;
surfaces of however, one or more dispensers may also be integral with the cylinder manifolds 72

and 74 in addition to, or instead of, the separate elements shown in the figures.

20 In an alternate embodiment shown in FIG. 5B, instead of cooling the cylinder
tube 70 by way of dispensers, the cylinder tube may be disposed in a jacket 87 to
provide a cooling passage 90 around the cylinder through which the coolant may be
circulated. In this case, dispensers would still be used to cool the pistons,

The open structure of the saddles 16 and 18 and the absence of wristpins in the

2.5 pistons permit improved direct application of liquid coolant to the internal surfaces of

' the pistons. In this regard, as shown in FIGS. 2A, 2B, and SA, the pistons 12 and 14
are continuously cooled during engine operation by application of liquid coolant
through dispensers 24 and 26 to their interior surfaces including their crowns along
their skirts to their open axial ends. Each of the coolant dispensers 24, 26 may be

30  constituted of one or a plurality of individual jets, in which each jet is for delivering a

stream of coolant aimed at the crown of a piston.
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the pistons. In this regard, as showm in FIGS. 2A, 2B, and 5A, the pistons
12 and 14 are continuously cool ed during engi ne operation by application
of liquid coolant through dispensers 24 and 26 to their interior surfaces
including their crowns along their skirts to their open axial ends. Each
of the cool ant dispensers 24, 26 nmay be 30 constituted of one or a
plurality of individual jets, in which each jet is for delivering a stream
of coolant ainmed at the crown of a piston. 16 In FIG 5A, the flow of
liquid coolant onto the pistons and the cylinder is indicated by reference

nuneral 91. Continui ng w_th the desgription of FIG 5A annul ar,. )

hi gh-t enperat ure #Bln@ﬁ‘e#‘c the ﬁ‘@‘g 03’3“1}! c‘ﬁ’f’gﬂt P?FO&R?]B}SEH“SQF%E}\?e"émH@érISthe
ends of the napidicaled by foleromdd nulmersd9l.i ghtly contact the pistons 12 and 14
and wi pe excess lubricant fromthe pistons as they travel into the cylinder

10. Finally, one orCesmemng,wth;the cdepgrintionrf FlGyPhecrnndar hiskstogpeiapaer . For
exanpl e, the f H‘ﬁ%’?éfm B1gs Y2 19atddSinGAMAAGH0dVEs hélf? tY erld8 3F the HihnifbIak §8 Lh@N

site 95. A two-stroke, opposed-piston engi ne nechanismis next described in
which 10 the wblightiysontaghihepistone i indddrasd wipasexeess lubricantfpus the pistomk shaf t s,

etc.) are recej t | foal f

passt ve. st ruct rnl e en t S A inalth dne oP i lcd ifkcRin e e Nor

el enents. The the gindes Fonexamblel theofubldgjectoh®4 istaoupled to thaatilehst baemjefioengi ne
operation, such.ag conpressive forces between the crankshafts. In contrast
with many prior art two-cycle, opposed-piston engines, the cylinders are 15
not cast in a bl oclA meo-steke, bp@ged-pistor enginé Imeohindsm fraset descabaduint wihiieh

~el enments. equently. th . nders are.not passive_.structural elenments
of the englldn:(e)%ﬁg%% &S @&gn‘%ﬁp&sﬁn@ﬁhﬁﬁgﬁze“%@l?a%’ ?"F'iﬁﬁe b‘?‘f"ﬁ'&‘fpal ly
by the pair ofupphsi sngtdilspiisickhe forni bf a g, ofpdskivé RRudtMEiCgbhents dited

| conbusti on chanmb forces he | i nders e _  decoupled.fromthe nechani cal
stresses indugtgﬁe 9 ﬁ?ﬂ??#&h%l‘”og‘l)(‘@rgﬂ?%“,m'%a framg {5 frfendse tq,beap Higi srssesing

thermal stress#d folcetdf @ipfienNPehition; kuch B bomprdskife Gtbés BRI en cccraBS/ARL | al | 'y
only pressure vessel S{*ﬁghi S engi ne construction elimnates non-uniform :
radi al di st or P&t ANt RFIOE 25 oyl fipepssd-nidomengineg.tbe exlindgraare pi st on

interface 19 M@ cf'i £IRER- Adridrt NHey ARHERAR EBed pidsie SilBlal ieithefifs, t e
thermal characteristics of the mnmatérials fromwhich the cylinders and
pi stons are mecRRSeEtl thegesdindery arq patpassive structural elements of the engine. Each
cylinder is supported in the engine frame principally by the pair of pistons disposed in
it. Thus, with the exception of combustion chamber forces, the cylinders are
decoupied from the mechanical stresses induced by functional elements, and from the
20  mechanical and thermal stresses of an enginé block. Hence, the cylinders are
essentially only pressure vessels. This engine construction eliminates non-uniform
radial distortion of the pistons and cylinders, permits the cylinder-piston interface to
be very close-fitting, and enables a close matching of the thermal characteristics of the
materials. from which the cylinders and pistons are made. Advantageously, with
25  improved piston cooling, this characteristic affords the option of an engine design that
dispenses with piston rings.

FIGS. 6A and 6B are side perspective views showing increasingly complete
assembly of a single-cylinder engine mechanism 100 for an opposed-piston engine
with side-mounted crankshafts based on the cylinder/piston arranéement of the

30  previous figures. The engine mechanism 100 can be scaled to engines of any size and
engines having from one to multiple cylinders. In FIG. 6A, the mechanism 100

includes a single cylinder 10 having the construction illustrated in FIG. 5A, with
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25 inmproved piston cooling, this characteristic affords the option of an
engi ne design that dispenses with piston rings. FIGS. 6A and 6B are side
perspective views showi ng increasingly conplete assenbly of a

si ngl e-cyl i nder engi ne nechani sm 100 for an opposed-pi ston engine wth

si de- nount ed crankshafts based on the cylinder/piston arrangenent of the 30
previous figures. The engi ne nmechani sm 100 can be scaled to engi nes of any
size and engines having fromone to nmultiple cylinders. In FIG 6A, the
mechani sm-100 -includes a single cylinder 10 having the construction
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connected to aff P apQRTRg L3 theauek mivgh)themanifold abe 88 «an hg cammectedir ough
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mani f ol d (not _shovvn%a.t In FIG 6B, a frane e engi ne mec

i ncl udes two STHSSSF P4 tag furhrasniold (ot showp) Jhe beam i 3shwe e iopaning Hdthobigh he

cylinder 10, '¥RigEtHShanitoidtul h 12
recei ve and support, thae crankééghza%a??@ggn%n d%%ﬁgﬁgwlgﬁ#bﬁég?%ﬂﬁn
i ncl udes alv | -3¥epsniagdls drough wvhighc wbe canmonssctmotiec fiiebinjeb4 (not Tem) to beam

sections provige hisoRl hHGh support for the crankshafts during engine
operation. The beamsoll(o angwl)lz are attached to the ends of the transverse

sections In FIG. 6B, a frame for the engine mechanism 100 includes two support
bulkheads 120 disposed on respective sides of the cylinder 10, together with the
beams 110 and 112. The bulkheads 120 receive and support the crankshafis 30 and
20 32. Each bulkl_lead 120 includes an I-beam section 122 and a transverse section 124,
The I-beam sections provide the principal support for the crankshafts during engine
operation. The beams 110 and 112 are attached to the ends of the transverse sections
124, The crankshafts are supported for rotation in the I-beam sections 122 by bearings
128. Each bulkhead includes a central opening with a short elastomeric cylinder 132

25  that receives alignment pins 99 of adjacent cylinders. Threaded holes 134 are |
provided in each support buikhead for attachment of additional componchts, for

example, a gearbox. _

Assembly of a single-cylinder opposed piston engine module from the engine
mechanism 100 of FIGS. 6A and 6B is shown in FIGS. 7A-7D. In the single-cylinder
30  engine module, light aluminum end plates 160 and 162 are attached to respective
bulkheads 120 and to each of the beams 110 and 112. The end plate 160 has openings
163 and 164 to receive the liquid coolant manifolds 96 and 98 to feed lines (not
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124. The crankshafts are supported for rotation in the |-beam sections 122
by bearings 128. Each bul khead includes a central opening with a short

el astonmeric cylinder 132 25 that receives alignnent pins 99 of adjacent
cylinders. Threaded holes 134 are provided in each support bul khead for
attachnent of additional conponents, for exanple, a gearbox. Assenbly of a
si ngl e-cyl i nder opposed piston engi ne nodule fromthe engi ne nechanism 100
of FIGS. 6A and 6B is shown in FIGS. 7A-7D. In the single-cylinder 30
engi ne nodul e, light alum numend plates 160 and 162 are attached. to

respecti ve bul khea 0] o0 each of the beans 110 and 112. The end
plate 160 has g}?é‘ﬁ‘g}dég Fi‘g%%aﬁai‘ﬂwfﬁ?a’fb@‘rl@%&om pre 2 bpikhead (eesspemip Hashi f ol ds
96 and 98 to f eggled)ith@tgH thebutsii® sEFRWRY theFen@Dlate’ 7507 Phs PANbGE FOHRRY arl 70
nount ed on a bul khead (not seen in these flvggres) throu?h t he out si de

surface of theOWHY g5prtadn thevyeh vrhichgbeennesing raationeiguctions of Hheacrankshalisare t r ai n

t hrough which Eél}@learwawﬁﬁu@ﬁb@&ﬂaﬂn%e &t bPMS cRhkshives ﬁ@ﬁg?{égt%%m% I

coupled to an output drive shaft. The ends of the crank
ext end i nt 05 t hecasbageldMbOxgear Wheed 178 avithyh tasthed PRtepirinh isafixed ap Hedenduefethe ri m i s

outer rimis fryagnt S AR AR T S RIS ok o B WG D T

175 has an anncienkshafy 82.in utput geatr bideli 175itde an ehmudum 26 witkk @ taat@edainsida

of 1 he_gear - whasrieHe 17758 fobticd olisE SheleflelenS frs 49 §es5 Ty et Bl ot put
gear wheel 175thatoutneinh of ahd geaur awtdel N2 enghges thé nside difvam@igaice iTealf the' 3

engages t out.si.de ci.r erence 178 of .the output gear e 175 at

anot her |o ati%‘}?”‘&?g%&ﬁ?&#?ﬂ%gﬁ#&? q’ﬁ@“ﬁf@'“l%@ﬁ?@ﬁrﬁ”%nﬁ%@%"? atio

bet ween the i nierougiir cidchmfaagte [78eof ffi &&ptﬁigeﬁﬂﬁifhe&emeatlgrﬁﬂﬁﬁ!odé&%@?/ 65h
ile the

with MOD 4 teet,h on e i nner gear, and he insjde circunference

gear ratio bet@b@'@ﬁ"’f%ﬁ&"é’ﬂ?sé‘r"%“e%“1"?§°%H{HGEFP¥%’ wnde ‘@?@ﬁﬁf‘ggé%e 178
may be 33/ 65 wht nsMeldirduhfRfinbe 077 AP b BBB5 WEBNIOD Y tdefiCon @Y e Bear and
circunference.  This ar,rangerrent of %g_:ars permits the op{gom ng rotations of
the crankshaf t &€ 3pidgneircymierencee while, fhe) geae setiorhedveenethe ohter gersuld3rand b on of

the outputis geaﬁsim\un%ezfmwm@ ni2h b@@@@%ﬁ%oﬁif RE@I oA thd Qﬁtsfg%f dhdtdd S

case), wth a non-integral gear Tatio, and without any Internhediary belts,
chai ns, or ot HasidegirpymferencgsThis armpugegieaheingests permits thsidpposing eotationp

short out put GRakrahkshhfls 30 and 32 to be translated into the continuous rotation of the output

gear wheel 175 with an odd number of gears (three, in this case), with a non-integral

gear ratio, and without any intermediary belts, chains, or other torque transfer

20 elements. The result is a simple, short output gear train. |
Assembly of the single-cylinder opposed piston engine module is completed
as shown in FIGS. 7A-7D by attachment of light aluminum casing panels 180 to the
frame made up of the assembled bulkheads and beams. A cover 182 is fastened to the
gearbox 170. The cover 182 includes an output bearing 185 that receives the axle 186
25  of the output gear wheel 175 thus enabling the frame to support the output gear 175
for rotation. The resulting assembled single-cylinder opposed-piston engine module is
indicated by reference numeral 190 in FIG. 7C. The axle 186 constitutes the output
drive of the engine module 190. It may be coupled to an intermediate transmission or
directly to the driven component by one or more gears, belts, chains, cams or other

' - 30 suitable torque transfer element or system (not shown).

FIGS. 8A-8C illustrate assembly of a multi-cylinder, opposed-piston engine

module with three engine mechanisms 100 disposed in a row. Note that the front and
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Assenbly of the single-cylinder opposed piston engine nodule is conpleted
as shown in FIGS. 7A-7D by attachnent of |ight alum num casing panels 180
to the frame nmade up of the assenbl ed bul kheads and beans. A cover 182 is
fastened to the gearbox 170. The cover 182 includes an output bearing 185
that receives the axle 186 25 of the output gear wheel 175 thus enabling
the frame to support the output gear 175 for rotation. The resulting
assenbl ed singl e-cylinder opposed-piston engine nodule is indicated by
reference nuneral 190 in FIG 7C. The axle 186 constitutes t he out put

L1 anen ssi on_ ofear BHIKEA 7 rnayed Tor] (i Shoip et Ths manenapt 107 Bl .

bel ts, chains, siafile QlreddyBistraf?d i WIGSDER ztrﬂrﬁmeantirammti mlra:samtofahe system
(not shovvn) Fl GS. 8A—8C|Ilustrf1eas nbly of mJItl gg‘
opposed- pi st onPrErRgingefizey Jrour ufklieads 128 asp grovdd i}1°88B ed in

a row. Note th%d&laeeich%bpﬁﬂﬂ% tﬂ@cfaﬁﬁdhaﬂwtm@wwanﬁaﬁ@rspma fiahemikd G 8A
for clarity. The nechanisns 100 have the structure already i]Jlustrated in

FI GS. 6A and GBCIHQ??Fde'GPgQi‘Eﬂsbé@“ﬁ A19 é‘%e’cltz Bred; e thep rarsiefss geqtiopt P& She Four
bul kheads 120 gy (}d?ﬂe ki élgt‘é‘s {402 185 clobd ﬁw%ﬂaa Jﬁhe atgﬂwrﬁoduﬁam

supporting the cran fts I'n respective bearings frame al so

i ncl udes el ongtilt@fﬁebledrm tttalJOlsesanIth fqufﬁ@@onmthmeemd§9emi%’éfb@qolﬂ% of
the bulkheads, 1604768 Hd9§)| ?eﬁ@ﬁm&a@(gi W 3116818(:{[]?6%66 i ﬁﬁaﬁmﬁfnstﬂﬁ engi ne

nodul e. The three-gear r ve aln”1s supported atironinth
gear box 170. TAsseinbt;uoﬁtltonﬂul&ﬂb—cyhmd&r Pppaded pBtoarchgd® meduleisorpgwlated blo span

the three gi a ( t pposed
pi ston engi Qe %ﬁﬁ%ﬂqi Ehg% t’% %f/égligiggig acﬁn@%t’%% '*%V%f ?é’% iarﬁrﬁgﬁetli}rrﬂpcas| ng
panel s 180 tOlthﬂeigéﬂm 1. dmgeovetasz iimltfdaﬁmenmdut lteanngndaS.‘g&arteoeweﬂsm fTheh
cover 182 incl uqe n. out put bearin t hat, .r e e a of the
out put gear wh T’?ﬁ(;%ﬁ?‘ﬁ DU ERF M tlﬁgﬁtutsa?ﬁ%bht’%?@%%%? O?qug(_’%h‘t%ﬁuﬁﬁtgear
wheel 175 for g@g awfheelnnsT tﬁﬁ mwglgﬂgra&&mgtﬂsmhm ﬁiupimdﬂ%omggos_?ﬁ-
pi ston engine nodule is in Yol eLerence n e
axl e 186 15 cRiNGRFegingLod 16 G T EeTSF SRR R E e 36

Pref er abl ytsfOwnstltdegttﬂecaatpusmwtﬂer&glh@ﬂﬁ)daeegtprOVI ded for each piston.
This node of practice is best seen in FIG 6A. In the yiew.of Fl 6A, on

the exhaust port direferably, foys idgpfical popnesting fods apeRyoXigeth B CRciyPisRs B9 and
20c are spacedygaabfipraitide Rekt seen in FIG. 6A. In the view of FIG. 6A, on the exhaust port

side of the cylinder 10, the two connecting rods 20a and 20c are spaced apart and each

is connected at one end to the saddle 16 and at the opposite end to the crankshaft 30.

20  The connecting rod pair 20b comprises two abutting rods, each identical in shape and
structure to the rods 20a and 20c. The connecting rod pair 20b is connected at one end

to the saddie 16, and at the other end to the crankshaft 32. On the input port side of

the cylinder 10, the two connecting rods 22b and 22c¢ are spaced apart and each is

. connected at one end to the saddle 18 and at the opposite end to the crankshaft 32 on

25 cither side of the connecting rod pair 20b. The connecting rod pair 22a comprises two
| abutting rods, each identical in shape and structure to the rods 22b and 22c. The
connecting rod pair 22a is connected at one end to the saddle 18, and at the other end

to the crankshaft 30, between the connecting rods 20a and 20¢. Thus, on each of the
crankshafts, the connecting rod pairs of the pistons on one end of the cylinders are

30 interleaved with the two connecting rods of the pistons on the other end of the

cylinders, as shown in FIG. 6A. This provides an optimum balance of forces on the
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I's connected at one end to the saddle 16 and at the opposite end to the
crankshaft 30. 20 The connecting rod pair 20b conprises two abutting rods,
each identical in shape and structure to the rods 20a and 20c. The
connecting rod pair 20b is connected at one end to the saddle 16, and at
the other end to the crankshaft 32. On the input port side of the cylinder
10, the two connecting rods 22b and 22c are spaced apart and each is
connected at oné end to the saddle 18 and at the opposite end to the
crankshaft 32 on 25 either side of the connecting rod pair 20b. The

connecting rod_pair (of0) es two, abutti r ods, ch, ide tlcal I n
shape and str u%‘?ﬁﬂ?%ar%&?ﬁoﬁﬁg& eﬁ%‘B‘t afpprotypes ‘{;ﬁ@e eﬁ%ﬁﬁgg? idspticabipdpalse 224
is connected aissignia nedidlainimgubforibtigintl dandditofthe idasdmdgeTéhgﬁasperét&nt he
crankshaft 30, bet%n t he connecting rods 20a and 20c on each of

the crankshafts ConRRRing; 1ags Aesgmads E ferged tteeh os titaniuny reyinderegad of t he
eyl nder s ar e Ao brMLAMMRLIh MIbP9i8 Brch RS LDAERRC gk eodlal on on
'S

the other end of the cylinders, as shown in Fl G OVI des an

opt i num bal %nc@névctmr%serﬁwfw@el pabing, and rpsankakifis| @fofqrmdu@@shm%mdunt of
part types forgihe SR s mHe! ﬁ@Bﬂ?@kv&%ﬂ%ﬂ@}&% sta"‘lﬁ:ﬁiﬁxufn” mai ntai ni ng

uni form.t her mal ."expansi‘on of "the rods I ne operation. The
connecting rods areﬁﬁméfﬁﬁstefm}{@d'dr sxpphringoarlxqmd mlmobqﬂlspadwﬂsmandm

e oL LA SO R AL L

coolant- 5 co nts of f‘orged
machi ned st eellllustﬁmgllmé’ltﬁr%réfhpanqum amalﬁnﬂ)aaymnjmydlquhd giptidle bfbingedppliyds such

as alum nu for a. I| ui,d coolant to

di spensed E)Bn éﬂg%olﬁétxpl 3 3ﬂ° m§3€enbﬁufgwtﬁﬁcfé¥@gd Eﬁgcﬂ’dtal?ré“?%%} gi ne
gf one Ior rm(r:I emd;dzesrldme?arg swo pbdsﬂﬁﬁﬁe&thdhis fighte(>a s&ﬁ-ce Bhﬁq&:ﬂgbblﬁhtlmohﬁrl:] may
e any liquid ca e 0 ei_ng_ap, 10 to t | stons cooling them
sufficiently fcgpge[cﬁag tqadpraes 'b"B’I‘? Elléf'? © PEﬁ'Br%qgaﬁ%gmBP P?gg‘ﬁﬂ COHMRIE f uel
are two possi kot ekdngsle, d Berttifugal fpuaiiy ovﬂn@okt[lﬁd?cgélaﬂt'lﬂ%éjrﬁ@é"o@@tto?’ﬂfp i's

connected to a gow res%ﬁrl_gp I.gh-vol ume punp 312. The punp {
conprise, for5? eFRgis Which WI‘BF‘GWPMWWQMPGISMP% ing n t he

range of 315t 0 318 toGR¢ hiFhiTolli®06 and 3R *ﬂﬁ‘eser}m;ﬂ%ldsvmgﬁ? aphigﬁ%oiuhﬁ%tqlq%ﬁp' ant
throughadlstrlbutlonllne 15 313 to the manif nd 98. The

mani f ol ds supFPiant 3t faynpreesurnte therdispenserscb4 and 36 and tothe ﬂl@wnpmwgwf@da 835 the
di spensers 24 M@S%@oﬁ@&&&e%uﬁbW@"f%nigﬁﬁ%ﬁbltaﬁﬂ géoifé@ted%gqﬁ%gp%fw gpe or

nmore nodul es 100. The liquid coolant is c ecte
the opposed-piston engine. A pump 317 connected to the sump pumps the collected

liquid coolant through a filter 318 and a radiator 319 back to the source 310. As seen
20  in FIG. 9A, a line 320 may be provided in parallel with the radiator 319. In this case, a
valve 321 would control liquid coolant flow through the radiator 319 and a valve 322
would control liquid coolant flow through the line 320. For normal operation, only the
.- valve 321 would be open, permitting liquid coolant to flow through the radiator 319,
thereby dissipating the heat of the pistons and cylinders via the radiator 319. For short
25  term boosted operation, the valves 321 and 322 would both be open, thereby
-dissipating the heat of the pistons and the cylinders via the radiator 319 and absorbing
some of the heat in the reservoir of liquid coolant in the source 310. Finally, during
emergency operation in the event of radiator failure the valve 321 would be closed
and the valve 322 would be open, thereby temporarily diverting the heat of the pistons

30 and cylinders into the reservoir of liquid coolant.
If an opposed-piston engine is operated as a compression-ignition engine, fuel

injection is the method of delivering diesel fuel to the cylinders for combustion. In
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t he opposed- pi ston engine. A punp 317 connected to the sunp punps the
collected liquid coolant through a filter 318 and a radiator 319 back to
the source 310. As seen 20 in FIG 9A, a line 320 nay be provided in
parallel with the radiator 319. In this case, a valve 321 would contro
liquid coolant flow through the radiator 319 and a valve 322 would control
| iquid coolant flow through the Iine 320. For normal operation, only the
val ve 321 woul d be open, permitting liquid coolant to flow through the

radi ator 319, thereby di ssi pating the heat of the pistons and cylinders

via the radi at 319. F hort 2 rm boost eqd. o era I on, Ives 321
b 325 woul o BB SSRGS AR b IS B ok ABAI HHTEEE ons
and the cyli ndﬁir&hevplatoﬁshqr isaflérafopd pokkiBleald bodibife the Mgkling GA® cVlank Beurlgat i n
the reservoir of liquid coolant in the source 310. Finally, durin
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heat of the pis ons 30 and cylinders into the reservoir of |iquid coolant.
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5 to fuel jectors in se ton_engine .of o cyl.inders is
(i ostrac el iRk PeRiPLRE BSESE bRtk Mt piffandfes TOOCHRAREEG T 5
| ow- pressure, fackkcoltdeieddy apunp 44$2n(lﬁopmbdl-pfsumadngiaurmpmhpmewadtm) whi ch
punps liquid coolant throu t he | fo] ds 96
Pha 98,  These et PismBugpie Fouscdiesst bl eough s izt 48 abil & sidiog Sy,
pressure to thgmckits gRNG®AfE Q4. Anﬁnﬁﬁhaedzrb@araha tbQhél iS4 190is PRcvided) ds 86
and 88 of one r nor e fﬁﬁg)l ne rrec ani sms % The diesel, fuel is collected

by a sunp 415 ‘H"?Sh@n CBP‘E‘{ ofe dsgiohdhe Fdiaton,4 1P and grtwma ding 1420 85 ¢ he

sunp punpsig heexpRide8 ab& ificBmRktidh®ith ter KGN IR bdd 12rin4i6. aAdA Bre@mtipat Or
419 back to the source 410. Areturn line 420 parallel to the radiator 419

i's provided. 4f3icomected to thegouroo Hphmns|diaseldug] daroush 3 Rlterdadiand & 2 Wigh- and

ggtz urn IFll ne g eddire Pan@paP62iviRH b3BQY fhelPlessiRB BE Bl ABlivetddNo thiEinjéRlokE For321 and
in re-pu
examplg the pump 426 may supply diesel fuel at 30,600 psi. The fuel from the pump -

426 is supplied through an input fuel line 427 connected to a common rail 429 and the

20  input ports of one or more fuel injectors 94. The return ports of the one or more fuel

injectors are returned through line 430 to the source 410. An ¢lectronic control unit
(ECU) 431 controls the operations of the one or more fuel injectors 94.

_ Another advantage of an engine built according to this specification is that all

of the bearings used to support the crankshafts and connecting rods may be roller

25  bearings. These bearings may be lubricated by being sprayed with diesel fuel, whose

~ lubricity and viscosity at the operating temperatures of an opposed-piston engine are

completely adequate for their lubrication.

Thus, by way of the pump 412, the system 400 may deliver diesel fuel as a

lubricant for all bearings of the engine, save those in the gearbox 170. In this regard,

30 as diesel fuel supplied from the dispensers, the diesel fuel is churned into a mist

within the engine that spreads throughout the engine and works its way between the
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423 connected to the source 410 punps diesel fuel through a filter 424, and
to a high- pressure punp 426, which boosts the pressure of fuel delivered
to the injectors. For exanple, the punp 426 may supply diesel fuel at
30,000 psi. The fuel fromthe punp 426 is supplied through an input fuel

| ine 427 connected to a common rail 429 and the 20 input ports of one or
nore fuel injectors 94. The return ports of the one or nore fuel injectors
are returned through line 430 to the source 410. An electronic control unit
(ECU) 431 controls the operations of the one or nore fuel injectors 94.
Anot her advant age.of an ine built according to this specification is
that all of t Vﬁf@aﬁﬁﬁﬁagﬁ'&&%}“‘f?}‘ ’BB‘p‘gFFOIE%g@PHW wiihin the SREIRG. i ng
rods may be rolA sinigle &mrdean ihdg Be usth &S SupBRBULHEDIANB indRiblitHE ioAL &iiddy bei ng
sprayed with diesel fuel, whose lubricity and viscosity at the operating
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bei ng ‘appl i ed theGuinp @egibrs35Mitas aneniiadd lopargtingd S gevel B8, D bdured @livel 359 jdesi red

application. Lubricati oil 10 and djesel fuel are two possibilities. In
this figure, aWo'éﬁﬁqa'r’?éﬂ%?ﬂgf”Sseﬂ?l%s%Z\ le¥ediseRsrnp0 ig sentagt widthe Hawd prolant

mechani sns15.00caHeatd i fhe 3uhp WEisE Y Pionddk AMifage B [ltaflsdQf ﬁ@tsmteesﬁtfxé ed by
t he above-descri bed glls%oensers is collected. The |1 quid coolant collected
in the sump r¥YfErass2Rathesavse vle Biehagtanmytiut gprnerted & a3o@-pressusour ce
val ve 359 is Dblafhe] fanip$628 N8k BRSO Rompride® or, Al
contact with tlkilfghll i quie g{gol ant Hondp y omﬁhée, Y& exifipie)’a %ﬁ&fﬁﬁl

pump. The source valve 359 has two inputs, a first connected to a feed line 363 from

the sump region 358, and a second connected to a feed line 364 from a supply tank

20 366 containing the liquid coolant, The pump 362 pumps liquid coolant through a feed
line 367 to a filter 368 and therethrough to a radiator 369. From the radiator 369, the
liquid coolant flows through a feed line 370 to the manifolds 96 and 08. These
manifoids supply the high volume of liquid coolant at low pressure to the dispensers

24 almd 26 and to the dispensing manifolds 86 and 88 of one or more modules 100. For

25 exémple, the liquid coolant may be provided in the range of 3 to 10 gal/min for a 100
HP engine. As seen in FIG. 9C, a thermal valve 372 is connected in parallel with the
radiator 369 between the output of the filter 368 and the feed line 370. The state of the
thermal valve 372 is controlled by the temperature of the liquid coolant or by an
emergency circuit 373. The emergency circuit 373 is also connected to the source

30 valve 359. A level valve 375 has an input connected in common with the output of the
filter 368, the input of the radiator 369, and the input of the thermal valve 372. The
~output of the level valve 375 is connected through a feed line 377 to the supply tank
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15 collected in the sunp region 357 controls a |linkage 361 that selects the
state of the source valve 359. The source val ve 359 has an out put
connected to a | ow pressure high-volune punp 362. The punp 362 nay
conprise, for exanple, a centrifugal punp. The source valve 359 has two

I nputs, a first connected to a feed line 363 from the sunp region 358, and
a second connected to a feed line 364 froma supply ‘tank 20 366 cont ai ni ng
the liquid coolant. The punp 362 punps |iquid coolant through a feed 1|ine
367 to a filter 368 and therethrough to a radiator 369. Fromthe radiator

369, the |iquids ?R{’Lflﬁr%l fiag) FBP Ol ﬁﬁéc?eﬁ% chiY ?ﬁ?eost&t;? 3&' e if%f‘b&l@. ds 96

and 98. These nmani e hi gh vol une o I quid coolant at | ow
pressure to th#3di spensers 24 and 26 and to the di spen5| ng mani f ol ds 86

and 88 of one or ngge, ?Bﬂ%e'# Feger{:rgc% tg'%g%%?h HPaiéyp%g ecis&%gliéﬁseen

be provided in the range o or eng ne
in FIG 9C a ddwetsntht levell ofdigBitPcdolancinrthe singilreigion 57 ahl atlects 2da sduece fordi at or

of the "t net maire GHPb 4o et S shinprionts ) 1 aeBoi i e Mol e opo o

cool ant or by Bv:l Rbegefeashed] teUetel 3éabor e ﬁwmfr@enﬁnkagbrmltb pée thes al so
connected to the source EO val ve 35

e val v 75 has an i np
connected in cIHFENANF tihe prate sthepiit Rla?vs !‘ﬂ%‘g C?crlmtémﬁf 1 thespmp gegign 33? t he
radi ator 369, Bmthea?@ lighidUdooRht Isﬁﬂuﬁﬂ%@'b?ﬁﬁe Wihyy Qﬁﬁﬁﬁ'@ug-ﬁhﬁe fiftert 398tto Qhe t he

| evel valve 375 _is connected t roggh ateed line 377 to the su pIy tank 23
366. The cont ri@fiator A and the thermalyalvs 1dnWhen a glesign epgrating) tem%a@ﬁeaﬂt fdheof the

level valviy 3ifguid Woldht [sichid®dd, bRf tﬁérﬁiapeal&@wﬁi SoseHartidlly of Fill§Po dRlaad | ON,
the | evel sensor ‘360 detects the |evel qﬁﬁd coolant in the sunp

regi on 357 andhsdlowcelsliqud soalantr theougly the @dlam nfhesby regulating thtengiimp
region 357 or tExlﬁgTr&t'dfép IPhe tfl%w(ofgﬁﬁnd Wﬁtﬁ%ttcﬁﬁirﬂ@f bridhi gthL ?éée‘ﬂ'i deasoh ‘?ﬁb

reached, the lev sensor sets the control age p ace the source
val ve in the sdispenseghwherei the diqwik coéleptiid applidda fa remdﬂgp herabrfrqnhéhesgmqmer egi on

357. The heatg

filter 368 to t (gOﬁér;lz‘rigd?fa Q%Vggéf%ﬂ"é@t &? eQ{le SP&VE/’QF@RH §%n'fe€\h %gem gn
oper ati ng tenpevasense 360 cattsesthecbmtqﬂl htﬂcageéﬁhtmtpanalla@bcrebhe&velt»tableﬂﬁﬁatmal
valve wll clos arti.al

I or f dul a f d cool ant
t hrough t he r ad Pm§8©° %@ y JPqF ‘Emﬁﬁ%mﬁﬁgin tratl%ra uré The
flow of |iqui cancenergenty siaatiom wheretzhfsomgd?.sdrjnm feapdrarilynBypasiOtht eadidier 369,

the emergency circuit 373 fully opens the thermal valve 372, thereby shunting the
radiator 369, and forces the source valve 359 to initially draw liquid coolant from the

20  supply tank 366. The excess liquid coolant that accumulates in the sump region 357
will be removed by the level valve in response to the level sensor 360. For temporary
maximum performance, the thermal valve 372 is closed, thereby utiiizing the full
capacity of the rad:ator 369, while the state of the source valve 359 is set to draw fluid
only from the supply tank 366.

5 A system 500 for providing charge air to and discharging exhaust gasses from
an opposed-piston engine is illustrated in FIG. 10. The system may scale to serve one
or more cylinders 10. In the system 500, an air inlet manifold line 534 and an exhaust
outlet manifold line 532 are respectively connected to the inlet port tubes 84 and the
exhaust port tubes 82 of one or more modules. These manifold lines arc preferably

30 mounted outside the engine enclosure. The engine schematically illustrated in FIG. 10
is a turbo-supercharged or supercharged engine. Thus, the manifold lines are.

connected to a turbo-supercharger 536. Specifically, the exhaust gases moving:
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di spensers where the liquid coolant is applied to renove heat fromthe
engi ne conponents. If the level of liquid coolant in the sunp region
beconmes too high, the 15 | evel sensor 360 causes the control |inkage 361 to
partially open the level valve 375 to return a portion of the liquid
coolant to the supply tank 366 after filtration at 368. In an energency
situation where it is necessary to tenporarily bypass the radi ator 369,

the emergency circuit 373 fully opens the thermal valve 372, thereby
shunting the radiator 369, and forces the source valve 359 to initially

draw liquid cogl an romthe 20 ply.tank 366, The excess |iquid cool ant
that accunul at O‘Tgﬁ? %ﬁ@%ﬂﬁﬁ"@gﬁﬁgﬁwéﬁ% driy Flt“fg@erséﬁﬁi}éﬂ’%?) IRPElise val ve
in response t o053 meskahicABEVe a26Rprebidh SHE MM ByresiFRSUIUAWE alrfiRbRBRCE,
the thermal valve 372 is _closed, thereby utilizing the full capacity of

the radiator 381, Inlghling 531 cand; piessurizes the infakgr die befors direding air fothet iplelr aw
fluid only fraphihe 128884 by iR or3hGnterdootét 5365t ESveRttbnhiy, apsfugéégrg&g%b@ ofharge

air to and di schar?| ng exhaust “gasses from an opposed-pisto ne is
i |1 ustrat eddi nequialent gevich may pstconenied bsbrser thointercanter 138 and tharmenifold
cylinders 10. j;h. 3 @J} N ifold line 534 and an
exhaust outlet[ n%%ﬁ???[@;cﬁﬁ%gg% a?lggtﬁrtg}sl g‘%ﬁ‘gg{'y connected to the inlet
port tubes 84 and tQther engingiglemeptsmot inclbdssl iB thedflustrationsrof this firshemholdiasent These

mani fold |ines . : nt Q i de the engine.enclosur.e. The
engi ne schemat F?LI%FEE ﬁlﬁétﬁ?ércé?dgn% gquffé% ci%hgllstgmaestour n‘?s"‘aﬁé‘?@%@@as or
super char ged eogposal-pidthn enginbielnnthiv feghid, thengeaartoxe 170 enpeat sdletcand self-
t ur bo- superchay ger_, 536. ecifically, . the exhaust _gases novi 24,1t hr ough
the ex haus;i &rra{‘lllg*’%qt%is?y noip 832 ?/é%éf'cftﬁ&tff:%aﬁoﬁg‘ﬁ &’Bu‘?@ ?’ga}fn‘”@éﬂ"put
line 538 to nahéraselyaiticguldbe teft dpefi QAP LdBiSaEd byt the cObRNWIGPHYaAGESd taddbal dr aws
air inon an aif Jinlet line 537 and pressurizes the intake air before
directing air %'Blit“?{éca}eﬁ!‘%?*S‘C’%m"F@F@ﬂHa? ‘h%"tgélﬁf'%‘c%ﬁﬁ ERPIAYEdi nt er cool er 539.
Conventional |y, a SdpRgiofRAEIHR! aOthe BMAP iNRERE, HFQIONCR tRBYisf rPRYREdLd
between the intercooler 539 and the panifold line 534 to provide scavenge
air for startif§f ?ﬁa"@ﬁ’i‘?j’?‘i’?e?“‘b‘h?e]m%ﬁ@? EMRArEREnTisesn Jhe | ingrrasingdinteifache
i Ilustrati gns @anelatuse filtifratel,SreR0M iARE floWirg babe it B H&6h AERIRInRBRLO
specific circunstances of each a}){%gl ication of this opposed-piston engine.
In this regar dathenbayfamibsristntathy intafase Asdonsrquerst.ithadngsabiengan @dl by oi |
or may be | ubrigafsemh. %%Hﬁﬁ_iﬂé Sla¥inflnP Ho& R b6kt Bfthd DRiENHIRs of the piston

skirt and crown, the only remaining piston surfaces to cool are the exterior surfaces of

the skirt and crown. The exterior surface of the crown is a component of the

20 combustion chamber and is only marginally cooled by combustion gas expansion and

scavenging airflow; this surface is otherwise inaccessible to external cooling. In prior

art engines, the exterior surface of the piston skirt is also inaccessible to piston

cooling because the piston is encased in the cylinder. However, with periodic

exposure of the extemal surface of the piston skirt by substantially withdrawing the

25  piston from the cylinder bore, that surface is available for cooling. As a result, on the
‘order of twice the amount of heat transfer is achievable when compared with cooling
only the inside surfaces of the piston skirt and crown.

A Second Engine Embodiment

In an opposed-piston internal combustion engine, the cylinder is subjected to
30 non-uniform thermal stresses as a consequence of combustion during engine
operation. Consideration of the first embodiment described above has lead to the

 realization that such stresses may not be adequately controlled in all cases by directly
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Alternately, it could be I eft open and |ubricated by the cool ant/| ubri cant
used to cool and lubricate the pistons, provided that a suitable |ubricant
is enployed. In prior engines, as the BMEP i ncreases, friction at the
piston ring/cylinder interface increases and the interface tenperature
rises. The increasing interface 15 tenperature ultimately results in heat
flow ng back into the piston fromthe interface rather than fromthe piston
to the interface. As a consequence, the rings no | onger cool the piston.
Assumi ng maxi mum fl ow of coolant to the inside surfaces of the piston

skirt and crown, the qnly remaini pi.st.on sur aces to.cqol are fhe.
exterior surfa "Bf‘g&e ét e ghlie & ]H\%Ffw*fth%aégﬁzﬁwﬁ‘?lmgﬁrsfr obliquiqd,e

crown i s a conmpsyant whith &&ﬁsz&de@éﬂ)ﬁsﬁﬂ 188 oaRRIEREaRN@wail 98 IbsiomI i hel |y
cool ed by conmbustion gas expansi on and scavenging airflow, this surface is

ot herwi se i nac&didem [ the atharand, it deoplsp deen APRPaiged that fheopigioRduay phe
exteri or sur f aggqliely RGo1ed GidePcirichs bfhigh BUEFRAGARSBIMGoh 6f Bictlofets

cool ing because t'he piston I's encased in"the cylinder. However,

peri odi ¢ eﬁpogﬁhcélidﬁooiahbtoéb@'@Challrf%mffheplswﬂ CIava. pi st on skirt by
substantially wth Ly

surface is avail abﬁ;}?e%éo{rﬁgi szesleﬁta egl?ﬁﬁm%%&%l h c]grg*ﬁgqt ﬁ[pw ce the
anount of heat pistoamgémal qombasﬂmneuabbmmelnﬂmmqi@p&mmhasmtum@ inght¢ y t he
i nsi de surfaceg ,0f the i ment

I n"an opposed: oBE siFURRER oS i PRl Rautba BB OB SPBEL O
to 30 non uni fiquidncodimt paér the lenﬁre e&cmsfeancmmthquelncmrﬁtbe of)tlbmglimchn thohtir | ng
engi ne atlon gﬁ_ cjl der of the first enbod ggag :%1

has Iead t th?éa”’ B STPIR; a8 af F‘“é*ﬁ%ﬁ" §"t‘?%"§s"é’§y'ﬂ%§mﬂ‘6‘ls Hady e&l‘i/
controlled in ailibr maseamgytodtermtdymmeﬂﬁ: l’fdaﬂﬂﬂmbﬁ@pdﬂﬂ&h@uﬂﬁﬂerslﬂicaﬁmnr@f t he
cylinder with | ar vel ocity stream of uid .coqla whi ch tends
03 dotach 1 orieHEIG iR GHRR A SRR | s iRty gt on
the ot her handrediided Wl thickfiesd aCthe PsrEGb R Q8 bfjRicatidieofidietbed joiRyf Rguid
adequat el y cool ed under conditions of high BVEP just by appllcatlon of

directed jets coplapt to theyopcl) surse ghthe C9WWine pack surface of the piston crown.

These i nsi ghts haverﬂeeaasénwoftth&nﬁ@ﬁd@zﬂnfahnﬁeﬁqwsylﬁaa%a%ﬂhalqﬁst@ﬂon
opposed- piston internal conbustion engine in which thermal

non- uni f or mi t i ekthe pistencroewn @H“%@ME@WW\‘&@F a as@lmqnwpm fcbetyeen cylindes t
substantially §&£dUGEdildn IRB hitRkaP RoRT of f4s8@ BetRberP the cylinder and pistons

(“blowby™} during compression and combustion. With the geometric relationship

between the connecting rods, saddles, and crankshafts in the first embodiment and
20 improved control of thermally-induced distortion,' the second- embodiment engine
operates with reduced piston side forces and may operate with ringless pistons.

The second embodiment opposed-piston internal-combustion engine includes
elements that correspond in form and/or function with elements of the first
embodiment described above. Nevertheless, for clarity and ease of understanding,

.25 clements of the second embodiment are numbered independently of the numbering of -
corresponding elements of the first embodiment.

FIGS. 11A-11D illustrate a cylinder 1100 useable in the second embodiment
of an opposed-piston internal combustion engine. The cylinder 1100 has four parts: a
cylinder liner 1102 formed as an open cylindrical tube with a cylindrical bore 1103,

30 an exhaust manifold 1104, an inlet manifold 1106, and a cylinder sleeve 1140.
Preferably, the cylinder 1100 is made from aluminum, such as a high-temperature

aluminum alloy, and it may be cast as a single piece, or assembled by fixing the
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liquid coolant over the entire circunference of the outer surface of the
cylinder that 10 vary in direction and areal density to renpve varyi ng
anounts of heat in order to tailor the cooling to the non-symretric heat
distribution in the cylinder. In addition, thermally-induced distortion of
the piston is reduced or elimnated by provision of a. reduced wall

t hi ckness at the piston crown and application of directed jets of liquid
cool ant to t-he back surface of the crown. 15 The absence of thernal
non-uniformties in the cylinder and thermal distortion of the piston
crown at high BMER resuylts in ightly controlled fit between cylinder
bore and pi st oAl r#ﬂl nihd ﬂ?Qﬁtthftgﬁa%Yi’égerbélF%ehl"tohé“‘é)ﬁb?%(ﬂi‘lmgaﬂ@t
pistons ("bl owlsassemdly ol SRERMARS SThSE\Iine@ TS 1 102N ThdYohfinddifal SEeREt i C
rel ationship between the connecting rods, saddles, and crankshafts In the
first enbodi nmeRtthgryingder linep} Ki2dsalee be daneitudinal pais afitbe g¥lindeutld8. di storti on,

the second enbodi neg} peRGbdiGn 11691 PhCe W iltet AAHITE: RhSkPBuhdl GohGeS and

may operate w th ringless pistons. T'he.second enbodl ment oppos pi's

i nt er nal - cofrbugensttited od ia nerias 9f cinemfereptiallyspacsd henings d 1 0% B0 Al exhaust ondn
and/ or functiofyy i (eletel g e.
Nevert hel ess, foory_é:q}gﬂ:)?&ﬁanlgmggls%faﬂeuéﬁrgé?esrﬁland| r?gméé‘gg?@%‘écﬁﬁ’g“g‘? the
second enbodi neenstitated of indzeeedf cinmkefenantatiyispaced opéringsulrid@ memroarofnlet end

correspondi ng f.t Y enbodi FIGS. 1IA-11D illustrate a
oyl | nder 1100 (LZAERS ohirecfion o Hhe EHAGR MBn{I0S GpE e At 3

i nternal conmbutlBonCembistien gdsee spitaling thevardlth® @xlianst ehd U E0PEA the cylinderditler Nder
l'i ner 1102, for as .an_open cylindrijcal tuypbe with a cylindrical bore 1103,
30 an ex hatljést i%fiﬂ’“ﬁ(gﬁt, le gF'?ﬁr@[y ?fﬁrﬂfﬁ% W\?Tfﬁ%l,‘“eéry{élbgnﬁ?%}e USE| eeve
%14% Pref er ainh!y‘ifoldll heomwimnfiﬁr, e&&lﬂ@%dnﬁlgnﬂdﬁ dgrmméttﬁmnum ﬁylcahaﬁ@e@

I gh-tenperature, al um alloy, and it may be gast as a single piece, or
assenbl ed by fYBEFFAR F’ir’pepﬂg]éa ]i‘igl? Bregrurizermr é‘?fﬁm&irﬁ% thednleh%or&ﬁthr@ﬂglu eeve
1140 and then fhe¥ilagmddifald 1198 k&Sl idtolRe 6416 1003181 spithil Bfebrid tolvh@ iy | nder
i ner 1102. The_ | ongi tudi nal axis of the cylinder liner 1102 is al so

the | ongj t udi nehauskFad 09 ﬁéa&ﬁ‘ﬁf‘%g\éﬁi"&ﬂéb‘? ofnthe jgplinder; ings 1142, mumber pA t he
cylinder |ignermdeh@ RAingd 1 EPNAY ProviRilin hQRumR&RIS Lelghdte€ daLkad ofi€ bt €S Of
circunferentially-spaced openings 1108 near an exhaust end 11?)5'2)1 o? t he
cyl i nder | i nerthe epeningsf dlé&serqivrsarfugliinjecton awbat dgastoonia sthenof the bpeningsdi161107
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
20 sensor, and one opening 1116 for receiving a temperature sensor. |
The curve 1200 of FIG. 12 represents the average heat flux across a
longitudinal trace on the inside wall of the cylinder liner 1102 during engine
operation. As the curve 1200 shoi:ﬁs, the-'c_':ylinder liner 1102 is non-uniformly heated
with respect to its longitudinal axis. The cylinder liner 1102 has its .greatest heat load
25  inits central portion 1114, where combustion occurs, Also, the end portion of the
cylinder liner with the exhaust port 1105 experiences a greater heat load than the end
portion with the inlet port 1107. Thus, in order to minimize non-uniformities in the
temperature of the cylinder 1100 and resulting cylindrical non-uniformity of the bore
1103, the cylinder 1100 shouid be cooled in a tailored manner that accommodates the
30  non-uniform ways its portions are heated during engine operation. That is to say, a
system for cooling the cylinder 1100 should provide a greater cooling capacity to the

portion of the cylinder from near its axial center to the exhaust end than the portion

27




constituted of a series of circunferentially-spaced openings 1110 near an
inlet end 1112. Each opening 1108 of the exhaust port 1105 has a ranped
~downstream end 1108r. Conbustion gases spiraling toward the exhaust end
1109 of the cylinder liner 10 1102 are diverted at |east generally out of
the cylinder liner 1102 into the exhaust nmanifold 1104. Simlarly, each
opening 1110 of the inlet port 1107 has a ranped upstreamend 111 O at
whi ch pressurized air flowing into the inlet port 1107 through the inlet
-mani fold 1106 is diverted into the bore 1103 in a spiral direction toward

the exhaust end 1109, At centra 114 of th der |i.ner
1102, a nunber Tm gt jth axiafieep st e %E&tfﬁsméé oY fighest cooling

ci rcunferenti akapa BB e Meoentih! poftdhlof MBRyMider.t he openings 1116 receives a
fuel injector, and at | east one other of the openings 1116 receives a

sensor for sensing Brasditiondpanigimipge dsneancynsfeamitigy i gdinderawall fegpgtature
tenmperature. | Qloh%ﬁleqar{guﬁ&kﬁm éxisrmhel%ﬁgde% B P bauddd®y RhdRyiRE heat Blix snsﬁgpl e,

t wo openlngs 1116 for Teceiving f I njectors, one opening 1116 f
recei vi ng aSpr 8vtaris thae existiso poteatindl foyme Cl@p‘@lfﬁfﬂ@tlai tergperapre rvadation lﬁgtha

temmer ature Seaafli: JAF Ul VA8 hoflfx Fnd SIRARTBIATR AGhIGE o2t

flux across a ongi tudinal trace on t l'iner
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1102 is non-uniforny.heate |t espect. |1 S: ﬁfﬂ 4 The
cylinder Iiner Seﬂuirl‘?ﬁ%ﬁ%%e"f l(‘}:jir%éa Oe@ B ea"{lrcf"glgeaé@gi tlgﬁlglfr S ce%t %Brt I on
1114, where cotﬂnslsylhrmncﬂomnfbﬁquIusme ceiiteal podiopdi 14 the coblinghaljacent tortighse | | ner
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non- uni formtlﬁaUeausrb@mterrperature of the cylinder 1100 and result| ng
cylindrical non-uniformt of the bore 1103, the cylinder 1100 sho d be
cooled in a tail or et REYHE2 failgre gefé’ﬁwgﬁﬁé' ?th’é‘eﬁ%tq%%g?ﬁﬁ + AR its

portions are hF@ bedd &Lﬂhmﬂﬁlseﬂglpﬁﬂu&ﬂﬂin&hb olitsidé ka#fadeSl 120 oF e csdmderyl&ieem for
cooling the cylinder 1100 should rowaa; a gacéater o%? %ée; Ci %’to t he
portion of thelt4z Refguinere SI9SddA, | 1B, and 1 LD, adiskeroun | g‘%ﬁ“’ 8 t han
the portioms 27pdsr [&marndltﬁéo@gsu@&urﬁ@@mb fcdn EH&QeﬁEﬂl%&ﬁ%ﬂdllﬂ&@aﬁﬂﬂéﬂ d
provide the highest cooling capacity to the central portion of

cylinder. In a@dﬁa@st@ﬁrttié%mami mswnﬁgwnelmfuwﬂleﬁeﬁgfqow }147 gpiral ﬁ’d’@%ld val |
tenmperature *hgrlﬂts?&esulrﬁ&g'lfi@ﬁ&ﬂlth@&nﬁ'apﬁorﬁ&?lfw {oRART thd 106 sRUSRSY. DY the

varying heat flux a
Each groove of these two groups originates in or near the central portion 1114,

ot

follows a spiral path around the outside surface 1120, and terminates near a respective

20  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 numei‘z_il 1129, communicates through a drilled radial
section 1130 with an end 1127¢ of a groove 1127 and penetrates the edge 1131

| - 25 through hole 1133. This enables a stream of liquid coolant to flow from 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 liner, 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 from the central portion 1114 to an end

30 portion of the cylinder liner 1102, enabling cooling of the respective corresponding
portion of the cylinder liner, and thereby, of the cylinder 1100 itself. There is a pitch,

or spacing, (which may be constant or varying) between the grooves of each group
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5 that axis, there exists a potential for a circunferential tenperature
variation in the cylinder wall even with uniformheat flux if the available
cooling is not uniform around the circunference as is the case in the
central portion 1114 due to the sequence of openings 1116. To mmintain
circunferential tenperature uniformty, and thus cylindrical uniformty,
in the central portion 1114 the cooling adjacent to these 10 openings 1116
nmust subsume the cooling that woul d have occurred had the openings not
been present. To provide a tailored cooling capacity that meets these

goal s, a nunber, e or chanpel s ar € ,BLoy d d t he out I de, surface
1120 of the cyl |‘g§1erlg ﬂ‘t?é’es ?zﬂ&‘&ﬁ?"rl?g "% * % L the cpiira Qﬂ’fﬁw&lD a
first group 112214)lfovwafdlheleﬂmeﬂegd pmgegleaém&ieﬁp&aifoakheagf&mdzsbﬁgrewe‘él de
surface 1120 fromt.he.central portion 1114 t 8 exhaust port 1105,

and a second gFoing emdpe ponfral rostionl L # dewas “!Fl‘EJFt E‘}ﬂ 2. A o rsailt, more
out si de sur f ac¢iqdidl 28olaftodBntatie tlﬁ:Qﬁﬂhh@dr 1R pdr@éh dvket 4 1hQUaNuffale \Red MEREIRRO"

1107. Each gr(t)heve of these two groups originates in or near the central
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term nates neafhe?eb&m at€PeddBhf caphORy fol HR7 1Hde? hﬂ%o'n?cﬂl tﬁﬁqhélllc%cfs]

section. The drille section of edch gro nicates w
drilled axial H§&rheust port é’(ﬂi H@eICG@lgmttlmﬂmﬁeIOpomtt midrthernfore ha,sltllengteatedtl ner

R

i ndi cated by reference n throug f adi al
section 1130 whylindemrlinend102]1wheee thf:caoigugcoqwem&ﬂt? aartHe pegtedtr Btdlerhive, thelge

1131 25 thgeug T, trea ui 0 o flow
fromthe bggl n%oﬁgéswgﬂerao%ébﬁn@%fe’ %gcué’?ataﬁce ¢ TR ngqgg%[fimg @%&4 €al ong
the spiral of bokad m&vbClt}Ouﬁﬂld caolamemﬁemthevgoem aad thdiefore\thé rede bf héatler
1102, through Sglnnﬁ,1 t he..c Ilnd. r %.) %]zzi out of & hol e i

edge of the cylTh 1?8511 BRI P h‘ﬁ spiraberoguyes ds settahle ysba wi Bnducts
an aggregate fiangv:bg‘/vhry\ipg dly(xﬂ()iiladiﬂthé nafibéer iaRfAhded! grosvies,i the lehgdhdofttRe an end

30 portion of the cy B éﬂ 1102, enablin coollngﬁof t he respective
cor r espondi ng E8BYF Ft & §1oPKete the) sTRtsrsectignal aa plopg theylengtheofdhe | nder

1100 it sel fs T@emslaﬁdalereb&s:h,ﬂowqﬁtesxﬁa@herwam{cm ch may be constant or

varyi ng) between the. grqoves of each group and the pitch for the
grooves of the grogﬁ'lp%“@f%ﬁ@%dlﬁrémstﬁﬂ b‘é?\tar@i'F [ﬁ‘?‘ﬁ’l efngroaves 4 13%war d

the exhaust engtehliORoiri heoutstde3arthdee! 120%if And Bnthl Borlb OP 1@ finddr 1HePOVES
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
20 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. 11A, each cross portion 1138 ié positioned immediately adjacent an
opening 1116. In operation, liquid coolant introduced into each groove 1135 at the
25  center of its elongate portion 1137 flows through the elongate portion 1137 toward
each cross portion 1138 and then is exhausted from holes 1147 in the cylinder sleeve
1140 at either end of each cross portion 1138. Thus, liquid coolant flowing in each
groove 1135 has a longer flow path at each end 1138 of the groove, near an opening
1116. Consequently, each groove 1135 provides a greater éapacity for cooling at the
30 hottest parts of the central portion 1114, near the openings 1116. The cooling capacity
provided for the central portion 1114 varies with the circumferential distance to the

~ nearest opening 1116 in the central portion. The cooling in the grooves 1135 is a very
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extending fromthe central portion 1114 toward the inlet end 1112. As a
result, nore liquid coolant contacts the cylinder |iner portion over a
| arger surface area including 5 the exhaust port 1105 than the cylinder
liner portion including the inlet port 1107, thereby providing greater
cooling capacity for the cylinder liner portion that includes the exhaust
port 1105. 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. Furthernore, the 10 grooves may have vari e Cr.oss tional -
area al ong the?ffecpéqa&Cﬁh%eﬁaqeﬂg%ffewgwmﬁwqtg@a} e fisty @lglmemgsc}ﬂ T frat
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| engt h of the Y15 grooves and the cool ant ow rate into the channel s.
Still refer¥i nepntepofsacisend 13 befdr; flawidg toithy tips aftheratdgr oup of grooves 1135
extend around the o t
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l'i ner 1102, an é tﬁ%‘?% %nlegeémg ??@aus anose ggﬂﬁlﬁﬁﬁeﬁoﬁgat ed
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each groove 11 at the ter Its el ongate partio ?

through the el bi¥§d0% %o }" lﬁ?ﬁtt"%%arl’eﬂ’ec'ev&&?"é‘?"ﬁ LU "ﬁ TE‘% ﬁ%’d t hen

i s exhausted fgnmkalteeadnl dthet Ehct Rethe Whiiie ling! E0L by &élaﬂ.gatT@emb@rtheend of
each cross portion 1138. Thus hEUId coolant flomnng each groove 1135
T

has a | onger f9$*bapshandindgt 04 png 116 andcthy e Slﬁ‘?—)’&r”éﬁ’l oy i g

1116. Consgq ueg}&&%s 168, 9193/13133 %fﬁngw\% aﬂqiuﬁ%%ranpme&grwveg Ks
cooling at the 30 hottest parts of the cGentral portion 1114, near

openi ngs 1116. bevherBiofIGad ,aﬁbeéyltnﬂer%?eﬁmb@dmﬂbﬁiesmes L% 1144, Mlh‘*én 1114
varies wth thggi 858‘1 ffs?&ltlﬂﬁed%vélt ﬁQ%leﬁrﬁn%QPa 1 1@@09&@'195‘9@%%&6 in

the central porti ng 1 n the grooves 11 s a very
central portion 1114; each port 1144 is posmoned over the beginning of a respectlve

groove 1127 near the central portion 1114; and each port 1145 is positioned over the
20  center of the elongate portion 1137 of a respective groove 1135. Liquid coolant flows
into grooves 1123 and 1127 through ports 1142 and 1144, near or at the central
portion 1114 of the cylinder liner 1102, and flows in streams through the grooves and
the drilled channels 1129, and out of the holes 1133 in the end edges of the cylinder
liner 1102. Liquid coolant flows into the grooves 1135 through ports 1145, and flows
25  in streams through the elongate portions 1137, to the ends 1138. Holes 1147 provided
through the cylinder sleeve 1140 are positioned at the tips of the ends 1138 to permit
liquid coolant to flow out of the grooves 1135. As best seen in FIG. 11C, the ports
1142, 1144 and 1145 receive couplings 1148 mounted on liquid coolant supply lines
1149 that connect to a liquid coolant supply system as explained below in connection
30 with FIGS. 16A and 16B. Three liquid coolant supply circuits may be provided in a
liquid coolant supply system to supply liquid coolant for the three groups of grooves.

Each circuit is connected to a respective group of grooves by way of the ports that
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effective, localized nethod for renoving heat fromthe area of the openings
1116 that is not accessible to cooling by the group of spiral grooves
1122, 1126. The effectiveness of heat renoval in the central section 1114
is due to a stagnation flow pattern of the coolant occurring in the zone
where the coolant flows to and touches the 5 center of each end 1138
before flowing to the tips of the end. Assenbly details of the cylinder
1100 are seen in FIGS. 11A-11D. The tubular cylinder sleeve 1140 is
received on the surface 1120, centered on the central portion 1114 and
extending to and neeting. xhaust .and..i nl.et .manifql ds 1104 and, 1106.
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FIG 11 C, the ﬁ 3
li quid cool ant 11§ 132 Iys the shapeootianserolligmades fo induee swirioe @f w@rsdmmwppl y

system as explmefa&eb | itk Nedn@onRE! tPbuIdh Wik :L-Fz@d ree
| i qui d cool ant su‘gF dgﬁ’m r cui ‘t:s na %be provi ded&l Eé&ﬁnrgl% 3{'}& nt supply
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system to suppheit Wenpvg and anbsncesh éomlms@en §fftsignsy. olf)ugf& ddS®end 1154
connect the exhaust and inlet manifolds 1104 and 1106 to a system for discharging

20 exhaust gasses from and providing charge air to an opposed-piston engine, such as the |

system of FIG 10, |
As seen in FIGS. 11B-11D, the cylinder sleeve 1140 includes one or more

openings 1156, each aligned with a corresponding threaded opening 1116 in the
cylinder liner 1102. One or more fuel injectors 1158 each threaded at its nozzle end

25  are mounted to the cylinder 1100 by being threaded into openings 1116. Each fuel
injector 1158 is coupled at 1159 to a high-pressure fuel line 1160 and may be
provided with fuel by a system such as the system of FIG. 9B. The cylinder 1100 is
provided with mounting tabs 1164 that are received in a frame (not shown in these
figures) when the cylinder 1100 is assembled into an opposed-piston engine.

30 FIGS. 13A-13E illustrate a piston 1300 useable in the second embodiment of
an opposed-piston internal combustion engine. The piston 1300 is preferably ringless.

The piston 1300 has a cylindrical section 1302 with a closed end that forms the piston
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Each circuit is connected to a respective group of grooves by way of the
ports that 30 comrunicate 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 flow ng out of the grooves
on the outside surface 1120 of the cylinder liner 1102. As per the
description of FIG 9A above, the liquid coolant may be collected 5 by a
sunp in the engine. In this case, sone portion of the |iquid cool ant
expelled through the holes 1133 at each edge of the cylinder |iner 1302

will fall on the o urfac the op I ston not shown
' Free 1ia 0w 1@ e indioebieuck Eftehas b Spsr @8 3360 BornEr B 5001 | ng
and | ubri cati ngaoBhane périvh € g liﬁdrﬁ*:gl seBiikGi 1302 QReAdAE om Y trewnatoyel y, the
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the cyl i nder fhiswal impadarini 6f ool 4R vBifsovedmpmdesinecgiothile cooling

the crown by direct impingement of one or more jets of liquid coolant on the back
surface of the crown. Since the deformation is substantially uniform, the cooling may
be tailored to the substantially symmetric heat distribution in and adjacent the crown.
20 But a thin crown potentially weakens a piston precisely where the greatest
pressure must be accommodated during combustion. In the piston 1300, structural
robustness at the crown 1308 is assured by the provision of load-bearing elements or
members that extend between the crown 1308 and the sKirt 131(;) to transfer the load
brought to bear on the crown during combustion to the skirt and other elements of the
25  piston. With efficient cooling of the crown 1300, it becomes less important to transfer
heat through the piston skirt 1302. As a result, the skirt 1302 may be made thinner,
than otherwise would be necessary thereby lowering the mass of the piston and
enhancing engine PWR.
Further benefits may also be realized by allowing the piston support structure
30 to deform elastically in some manner during engine operation for the purpose of
regaining and/or maintaining axial alignment between the piston and the cylinder as

the piston reciprocates in the bore of the cylinder.
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30 FIGS. 13A-13E illustrate a piston 1300 useable in the second enbodi nent
of an opposed-piston internal conbustion engine. The piston 1300 is
preferably ringless. The piston 1300 has a cylindrical section 1302 with a
cl osed end that fornms the piston 31 crown 1308. The cylindrical section
1302 has an open end 1309 opposite the crown 1308. The portion of the
cylindrical section 1302 extending fromthe crown 1308 to the open end
1309 fornms the piston skirt 1310. The | ongitudinal axis Ap of the
cylindrical section 1302 is also the longitudinal axis of the piston 1300.
5 In order to oper atBheetioent 1308 HasVak R i : i must
retain at |east substantially cyli ndri%ggrédéym%ﬁ@%%agt%&gllﬁtgg@tn‘Bay
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assured by thel3gdfitld it @wakdRe op&AL | [4: erg t ext end
bet ween thgscrown 1308 and tahe sl1<)| rt n?g%@'ggg@%%g?oéj%mﬁ%ediﬁ Iggé gdgnt to
bear on the” cr TGN O AYFrcisHebibe ppsn end 1308. The ribs E32d abboltave eh exENG:SGe@f t he

25 piston. W téndedobi&bent HeQoli 1300, .it mes | ess
i mportant to transferg heat Q?ﬁ?‘%%gﬁéotsigﬁ&?s %ﬁﬂ%’%r'ﬁl bfﬁsolgﬁg satyeaded ¢ the
skirt 1302 nmylOBEr #HMET apRYve327 aHdncotired on sie: MagihdinaPaie A8 SHRBm thiier eby

lowering the r@swn @304 Ne Bbs 1993 #Aer the axial loads exerted on the crown 1308 during
engine operation to the skirt 1310 and the cylindrical boss 1326. The precise shape,

20  extent, and number, of ribs 1322 may vary according to engine design and operating
specifications. The crown 1308, the upper portion of the skirt 1310, the ribs 1322, and
the cylindrical boss 1326 are formed as a single crown unit, with the lower portion of
the skirt 1310 formed as a single cylindrical unit and joined to the crown unit at 1325,
The crown and cylindrical units may be made by casting and/or machining higil-

25  temperature aluminum or steel alloy and joined by brazing, .welding or threading.

' Still referring to FIGS. 13A-13E, the cylindrical boss 1326 has an internal
fluid accumulation space 1328. A number of holes open through the wall of the
cylindrical boss 1326. The holes include circumferentially spaced first holes 1329,
Each first hole 1329 is positioned between a respective pair of ribs 1322 and is axially

30  inclined so as to open through the cylindrical boss 1326 at a slant toward the back
surface 1316, The holes also include a plurality of circumferentially spaced, radiaily
disposed second holes 1330 that are longitudinally spaced from the first holes 1329
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enhanci ng engi ne PAR. Further benefits may al so be realized by allow ng the
pi ston support structure 30 to deformelastically in some manner during
engi ne operation for the purpose of regaining and/or naintaining axial

al i gnnment between the piston and the cylinder as the piston reciprocates
in the bore of the cylinder. 32 The crown 1308 has an indented, bow -shaped
contour 1318 that may correspond with an identical contour of an opposing
pi ston in defining a conbustion chanber when the pistons are at or near
top dead center in the cylinder 1100 The thickness of the crown 1308 at
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1310, the ribs 1 th i ndrical boss 1326 are fornmed as a single
crown unit, wif ‘i’zfzﬁ% ?"g\ﬁé‘i’no g?ﬁlon of the skirt 1310 formed as a single

cylindricalisunit angs mynﬁchpp@cfai&e wittomMeretite tto FIG.3DE: andTIBE, alicosvd 1304
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t hreadi ng. surface 1316 of the crown 1308. The bore 1332 of the rod 1331 communicates with
the accumulation space 1328, and liquid coolant introduced through the port fixture
1350 flows through the bore 1332, into the accumulation space 1328, and out of the
20 first and second holes 1329 and 1330 onto the back surface 1316.

Referring now to FIGS. 13A and 13E, the application of coolant to the back
surface 1316 of the crown 1308 may be understood. The ribs 1322 define a radially
symmetrical ring of chambers 1351 on the back surface 1316 of the crown 1308. As
coolant C flows axially through the bore 1332 of the rod 1331, coolant is diverted 6ut

25  of the cylindrical boss 1326 and through each ﬁrét hole 1329 in an axially inclined jet
J1 directed toward a portion of the back surface 1316 in one of the chambers 1351.

As coolant C enters the internal accumulation space 1328 of the cylindrical boss 1326,

- it impinges axially on and cools the central portion of the back surface 1316. The
coolant C is diverted radially across the central portion of the back surface 1316, and

30 flows out through each first hole 1329 in a jet J2 directed substantially radially with
respect to the longitudinal axis A,. Each chamber 1351 receives a turbulent axially
inclined jet J1 of liquid coolant ejected through a respective first hole 1329 and
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Still referring to FIGS. 13A-13E, the cylindrical boss 1326 has an internal
- fluid accunul ati on space 1328. A nunber of hol es open through the wall of
the cylindrical boss 1326. The holes include circunferentially spaced
first holes 1329. Each first hole 1329 is positioned between a respective
pair of ribs 1322 and is axially 30 inclined so as to open through the
cylindrical boss 1326 at a slant toward the back surface 1316. The hol es
al so include a plurality of circunferentially spaced, radially disposed
second holes 1330 that are longitudinally spaced fromthe first holes 1329
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end section 13?1?359%%% génsz?%nsldli%s 1]332%7T;{§n3g't{]3el rod 1331 is [ocked to the
pi ston 1300 byrﬂ? t hr eaded not° 1335.7<1¢ E51310e dhus, duringomgineg@ermtion, 13D, a
saddl e 1345 i hepisforf m&istomworeﬁuehaé&edga&%ﬁ i€ cod O %thby'a

t hreaded centr | ece 7. to the threaded en section J{%ﬂ%o F ecrod
1331. Locki ng %‘ikgg“%“zt’s']’iﬁu"%‘zf@ tﬁwg%h%- dhetviseositii dnd pressuonof thd 8dolantet ai n

the saddl e 10348 ol thédiapiesck06r e Mst afdd RESond THole oSmiybEGsed (Lo the
34. 15 As may be apprgg?ggt éﬁp\%’%ohm‘lr'ye SV EIEdOt o

end of the end_secti 13 A y
FIGS. 13C and 13E° W’ﬁ@‘??‘if&%ifgeaits in the d¢qal flew of the conlam atithimthel ehambers 1351 | east

one directed j aid ahinst the GakbueRQd A1k, AR ik ‘,Qfﬁ{so face 1316 of .the crown
1308. The bore 133éﬂ$f the rod 1331 com’}u%?%a es mvﬁﬁﬁerﬁ]f’ﬂ%?s GRS ©f on

space 1328, anti€|Pgianttocontuch heatavaydinne dhe backsgHadehiS |pantl thi Xy &F thd 350
flows through ¢Haembb@nesil3fR Adwia C;Qfl?ge Lation space 1328, and out of
the 20 first and second holes 1%2 an‘%g%gg%l ls’or%i]]ts ‘ﬂf’ﬁge‘ﬁ esue 3 Bighrafe 15,
Referring hbw $dieptremoval fimmdhelcroom, 1308 e Thqptsist aid [2arohinfa®d indeQnithe back
surface 1316 Ofack BGfAt WMk, 1 under st pod.. The, ribs 1322 define a
radially symmetrical ring %Eébtﬁgﬁ%‘gﬁ'g i1y Sﬁt%f’ fiest pak secend holesel 32381 of t he
crown 1308. Asl330 is settable over a wide range by varying any or all of the number of holes, the

diameter of the holes, the axial orientation of the holes, and the viscosity, pressure and

flow rate of the coolant C into the piston 1300. Preferably, the coolant C flows out of

20 the open end 1309 of the piston 1300 to be collected with liquid coolant flowing out
of the cylinder 1100 by a sump.

Th_us, a thin crqss-section and cylindrically symmetrical delivery of jets of
liquid coolant directed at thg back surface 1316 of the crown 1308 assure uniform
| cooling of the crown during engine operation and eliminate, or substantially reduce,
25  swelling of the crown and the portion of the skirt immediately adjacent the crown.
Cylindrical symmetry of the piston 1300 is thereby maintained at high BMEP, which
supports ringless piston construction and operation. According to an exemplary
piston design utilizing such jets to control thermal distortion, the differential
expansion of the crown relative to the lower cylindrical portion of a 3.8” diameter

30  piston can be maintained at less than 0.001”.
The construction of the piston 1300 also mitigates another consequence of an

opposed-piston engine of the Bird type that arises from the rigid interconnection of
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coolant C flows axially through the bore 1332 of the rod 1331, coolant is
diverted out 25 of the cylindrical boss 1326 and t hrough each first hole
1329 in an axially inclined jet JlI directed toward a portion of the back
surface 1316 in one of the chanbers 1351. As coolant C enters the .internal
accunul ati on space 1328 of the cylindrical boss 1326, it inpinges axially
on and cools the central portion of the back surface 1316. The coolant C
is diverted radially across the central portion of the back surface 1316,
and 30 flows out through each first hole 1329 in a jet J2 directed

substantial ly radi.al | ith r ct to the | I tudi nal ,axis A Eac
Shonber 1351 r Sedeesand d srnERRSls el fifis oY el BRisTening AR
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t he chanber 1351, and then out of the chanber 1351 along the inside
surface 1324 ofamnge bgldceqmmadated tnh gempliance i e guprotio plaichitresopf cithasethp st on

1300 is cool ed ] i «j H »l i <strike
the back surfgf:neéld 316&,}& B‘g?ta &eelgﬁh{tsﬁiggggbg&%%?g& 'Ir' fgﬂ\fgé%gﬂﬁ{ %ftn%%?lggsur e

of the cool ant on @isplagameknt (o€ adloadask structugé pehanit jlpadk In reempaiison dohBird sthg 329
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As is known t uthetsupprrestawivas of thetdisore hyp penntiging fllexing eof dxotubmlar tod B3hduct

heat away fromthe back surface 1316 an S] .ch er: 351.
The 1 ow'rat o KFPTNS & SaTion e Ritni R Eer}rS Jindl gt §F JRGSRA
15 of heat renbd3eilantltigiviigidingioms of feSylindee 1]@Ls J| and J2 are ained to

I mpi nge on the bac urface 1316., Thus,.the.cool.ing capacity of the first
and second hol es 1359%‘5?1'85"’?313%0?9%‘1"@% 'Ea‘ﬁ‘ieé"%v‘écfmbélsa?"deﬁgg]ﬁﬁgémﬁvﬁv{;l’?i ng
any or all19f bdhemmtitifein Gh FIQ. eMA tiBenowdi daberibed. Thist dkcripofSprefuneesaxi al
orientation of the holes, and the_visco it¥,lﬁressur and flom1ratq of the
cool ant C i nt oSqmRIessioRrigtianepginefor fhe saky of jusgatiop snd sxareple rBls 1bERUSF 20
the open end lﬁﬁﬁa@faeﬁ@@r@igﬁﬂt&ﬂe@ﬁﬁ@ THe degribed bRsieSs costifutddi oflat Ragt @k ant
flowi ng out of the cylinder 1100 by a sunp.

cylinder in"'which thermal non-uniformities are eliminated or substantially reduced by
application of streams of a liquid coolant in the manner described with respect to the

20  cylinder 1100 illustrated in FIGS. 11A-11D. A cylinder of this engine has a pair of
opposed ringless pistons, in each of which thermal deformation is eliminated or
substantially reduced by application of one or more jets of a liquid coolant in the
manner described with respect to the piston 1300 described in connection with FIGS.
13A-13E.

25 - As shown in FIG. 14A, the engine 1400 includes at least one cylinder 1100
with oppos.ed 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

30 second side-mounted counter-rotating crankshafts 1430 and 1432 which, in tumn, are
coupled to a common output (not shown in this figure). Saddles 1345 are mounted to

- the pistons 1300. Each of the saddles 1345 connects ends of a plurality of connecting
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Thus, a thin cross-section and cylindrically symetrical delivery of jets
of liquid coolant directed at the back surface 1316 of the crown 1308
assure uniform cooling of the crown during engine operation and elim nate,
or substantially reduce, 25 swelling of the crown and the portion of the
skirt imedi ately adjacent the crown. Cylindrical symetry of the piston
1300 is thereby mai ntained at high BVMEP, which supports ringless piston

. construction and operation. According to an exenplary piston design
utilizing such jets to control thermal distortion, the differential
expansion of the crown relative to the |ower cylindrical portion of a 3.8"
di aneter 30 pfdsdA4tion mapertiyenngiafdle pistons The prrspectiveonfithis fighee lavistesuct i on

of the pi ston 4300 loaheiyl @Al RA7IBOLIR biskANSRAN F16 % Uhadtloo X BROSRP! SLON

engine of the Bird type that arises fromithe rigi nterconnection of 35
t he pi stons anforhaddittonnlesnagcting rags gremt visihe. Cophectihg raga didibare lconiiicred’ s
engi ne, each | i SC%PPE e -2¥ r afts by a

si ngl e yoke angﬂi&%&ﬁ%% 0 ggﬁ%e%:n ilégp?ﬁﬁgﬁp%gq;’/@%equgﬁfbﬁ?‘egraI with or
fixed to th® outer Thdtwo sake-mduntedicsinkshafin d43cadH 48 are alispbded withkheii Sxes

connected by o r tiff..r.ods to one t he crankshafts. 5 The

oyl i nder i i nhan B ol dp B8 T d Bordhi Band B BlfiRet MR bt

m sal i gnnent  bet neaeits tdngiuaih%caftertaheﬂmtﬁmp@ﬂ?utaﬂm thy longil@dinat @Rk i ifng ]'Ehe
pi ston cannot,,be acconpmodat conpliance of t.he support structures o
either the cyﬁeﬁﬁﬁq&ﬁmﬁ@“ﬁ?%mmﬁ“ PQH°§“?§‘§°&PW‘,S' peling&ods ldd s to
L oad 10 compar Laan Lo bl f0 hE 10 Conetriar o oty atad pee e
oad. In comparjsan.to Bir t he construction illustrated in .

13A- 13E af f@?d@“@dﬁé‘ﬁ&@? 51 S et RS Wit Eespatt torth.axss (A the sidsshettie e of
the piston by @gindtildmsnd thepisidfs PIo0dt19508 Ahe cothedBpkolidn 447G/PREE t O

transl ational . m salignnment between the | ongitudinal axis of the piston
1300 and the |Grils saddissdP5Ry aneges ehpeedlp hearings MB6.0and Ao tthe cragic thaows by

opposed- pi st onngﬁggfmgrm#s{qmn engine illustrated in 15 schematic form

in FIG 14A is now described. This description presunes a

conpr essi on-igni ti ﬂeﬁmﬁcﬁéﬁti@hﬁpwwcoﬂhd tdnaeting rodsnl 4didsaddiespd4s, onl y .
const it ut e of S R AR5 18k 66, TRR'IEhs B EorEaRE AL M s are
el im nated or tewsdlststrassi asl thg piste d800A\and al300B gadviedn thé cylinden 00 fwith 4 i qui d
cool ant in t heiirﬁ'%ri%el g?éo%ﬂr&?ﬂe \é\ﬂrésg ré’sgﬁi?lg%on{ e igleforces of the pistons at high
' engine speeds. This geometry eliminates or at least substantially reduces side forces
between the pistons 1300A and 1300B and the bore of the cylinder 1100.
20 In FIG. 14A, additional details and features of the cylinder 1100 and the
pistons 1300A and t300B are shown. The cylinder 1100 includes an exhaust port
1105 covered by the exhaust manifold 1104 through which the products of

combustion flow out of the cylinder 1100. During high power operation of the engine

1400, for example at BMEP = 150psi, the average external temperature of the exhaust
25 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 considerably from the high initial exhaust gas temperature by the
large subsequent flow of scavenging air. Accordingly, the exterior surfaces of
exhaust manifold 1104 and the duct 1153 may be covered with an insulating coating
30 such as a high temperature paint. Silicone-based compositions are useful for this
purpose. One such composition is a metal oxide filled paint with a thermal
conductivity (K) of less than 1 W/meter-°K sold under the trade name Corr-Paint
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20 cylinder 1100 illustrated in FIGS. 11A-11D. A cylinder of this engine
has a pair of opposed ringless pistons, in each of which thernal
deformation is elimnated or substantially reduced by application of one
or nore jets of a liquid coolant in the manner described with respect to
the piston 1300 described in connection wwth FIGS. 13A-13E. 25 As shown in
FI G 14A, the engine 1400 includes at |east one cylinder 1100 wth opposed
pi stons 1300A and 1300B di sposed in it for reciprocating opposed notion
toward and away from each other and the center of the cylinder 1100. The

| ongi t udi nal of the Il nder .1 s col l.i.near wt | tudi na

axes ap of t heChBDies et Aathel Sipblsieompabi B shetnk om e o o
coggl eddt 0 ; |2 r%ca’ﬂh@h&&alsﬁmu&rﬂ%o 3 Wy ERdr PSR he. r@txﬁbﬂoﬁlgle&mﬁgﬁbtﬁf ts
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saddl es 1345 cRrnRe! 5086 NS ARIMA; it lcambbiitiddl peOiaBeatdothe BividgodShedkddi?r to a
respective one of the pistons. The perspective of this figure illustrates

onl'y two cchnetmipgiivityHO of desy thep 036 mstsrsKon, and it is to be understood
that one or nore Wée%ﬁ ﬁpﬁiG CIQﬁnﬁﬁtdyﬂngrq(iﬁo 3fs8 hBO%n Mile ipBltiddeRBYSRd | N9

rods 1447 are connected saddl e near the open énd 1309 of each

pi ston 1300A aiflet newifpld Hoﬁh@rqugb @ndepmw@agr%MSsm the avinderahi§01432
are disposed wsih, &*b‘i"ﬂ‘i onPg»étf}'r%s%%wuﬁ%Por%tﬁ{% i@0f 1390 dnd F3ghpcOMMON

pl ane that intersects th e cy near 18 | 'ongi tudi nal center
and that is pemmebeliespdctively teferted th @n dfiet traihaval” ang“inlet’ plfston&,had theldndgief . The

crankshaftsg, ro h are
connect ed ﬁ)o c'%‘grgﬁmtdﬁr {1084 ssr?ﬁagi};c'rgg{r? shaF ?sg ‘34@8[@]%%&}1@5 19%35 ﬁég})lnonectl ng
rod 10 1447 i sthe cyslmdsnethDoPdrcsr 2t 1dd kind 14AS) kendnet liquidepbnt intoresfretivexes
(and the sides der 1100 and th i ns 1300A and 1300B. The
connect i ng rod%'0 ﬁ%ggPéSOPﬁ STy ?ﬁéggﬁdﬁﬁﬁgwi 5 by means of needl e
beari ngs 1436, and Asode‘sdftﬂaednﬁmknﬂehﬁml\mthyhe fizsaembodiment| tterrelagar betgsenl 438.
The geonetric rela Ne Shl e conne rods 1447, dles 1345,
15 anaor ankeHBTPE lpaand thednat oFpes SR, paaned Fith & ebae dtsnge P

.principal Iy untde 1stdn€r130d!£ afid [1860B 2§ theparfrest Asr BRI daACARP PBritidnée i n
the cylinder 1100, with a I|n1t€d | evel of conpressive stress _resulting

frominerti al mgﬁt{l’aég POyt ogqq%tl%lp ap ﬁgqualgceﬁp% correctly with piston events. Thus the

phase offset between the bottom dead center positions produces a sequence in which

the exhaust port 1105 opens when the exhaust piston 1300A moves near its bottom
dead center position, then the inlet port 1107 opens when the inlet piston 1300B
20 moves near ifs bottom dead center position, following which the exhaust port closes
after the exhaust piston moves away from its bottom dead center position, and then
the inlet port 1107 closes after the inlet piston 1300B moves away from its bottom

dead center positioh.
With reference to FIGS. 13C and 14A, two reservoirs 1460A and 1460B are
25 proVidecl outboard of the open ends of the pistons 1300A and 1300B. Each reservoir
Has a fixture 1461 from which liquid coolant for cooling the associated piston 1300A
or 1300B is fed to the fixture 1350 mounted on the threaded end 1334 of the piston
rod 1331. The fixture 1350 is aligned with a nozzle 1461 on the reservoir 1460A or
1460B. Liquid coolant fed into a reservoir 1460A or 1460B is forced out of 2 nozzle
30 1461 in a projected stream that enters the bore 1332 of a cormresponding rod 1331
through a fixture 1350. The force of the projected stream and motion of the piston
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engi ne speeds. This geonetry elimnates or at |east substantially reduces
side forces between the pistons 1300A and 1300B and the bore of the
cylinder 1100. 20 In FIG 14A, additional details and features of the
cylinder 1100 and the pistons 1300A and 1300B are shown. The cylinder 1100
I ncl udes an exhaust port 1105 covered by the exhaust manifold 1104 through
whi ch the products of conbustion flow out of the cylinder 1100. During

hi gh power operation of the engine 1400, for exanple at BMEP = 150psi, the
average external tenperature of the exhaust 25 mani fold 1104 and the duct
1153 may reach exc 75C h enou rature to coke di esel
fuel . The averz;gé0 r@@ﬂggﬂrf'éhg‘fldtcﬂ antout ¢ ?imf @B?é‘hﬁm Qfupagre jefdirgcted
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14A, the cyhin s _has a ort hi i nl et ni fol d
1106 thr oué mﬁﬁcﬁﬁégg‘é‘%r@%’ “&SPI‘;]SF nrt“%t %g&% ‘i”ﬁ’d&&%ﬁ%ﬂm ause
of their |ocat supperteﬂdﬂ'thelequksurﬁms 14853ty isr(hat.shévng muﬁxﬁm«erlaﬁﬂz”p@tﬂd 1300B
may be respectijyel y.,referr a |st and
the ends of 10i¥0§e RO¥svsudpe %@ j‘r‘é&s )fg@%/faﬁléﬂ?d“yhﬂa“‘l‘aigg{é af‘i!lel

i nj ector d1158 tubulmcfdii cfflu:ﬁb pismn013mhe1~‘di>eh¢mﬁi@fonhk@@A Bgsmas theté 5. a éobﬁﬁ and
1145 conduct u into respective_ groups of grooves on the outer
surface of the® t&? g‘ggﬁb {%E‘EGGO 3@5%&‘@”68@& dihgving on capylanamy of tibrs I9P2 st
embodi ment 15t hﬂaatrﬁl:@ﬂlb cbacldoﬁme@ msa%t&h@ﬁlsioﬁngedmaﬁ@ 14808 | $ROGNEPbs 08
cylinder, coupled wt phase difference between 15 the pistons 1300A and

1300B as t hey ‘PP%\%%@WC% Furbydent doh of coplaptebatweenm saspaceive pair of ribs 1488.
There is a single tube 1493 centered in each annular array; the outlet of this tube 1493

faces the central portion of the back surface 1486 of a piston crown 1480c. Liquid

coolant fed from each reservoir 1460A and 1460B, through the associated annular

20  array emerges from the tubes 1492, 1493 as a plurality of jets directed at the back

surface 1486 of a piston crown 1480c as the pistoh reciprocates in the cylinder 1100
during engine operation. _

As described above in connection with the first embodiment, a two-stroke,

opposed-piston engine according to the second embodiment has working elements

25  (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

30 the engine frame and is decoupled from the mechanical and thermal stresses of an

engine block. Hence, as with the first embodiment, the cylinders in the second

embodiment are essentially only pressure vessels. This engine construction, together
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nodul ate port operations and sequence themcorrectly with piston events.
Thus, the phase offset between the bottom dead center positions produces a
sequence ‘i n which the exhaust port 1105 opens when the exhaust piston
1300A noves.near its bottom dead center position, then the inlet port 1107
opens when the inlet piston 1300B 20 noves near its bottom dead center
position, follow ng which the exhaust port closes after the exhaust piston
noves away fromits bottom dead center position, and then the inlet port
1107 cl oses after the inlet piston 1300B noves away fron1its bottom dead
center p05|t|on

and 1460B are gg CBPQ% 8@{ ; togohfanph%lstgﬁsaigo% Itl p| st'g‘ﬁn%ﬁéggg\p\
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of the piston 38 1300A or 1300B force é& Sﬂacoo ant out of the rod 1331
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first and seco iad I
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sectional view of odi nent engi ne hat S
i dentical in a1400rh§s pee cdinders,althpeghethigiinaetekn or the sake pﬁéiust@tleadepf@qt,dh of

havi | t Nor' th
Syl nder 1500 Fi 0¥ bS8 5 iRl of 40 o8 B Ui S TGRS, ngfophic, of iy 7
whi ch each pi aﬂmdersABOEIG)rlSM&mmgma:bmﬂ getludeso twal cyltrslesl H@Oehamgathe
respective sadg g 1?’1%1% 11}_|uspratt¢i1€ Adﬁy 191931p%§%%vp‘?§t3n%r13b8£ aB{i 1§boB

enbodi nment engln eeves
and 14s to saddikgsed m antlfhalsaddh:s F1I3%.of2ik; opposed pitonsack ¢iSibEHn FIG. dddi t | on

R R S R I N Ry T
1300. Howewer , exhbsst @@ 0183 4k Bétbivadith dottdporidagkopehiagLin dnnghizine platd 0510, 1326
and tubular rod of. th i ston [1300. For each piston. 1480A, 14808 there is
a cooling st r*lf%ttﬁ"r'éieiﬁ P ST VELIRLOTEPRNGIDE PP 6%?’0“@&9&’&?& léﬁoannul ar
array of tubes 149%FiGS. 15B and 15C show the engine 1400 without cylinders 1100 and
reservoirs 1460. The engine 1400 has a frame constituted of end plates 1522 and
1524, and a middle plate 1526 positioned between the end plates 1522 and 1524. Slots
20+ 1528 are disposed on opposing sides of the plates 1522, 1524, and 1526. 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 middle
| plates 1522, 1524, and 1526 are held together on one side b)} a number of engine
plates including. engine plate 1510 and counterpart engine plate 1511, and on a second
25  side by engine plate 1520 and counterpart engine plate 1521. One reservoir 1460 is
mounted to one side of the frame between engine plates 1520 and 1511, the other to
the other side of the frame between engine plates 1510 and 1521.
A gearbox 1570 houses an output gear train through which the opposing
_ rotational motions of the crankshafts 1530 and 1532 are coupled to an output drive
30  shaft. The ends of the crankshafis 1430 and 1432 extend into the gearbox 1570. A
gear wheel 1572 with a toothed outer rim is fixed to the end of the crankshaft 1430
and a gear wheel 1573 with a toothed outer rim is fixed to the end_ of the crankshaft
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15 that face the back surface 1486 of the piston 1480A and 1480B. The
outlet of each tube 1492 directs a turbulent jet of cool ant between a
respective pair of ribs 1488. There is a single tube 1493 centered in each
‘annul ar array; the outlet of this tube 1493 faces the central portion of

t he back surface 1486 of a piston crown 1480c. Liquid coolant fed from
each reservoir 1460A and 1460B, through the associated annul ar 20 array
energes fromthe tubes 1492, 1493 as a plurality of jets directed at the
back surface 1486 of a piston crown 1480c as the piston reciprocates in

the cylinder ur p tjion. es bed, above in
connection wit ?{Qﬁn ‘g'? ﬁ"rﬁg ﬁrﬁ PR Q’E’P‘g'\f fHGob’BBs‘b doqthed; Bidengi ne
according to tbecmfmﬁui mvboaiidnemotﬁaalsoum&lcn&nﬁ‘e@ﬁ&nms K &l lih NRRE S,

pi stons, |inkage cr ankshaft etc E‘?"icel ved upon a structural unlt in

the formof a %E‘Xﬁ% thsy oyter sum 9gﬁ‘§t§eﬁ’c‘f’ 158 gpgss theripsidegirquaderencs, 157

support the V\DbktH%Qgeale{avﬁéB?ﬁB?;S atl e fdeatioh RS obhRP gl bEARSSeaf Mled1 0568 Of
engi ne operation, such as conpressive forces between the crankshafts, and

the cylinde?s SP&sessche H@Fldé sigumigregce b 7Hcof the gear orheeld] SHStat amth@rlomgsu ve
structural el egppeRicalEAGHpoSH ﬂl@gﬁé ldcﬁtlépﬁmgﬁﬁqaﬁdqbé&eér{]ﬁeqﬂ%' Sar' 1r5 and

I s decoupl ed fromthe 'nechani cal and thermal” stresses o g| ne ock
Hence, as wi t handyke frisids cirempfoghersHt77 mayebec3 /65wt MGD14 td¢§1 wrethe inher gear

enbodi nent are nf}‘m: r L, ction,
t oget her 39 W|t %g%d?%%éﬁo % ﬁﬁ"?“‘& ﬁgﬁj and %?3833\3&*5313005
in the manner outsidesirdymderesos78 mhybehﬂﬁﬁwlthmmﬁitéemmﬁmdumgmmmhé| on of
the cylindgg a f~t.he piston, c a rmt.s t

cyl i nder - pi st oﬁ'ﬂf n%{\gr‘{“gdgge?cg %‘ aglgygeﬂeggg Fﬁafﬁl?eﬁ'aﬂﬂ cﬂpgﬁ?’% ‘fo&qnss/ of i t h
tail ored cool i thg,crankshafte H43taaride 1432 iocbafriupiatial itvethe pbhtdiuoes r@ftionSofahgi ne
desi gn that dispenses n_rino FIGS. 1 15E are S|de per spective
vi ews showi ng ?‘ﬁ%‘f §5¥|%FC152§) \?'é’f‘e"dg ’é’g@%&se %‘ﬁﬁg’ ig tfys casgh b’Y‘g‘tao‘??“engl ne
1400 with si deinmwngml raﬂbam«ahafohsmbamﬁnaﬁary b8, ehalns/\elsther ek 3&14 tSdn@fRr

constructions fﬂ flg#h lA-l:LD sg 13A- 13E. The engi ne 1400 has two
cylinders, altfith ¢ sy E‘Sﬁéml? Ot OPtRUL geaNdRi: i | ustration. In fact,

it 10 can f® scal edm 1€ PS8 1 & attaNedhy? fraddsl RRMNsNE Shd'AMuRS 1976 and YO OF
three or nore g"vl nders. In FIG 15A, the engine 1400 includes two

cylinders 110091333 it fastened; by dlirgaded sprems |t¢e|§herealtiéﬂpt¢ AST, @ser the gearbex wi th
opposed pi st ongs73RAKRIatd 351bhas 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 1573 for rotation. The axle 1586 constitutes the output drive of the engine
2_0 1400. It may be coupled to an intermediate transmission or directly to the driven
component by one or more shafts, gears, belts, chains, cams or other suitable torque
transfer element or system (not shown).
FIG. 15D shows the engine 1400 with two cylinders 1100 mounted to the end
and middle plates 1522, 1524, and 1526 by engagement of tabs 1164 in slots 1528. |
25 The slots 1528 provide for easy removal of cylinders from the engine 1400 for .
inspection, repair, or replacement of cylinders or pistons. The assembled engine 1400
is seen in FIG. 1SE, with reservoirs 1460 mounted by threaded screws between the
end plates 1522 and 1524. The engine plates 1520, 1521, 1510, and 1511, reservoirs
1460, and cover plates 1580 are mounted by threaded screws and/or bolts to the end
30 and middle plates 1522, 1524, and 1526 of the frame.
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
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di sposed in it. The saddl es 1354 of the opposed pistons are visible in FIG
15A. Connecting rods 1447 couple the saddles 1354 to the crankshafts 1430
and 1432. The 15 exhaust ducts 1153 are received in correspondi ng openi ngs
in an engine plate 1510, and the inlet ducts are received in corresponding
openi ngs of an engine plate 1520. FIGS. 15B and 15C show t he engi ne 1400
wi t hout cyli-nders 1100 and reservoirs 1460. 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. Slots 20 1528 are

di sposed on opposin | des _of .t he.pl at es 22, 1524 and 1526. Th ates
1522, 1524 andp%%g‘ﬂﬁfv"é’%t?ésﬂ%gf s 3hipe, FhEgE 5‘1"’26‘}‘9 S?H%Srsﬁ?%s ‘t“ﬁ’ég‘L
clz 2 gg ks%lf t 13395 céiﬁﬂ&g@aa:rvb R rdpdat tb e firqteribadimens Bpafarsbily,the Kquidvboolham t

: e end and m

le _plates 152 1524, d, 1526 are held et her on
one side by a AihHefchrsed iyt %e"%qea't“ﬁga' ﬁ%‘?sﬁld?a‘adh"éﬁﬁ‘iyr? opPaE e ﬁgﬁgc*ﬁ‘ﬁd
counterpart engR gitéisind othr erpiif eRiehtsSBRRAbIY 2ngihélepeaiionngt bentilllad € 1520
and counterpart engine plate 15Z21. One reservoir 1460 is npunted to one

side of the3frByvayef\aacamging gopolpmik ECUowith assqeiatsd pensprgandiagiatofsy as ¢ e

ot her side of jhQe{rane between engine plates 1510 and 1521. A gearbox 1570
houses ‘an output gear train through which the opposing rotational notions

of the crankshafts Tg3mountingl of3 2uxiliasy cangink capperatug fo ohie (poging r40@ mapbehaf ¢ .

The ends of t e GLARKSR ffurdd3, #R6s 16321 9X¢ FKbRLR, b IE0SARAOKDT/O. A

gear wheel 157 a toot outer rimis fixe , t he
crankshaft 143fousmteditoathgenginaplate] 1516 73 ease 6f eupling loauie oumeve exhavst duéts xed to

t he end of ,the,crnankshaf . ﬁ@
annul us 1598 vf B S § Sohongpltbel 1381 el th BE g9l 1577 30ed be
out si de ci r cuntapbng ® idlo¥ductsAkt 54 £ dnfuelinjebticmepundp 9B ésdritendyeua toning ibelt of t he
gear wheel 1572 engages .the insid ILc r.enc 577 f whee
1575 at one | 05'3?1%&%&5 OP’ﬁ%% ‘gﬁf‘gﬁhﬁ?ﬁﬁ l:)a?B ,?Iﬁgﬂggg%lar\}\thiggﬁcaﬁ% ng‘%ﬁ%} ages the
out si de ci r cunpeiss(@ct showf) o€ niobfted enthe bhkadf tHbetlpingt 1460 aichare dtivmaiyi the
dianetrically opposite_.the o |.o | Qn,.. The gear ratio between.the inner
‘gear 1572 ande'?dz‘gsqnﬁé’fa’é CE‘fr“:llgl?ﬁF gmgé”’ﬁ?“ﬁ ‘%’ﬁ%“b@%y’r@gﬁﬁmﬁﬁlw Pt eeth
on the inngs g@Aathe paislinl the cylitfiefldediieTUIRET BNGE reseiiolre 14602 @RIAT460B! i
bet ween the outer gear 1573 and the gut5|de C|r8unf§%e ce %@{8.nﬁ¥ be
33/65 with MODMSRBEHN I it moupigd i the Boffora pite 12801 &l hovad) Ret SRV FEE ence.
Thi's arrangenmeffu & teatchsiBay 4 thé chMGRARPIAS) A8d 1 £328¢hidRBE thefback plate 1524
may also be employed to drive vibration dampers and engine accessories.
Control of the delivery of liquid coolant by a liquid coolant supply system
20 1600 useable in the second embodiment is illustrated in the schematic diagram of
~° FIG. 16A. The supply system 1600 includes a programmable engine control unit
(ECU) 1601, The ECU 1601 senses a temperature of the cylinder 1100 by way of a
sensor 1610 treaded into one of the openings 1116 in the cylinder liner 1102, The
, ECU 1601 also senses temperatures of the crowns of the pistons 1300A and 1300B by
25  way of sensors 1611A and 1611B mounted in the pistons 1300A and 1300B. Other
sensors (not all shown) may provide inputs indicative of vgrious engine operating
conditions to the ECU 1601, In the supply system 1600, a scavenge pump 1594
recovers coolant exhausted from the cylinder 1100 and pistons 1300A and 1300B and
pumps the coolant through an air separator 1630 and a filter 1631 to a (dry) sump
30 1632
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
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t he 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 other torque transfer elenents. The result is a sinple, short
output gear train. 15 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
axl e 1586. The cover 1582 includes an output beari ng 1585 that receives

t he axl e 1586, nabl i the frame t por.t .t he t, gear 75 for

rotation. The é&&eﬁl %8%58%ﬁ$mr8§15’?ﬂe° ”"J eSqp Wé’yb'f‘%f ﬁtﬁ}ééft “?g 1400.

It may be ' courat esbléommeslsﬂ‘éai meehamtetdttmastwyasmﬂm oPthe Bigacidlve 1t696A e
nore shafts, belts, chains, cans or

driven conpon e or

ot her suitable F‘gée% 1y ol p dressifte Remsor gggﬁré’ﬂéh“r rraifold Hiadgs. Fpw thesp
shows the engi manidaQ 6884 thd M@I&&ddzaﬂ@lﬁ&ﬁs&%&@hﬁwaﬁﬁﬂaltﬁlvwﬁmnﬁu%d
m ddl e plates 1522, 1524, and 1526 by engagement of tabs 1164 in slots

1528. 25 THe dPht and B eyopucs %ﬂlrfdfutseft@s enef the cahnd@yrlilména@ortﬁdm he
engine 1400 1 o1 140588 AU kSesk ARRIY - ARorMEPLAGSTRALAT 64/ 1ALSES 1945 RSt ons.

The assenbl ed engi ne 00 i's seén in Wth reservoirs
mount ed by thré@f@i@tﬂeéwﬁwﬁq}éi%en the end plates 1522 and 1524. The

engi ne plates 1520, Al . [18S i r d
plates 1580 are nnuntgﬁigf%gﬁgzgggﬁ SC e%§4gﬁg#yr ééﬁ@d?ﬁ£1%%§%§8 and
m ddl e pl ates 1632thrafhs heat dxdBager d635B and aoppass \?Eltr& fG36Beinpar hanifeld t he
engi ne 140Qaar f f hi.ah & &P rat um. num such
asg5454 argﬂrnﬁﬁ§ﬁfh§“ﬁ££¥b%@? fsg'I’Ifaghln iiﬁbgkéﬁéyﬁm“iébﬁg%mé
assenbly and op2(0# isonainthined et esejeunm prEssgren& tiemhnifyldl 16388/ e gsntol of ﬁms may
be as disclos d abo re first enbodi refer
the |iquid cooP edY\ff?E L4 @F%@g&g‘f‘ an%“’%ﬂ'&i sﬁ'ésc’iig@ﬁa'r“éﬁﬁf“é‘é’é‘? f uel
that may al so $&¥6E ﬁﬁona ﬂheubifnuﬁﬂﬂtl63$mrthé higuiai ﬁfomﬂlﬁlﬂaﬁﬁi tlﬁfob@f pﬂﬁ@?ﬂ&l

I Pr ef I t t
engi ne. cont r ol Ve 1660 g, 16RO Bl e, Bemee 4140% 68 Ado0 Bz rom e
needed. Thes5 MoEE3érveies, Mro@dhxihk itdfey 180YioR ehePRBA PI3W Sonkd the MAcIE Bittess JABP may
be wunderstood with reference to FI.GS. 15A-15E. For exanple, a turbocharger
1590 i s crowns in the pistons 1300A and 1300B. All of the valves 1636B, 1660A, and 1660B -

are controlled by the ECU 1601.

The ECU 1601 is programmed by mapping pre-calibrated values of cylinder

_.Q

and piston temperatures and other sensory data indicative of engine operating
20  conditions to coolant pressures and flow rates for various engine operating loads. The
ECU 1601 senses engine operating conditions and cylinder and piston temperatures,
determines the current engine load and accesses and computes the required pressures
and flow rates for the three circuits of the cylinder 1100 and the pistons 1300A and
1300B. The ECU 1601 then controls the valves 1636A, 1642, 1644, and 1645 to
25 provide coolant to the coolant circuits of the cylinder 1100 as required to maintain
cylindrical symmetry at the current engine operating point. This control may be either
open loop or closed foop. For example, at full engine power, using diesel fuel as the
coolant, the pressure and flow rates provided to the ports 1142 and 1144 may be less |
than 1 bar at 1 gallon per minute, and the pressure and flow rate provided to the ports
30 1145 may be less than 1 bar at 4 gallon per minute. At the same time, the ECU 1601
also seis 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
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nounted to the engine plate 1510 for ease of coupling to one or nore
exhaust ducts 10 1153 and a supercharger 1591 is nounted to the engine

pl ate 1520 for ease of coupling to inlet ducts 1154. A fuel injection punp
1593 is driven by a a timng belt fromthe end of one of the crankshafts
1430, 1432. Cool ant, lubricant and scavengi ng punps (not shown) are
mounted to the back of the engine 1400 and are driven by the end of one of
the crankshafts 1430, 1432. The cool ant punp provides liquid coolant 15 to
the ports in the cylinder sleeve 1140 and to the reservoirs 1460A and

1460B. A sunp nmount d to the ot t am plat e 15 0, ugh not
shown i n t nosb HeTEGL08 af et cmsite opfrafiik PRl i eSppat s Aol e 45

t hrough the bagéwg| adisg diitd fusiay tied aaalahe thepressechnd dflodh | rm prmtideai ioathe
danpers and en ne ac orie ntr of the r i d cool ant

by a liquid co SQH?“%E@WE@Q% é?ﬁﬁ)ﬂ{j‘géag‘}re“ |Iﬁ %H 3“‘6‘ ulg A5bdi ment
i's illustratedpisthnt he schematic diagramof FI.G 16A The supply system -

1600 i ncl udes a programrabl e engi ne_control unit ECU) 1601. The ECU 1601
senses a t efper at ureoml phbe deliveryef liquideoalant iz gn glteraate ighd spolan sBPRIY eaded

into one of th@ys%?fm@gﬁeaﬂaﬂe]:ﬁ teReddn@ eﬁiﬁb&lﬁﬁﬁtr is hiuS@dtedlih Yo scldiatic 01
al so senses tenperatures of the crowns of the pistons 1300A and 1300B by 25

way of sensor sofiBiGi A6ARd The systemd 637 prgvides # fiest ppoans fwater3 i xammpic) S0bS.
Q her sensors 4pgl, ﬂgb atd P dndTR TeREY Whdig _k[lﬂﬁlrl;taﬁt rraiusa%elvsr e,tarae@é )ir@uS

engi ne operating conditions to 't 160 e supply system' 1600, a
scavenge punp dﬁgﬂstonsdéﬁ%ﬂsd ¢3ﬂﬂEanTheeeumr§ws,teknf1|6wnqchrde&:§hB iprageammdtde and

pi st ons 13 1 t (0] | rfd or
1630 and a Qi I 9%9" 1%8‘%51 0 a(E(‘x(lgtrjg?éslugﬁd Ae %sztlg@o%pﬁ}"rﬁ fcﬁég giﬁt ﬁ%l rcuit
punp 1634A punpdindercl1ff andpiktorct300AI andtll@OB; ulﬂm sujzﬁszyatm dagfhutdizhehquid

L1 qui d-cool ant Sy SR BRS o Fots™s oBvaborR o TR 81 Ty vihactP ™

mai nt ai ned at sleevedli4@ tetithp heles U133 dtnhd krels wé hefoylindei 6 BRA The liqmit cwlanof t he
bypass val ve 1636A b ECU 1601 and a e 1639

mani f ol d 1638Areg1’5?c5‘r'?¥st H%eg] ‘??&H‘?rg%frgo faSER "{‘;Pﬂgﬁaqaé §‘ EB%‘F%& I‘FAB\qu‘{“ﬂr ough
proportiongd Vvedotes frd@dke cylifdet 11001 areskbvtir 1968, | Nt 0 grooves on the outside

surface of the cyli nder 1100 via ports 1142 d 1145 ectively.
AT of the valves Thsehdeiennant Sisdas punmlrd sy the firt Hauid cootant COlfeied

in the reservoir 1663 through a heat exchanger 1665 and a bypass valve 1666 into a
manifold 1667. First liquid coolant for provision to the grooves in the cylinder 1100
is maintained at a selected pressure in the manifold 1667 by control of the bypass

20  valve 1666 by the ECU 1601 and a pressure sensor 1669 in the manifold 1667. From
the manifold 1667, the first liquid coolant flows through proportional valves 1672,
1674, and 1675 into grooves on the outside surface of the cylinder 1100 through ports

| 1142, 1144, and 1145, respectively. All of the valves 1666, 1672, 1674, and 1675 are
controlled by the ECU 1601,

25 The supply system 1650 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. 16A. As with the system 1600, the second liquid coolant is jetted into the

30 pistons 1300A and 1300B and rcovered by the scavenge pump 1594.

The ECU 1601 is programmed and operates the supply system 1650 in the

manner of the supply system 1600 to map pre-calibrated values of cylinder and piston
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controlled by the ECU 1601. A piston coolant circuit punp 1634B punps
coolant collected in the sunp 1632 through a heat exchanger 1635B and a
bypass val ve 1636B into a manifold 10 1638B. Liquid coolant for provision
to the tubes 1331 in the pistons 1300A and 1300B is naintained at a

sel ected pressure in the manifold 1638B by control of the bypass valve
1636B by the ECU 1601 and a pressure sensor 1639B in the manifold 1636B.
Fromthe manifold 16388, the liquid coolant flows through proportional

val ves 1660A and 1660B into the reservoirs 1460A and 1460B and fromthe 15
reservoirs, throu h the bores 1332 of the tubes 1331 onto the back surfaces
of the crowns% e AN WS sanseyKata ndicaling! epgine perating opaditiens tq fig B,
1660A, and 166QfRd seabt ©ORAT fRbdshds Qﬂﬂ&@raﬁgﬁoﬂm%s éﬁgﬁ-\ %Waﬂ%)llyadssand to
programed by mapping pre-calibrated values of cylinder pi st on

t enper at ures afeRi HEpravisenofyheiirshandrarendilivid coplartn gt theseapessire ambflow 0

condi tions o ¢ael @t DRRSHIMNNARhdub POTLLAT 0, KBRS, Sngine oper ating
| oads. The ECU 1601 sehses engi he operating condit s and cyl i nder and

pi ston tenpératur esIt sheidd be avident th&téhﬂ:wppbfrﬂyﬂemgloﬁé‘l(ﬁom amtiFiiz d6Bses and

conputes the r W & th ee s of
t he cylinder 1 a?]}% %ﬁﬁgﬁgﬁ%%ﬁ%ﬁ%h l(ﬁlaépfa‘&t}@y #H‘E 6'39(%
control s the vapadBsiniegense tbcehgine ipérating nchditmas m(:aﬂmgryomai@lmmllaam to
mai nt ai n

the coolant cir 1190 as re :

cylindri cal syal?rrmet{hE ?’S%Ps E eAc%}drlgﬁﬁéé?ﬁl Gdmapain T‘t EﬂﬂB?tﬁ?mpW’?%Qﬁ?rol

may be either ad)qamngd ob thio arraigement inaprbe tbGhiaigMiange @ylikler flUb0 2€BHigRr pover ,
ure and flow rates provided to

usi ng dies cogl ant,

the ports iéﬁ 8"3%{"4%% pRtons 30 Ataﬂgﬂgio 'é‘r"rg‘fr tq mautaig 3 Riusdetepmingd e, and
the pressure agscibg Getweah ehePberedi 1408 ah@ thdButbiaé (dfaner oF4ke n9&s lefgife t han |
bar at 4 gallo gr mnute. At the sane tine, the ECU 160 al so sets the
val ves 16368, ‘i%’gﬁlﬂns%ﬁ% 1660B to provide coolant to the coolant circuits
of the pistons 1300¥heae®okdP0B as required to control thermal distortion of
43 the crowns 1308 at the current engine erating point. For exanple, at
full engine power Enagcsd epgiag perigrmances fqﬂﬁéﬁde@’éihéhﬁ fesmlhﬁlabﬁmwrmﬂand flow
rates provisiedergmel &ﬁ]strﬁ&cccﬁdfc\é&ﬁfn% td G0 eBiiaribA G e BPadhftShigliiRva Par at

15 gal l ons per_m nute per
BMEP, specific output and PWR when compared with prior art opposed-piston

. engines. For example an opposed-piston engine constructed according to this
specification will tolerate BMEP of at least 200 psi, at least 250 psi, or at least 300 psi
due to improved cooling. Such an oppésed—piston engine is capable of providing

20  specific power densities (SPD) relative to piston area of at least 11.0HP/in?, at least
12.0HP/in?, or at least 13.0HP/in®. These improvements enable this opposed-piston

“engine to achieve a PWR of at least 0.5 HP/Ib., at least 0.667 HP/Ib, or at least 1.0
HP/lb.‘ _

The uses and applications of an opposed-piston engine set forth in this

25_ specification are many fold. It can be scaled for any application using two-cycle
engines, including two-cycle diesel engines. The engine can be installed in or
mounted on a variety of powered vehicles, tools, devices, or other apparatus requiring

the delivery of rotary power. See FIGS. 17A-17D for examples in this regard. In FIG.

_ 17A, this two-cycle opposed-piston engine 1100, 1400 is installed in a surface
30 vehicle, which can include wheeled or tracked vehicles, such as automobiles,
motorcycles, scooters, trucks, tanks, armored military vehicles, snow-mobiles, and all

equivalent and similar instances. In FIG. 17B, this engine is installed in a water-going
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5 Control of the delivery of liquid coolant by an alternate |iquid cool ant
supply system 1650 useable in the second enbodinent is illustrated in the
schematic diagram of FIG 16AB. The system 1650 provides a first cool ant
(water, for exanple) to the cylinder 1100 and a second, different cool ant
(lubricant or diesel fuel, for exanple) to the pistons 1300A and 1300B.
The supply system 1650 i ncl udes the programmabl e 10 engi ne control unit
(ECY) 1601 and the sensors 1610, 1611A, and 1611B in the cylinder 1100 and
pi stons 1300A and 1300B. The supply system 1651 utilizes liquid cool ant

return lines 1661 conpected conventjonally to the holes 1147 in th
cylinder sl eeVelica s é‘ﬁG%Pﬁeh?Yﬁfc ’f{’h@a ’Q%“@ﬁﬁgerﬁfaﬂl’ ﬁ%g%lb?quhv&gept 1100.
The |iquid coob@nfimilaeidhidles! inBRG. 166 tGOBRRede instilled n b dixed Or Foatyahgl 1662
that returns the fjrst Iiciuid 15 cool.ant fromthe cyl i_ndgerlqelloo to a

r

reservoir 16632ty in; Fliierl 7Dq dhis sngine it installed, iy 2 powsref implement syohrasia | j qui d
cool ant col | ectgehmotwRr, lehfer! BRfhet Olest bi&Ha, {ldbBIGReracHARPdawe SN AN S RIvakEOS and

a bypass val ve 1666 into a mani f ol d 166’7. First Iiquid cool ant for
provision td tprd similey devices. Ih&ETGy i Thddis enedg isjinstaied i gm elgctesal POVEr ect ed

~ pressure in theg, nmpi 1 ( i dnPine & indthiRa By P isPaMaleve 1666 by the
ECU 1601 and ag%r ess%?%ﬁ%eeﬁ&;gpb{’%Q ie%lgt he lﬁnni_fol dﬁ‘%%%l?é) From t he

mani fol d 1667, the Althayigh | theuinsention| hast bednowlescribedoijth sefersaget itw riaecifial ves

1672, 1674, a 75 | \VA j ﬁﬁdﬁ{ : i nder
1100 t hrough pgﬁf%&m%ﬁ &T%%Q ‘g%gﬁ%l%%dgéggggﬁ Sﬁo&g cgt?&? ﬁ%y{)/%l ves
1666, 1672, 16ihdde withbut @3 artingefrons dhret sparitlod chelprintiples BCOr@®gihe. 28catiieelyuppl v
system 1650, al go.i ncl.udes th i stan Ql.ant, circuits of the supply system
1600, whi cﬂo ar@‘eélbvﬁg?cf”tlﬂf'@&e‘g?ﬁ{(ﬁg%eelté vFﬂ-l%cli“rli‘{s‘sequence from the scavenge
punp 1594 through the reservoirs 1460A and 1460B to deliver the second
liquid coolant for cooling the pistons 1300A and 1300B as descri bed above-
in connection with FIG 16A. As with the system 1600, the second liquid
coolant is jetted into the 30 pistons 1300A and 1300B and rcovered by the
scavenge punp 1594. The ECU 1601 is programmed and operates the supply
system 1650 in the nmanner of the supply system 1600 to nmap pre-calibrated
val ues of cylinder and piston 44 tenperatures and other sensory data

i ndi cative of engine operating conditions to first and second cool ant
pressures and flow rates for various engi ne operating |oads, and to
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control the provision of the first and second |iquid coolants at those
pressure and flow rates to the cylinder 1 100 and pi stons 1300A and 1300B,
respectively. 5 It should be evident that the supply systens of FIG 16A
and FIG 16B can control the cooling of the cylinder 1100 i ndependently of
t he pistons 1300A and 1300B in response to engi ne operating conditions.
Accordingly, the cylinder 1100 and the pistons 1300A and 1300B may be

mai ntai ned at different tenperatures. One advantage of this arrangenent
may besto nmaintain the cylinder 1100 acLAINMS gher 10 tenperature than the

pi stons 1300A and 1300B in order to maintain a predeterm ned spacing

bet ween the bore 1103 and the outside dianeter of the pistons as engine
condi tions var. Enghrmepmamstdﬁmhmmdomm@nnueemmé epmangey:i S realized, with

the result thata Pr%%?% h 31'13 tglae Erﬁac%n&lntrg%nc en éﬁtggdan%ccb ?' ng to this

specification ar capabl e or Vi'hg I nprove speci f'ic out put, and
PWR when conpareshppiyt system @damed tmpp@seﬂemstobra liceweg comant drotheexidangld e an

0PPOSAY- i3l | tﬁa%mmm%gﬁ%ggfﬁagg&{agaé@g e%ng(s;gmoﬁs specification wl|

tol erate | east _ 0 psi, or at least 300 psi
due to inprovedrstaod sengnd snn%earmfs@mcasiedeéit@taﬁmr@a@ indhe Bore agath|pistest

provi di ng jeQ fRELEDIR nBR 5b9@ﬂ§ﬁ% $ngSPD) relative to piston area of at
| east 11. éHP/an at Ieamf ?@ 2, or at least 13.OHP/in2. These

i nprovenent s eH@bﬂt@pwwew@@@@dI@a@mm liquie gpelenttte ap éneradlodion\sReash at

| east 0.5 pidf dh the Bhol SKRke BrthEéro@R/ I b, or at least 1.0 HP/I'b. The uses
and apgllcatlons of an opposed-pi ston engine set forth in this 25

speC|f cation are many fold. It can be scaled for any application using

two-cycle engpnes, Tm@ehgmlé BOclbivd 1 Ciff GdHichdihe S§lindeR Sic@ss gfﬁﬁﬁs ehgicdgescan be

or ot her - AR AISRE Ll i i il e FEn Rastal praLBe rdarieres,

17A- 17D f and exgrquipesf rooldd shichgextehd bﬂbdﬁr(ﬁally Jﬂé\xmfbhdnﬂallyvm g Cleantral

opposed- plston engi ne, 110 installed in a surface 30 vehicle,

whi ch can PPREI JH@%W&"E@ %‘fyjr?‘?eéé 8&‘3 %’ﬁ"f‘%ﬁ’ﬁ‘ € 9IraqYER 204 0%, PIRBIACEE I

not or @gcl éw c;&nndm‘tmeshe, emhckm irt eovhraynication rvaith mrésmmwﬁ grotwec lties supply

snow- m)_bl I ?&e %P'%e?f oy to&an%ua \éaclr%tre ﬁ&% simlar instances. In FIG 17B, this
nst a in

engine is et - Goi

3. The engine of claim 1, in which each piston includes a cylindrical body, an

open end, and a closed end defining a crown, the engine further including at least two

25  coolant channels, each coolant channel connected fo the supply system and positioned
for directing at least one jet of liquid coolant to the back surface of the crown of the

piston.

4. The engine of claim 3, in which the cylinder includes groups of grooves
30 . which extend on the outside surface from the central portion toward the end portions,
and a group of grooves which extend substantially circumferentially in the central
portion, further including a cylinder sleeve covering the grooves and one or more ports in
the cylinder sleeve, each port in communication with a respective groove, the supply
system connected to the one or more ports.
35
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vehi cl e such as a boat, hovercraft, subnmarine, personal water craft, and
all equivalent and simlar vehicles; In FIG 17C, this engine is installed
in a fixed or rotary-wing aircraft. In FIG 17D, this engine is installed
in a powered inplenent such as a |awnower, edger, trimer, |eaf bl ower,
snow bl ower, chain saw, and all equivalent 5 and simlar devices. In FIG
17E, this engine is installed in an electrical power generating device. In
FIG 17F, the engine is installed in a punping device. Although the

i nvent ison has Been dascehgihe@fwamhsr mfmaﬂéacrmstsﬁmdmdega |bh¢smamraleé>h@ns and

exanpl es, |t s rst t hat, varjous no |f ons

 hout  aBHATIEY Dbt U BF oty St bt PP itngent T
Accor di nglrgspectlid tmmlengltmgnatam islim ted onI y by the follow ng clains. 46
5 CLAIMS 1. An opp |t e ti engi g: a
cylinder with gn ou?ﬁ? 88§§r 5@31% h‘ %Qﬂgﬁa R’B%H Wﬁﬁg'&xmdmOEBgre
suppl y syshamehigapouettd to thepipinye. streams of a liquid coolant on the outsi de
10 sunpace that flow fromthe central portion toward the end portions;
first and second opgosed pi stons adapted to reciprocate in the bore, each
pi ston includi‘ng aTbe eneintialiclain &. awkics wathceolartinehanhel is opspintedslpst em
adapt ed t Qo aBfi fstd.qui d cool ant to an internal portion of each piston on
t he back surface of the crown. 15 2. The engine of claim1, in which the
cylinder includes groups of grooves which extend on the outside surface

fromthe centrgl pofhd @Agih® WRLRirk e f&Hér RUIARNS franRNth Fhidh AP cPfndgF OOvVes
whi ch extend substanti al ?y circunferentially in the central portion,

furthép i MU fxhaust\andblst eaflss aneed vl mﬁg'fq'%@ngthécﬁregusar?@doﬁe et or e
ports in Znifblg ofiYhd INREENBAREM faasEaT taP 0h katofGREBXHAUSEHNIGRNeMhAifoRis,

respective opve, .the s I system connected to the one or nore ports.

3. The en&?ﬁgmgfe%*ﬁpﬁﬂﬂﬁ%ﬁﬁ%ﬁkich each piston includes a cylindrical body,
an open end, and a closed end defining a crown, the engine further

i ncl udi ng at wWo 25 cQo ant nel s, .each coaq| annel connect ed

| t
to the supply Syst eMasadBed ﬁ'%fﬂe%rcﬁﬁﬁefdlnﬁgerwgﬂ TR B SRE Sy

| i qui @0 coekimust menifdde back surface of the crown of the

10. The engine of claim 1, in which each piston includes a cylindrical body
having a radius, an open end, a closed end defining a crown, and a tube, the tube
coaxial with the cylindrical body and having a first end attached to the piston near the

25 back surface of the crown and a second end extending through the open end and

adapted for being connected to a reciprocating mechanism in the engine.

11.  The engine of claim 10, in which the tube forms a coolant channel, further

including means for connecting the coolant channel to the supply system.

30
12. The engine of claim 11, in which the tube is flexible.
13. The engine of claim 1, wherein the liquid coolant provided to the cylinder
and pistons comprises the same liquid coolant.
35
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pi ston. 4. The engine of claim3, in which the cylinder includes groups of
grooves 30 which extend on the outside surface fromthe central portion
toward the end portions, and a group of grooves which extend substantially
circunferentially in the central portion, further including a cylinder

sl eeve covering the grooves and one or nore ports in the cylinder sleeve,
each port in comrunication with a respective groove, the supply system
connected to the one or nore ports. 35 47 5 5. The engine of claim3, in
whi ch &ach piston includes a longitudinal axis and a plurality of ribs

abutting the back syrface of.  the crown.and extending radially wt respect
fo'the Tongr t udinar Ths BEongor i £t e EikRbeRthrtitsdio tahieng
frame, i n asdipcstore@ompdsEodiferent lighidrenabntss nmounted to the franme. 10 7. The
engine of claimb5, in which each cool ant channel is nmounted to a

respective piston. 8. The engine of claiml1, further including a frame, in
whi ch the cylidBer Th&engind ofdésmdx whastn thadupphl sisteenidsludemfireirhearstfomani f ol d
on thgpex ; ; [ L t ' t one
ab on eachiape et 1§ BBk g W yMer ol sHEprd hlnetEn@8 oo h B8R 1% he
frame. 9. s¥prndelityicheo@sntc different thaputnenfisst liavid gerlarg. &t thenfingt andl rigcersiat i ng on
the 20 exhayst manifold. 10. The engine of claim1, in which each piston

i ncludes a cylindrical body having a radius, an open end, a closed end
defining a crown, and a tube, the tube coaxial with the cylindrical body

and having a figst emdeaditaeh@sint ¢ WhReiRi LR PishRAE 4 ReiodDiiak kackingface of
the crowmn and a second end extending through the open end and adapted for

bei ng1@on®EEPEY to a reciprocating mechanismin the engine. 11. The engine
of claim 10, in which the tube forns a cool ant channel, further including

means for Conn$_?t ! n'Qhet gﬁgi%eooolf %?a}imcrfnw eelrei}wothé hs%pglvps%ls%éms}/nsé}u%gns c%glant

channels aimed at the crowns of the pistons.

20 18. The engine of claim 1, wherein the supply system includes means for

maintaining the cylinder and pistons at respective temperatures.

19. The engine of claim 1, further comprising:
first and second side-mounted crankshafts: and

25 rods which connect the pistons to the crankshafts.

20. The engine of claim 19, wherein the rods are subjected primarily to tensile

forces during operation of the engine.

30 21. The engine of claim 19, wherein the cylinder has exhaust and inlet ports
and wherein the crankshafts, the rods, and the exhaust and inlet ports are arranged
such that the pistons are in phase in their top dead center positions and offset in phase

in their bottom dead center positions.

35
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12. The engine of claim 11, in which the tube is flexible. 13. The engine
of claim1, wherein the liquid coolant provided to the cylinder and

pi stons conprises the same liquid coolant. 35 48 5 14. The engi ne of claim
1, wherein the liquid coolant provided to the cylinder and pistons
conprise different liquid coolants. 15. The engine of claim1, wherein the
supply systemincludes first neans for 10 applying a first liquid cool ant
to the cylinder and a second nmeans adapted for applying a second liquid
cool ants, different Thasngiheof ddisit19] fuethérdcofrpakiag b, frahie ddaptetlits sippardhesecond
pi st ons. %?. lh%an ing of claim1l, wherein each piston is a hollow piston
| acki ng a ngﬁ ?ﬂ?ﬁﬁmi7. The engi ne of claim 15, wherein the supply
system i ncl udes cool ant channels ained at the crowns of the pistons. 20
18. The engi ne ,gf ckai . refp,t I i . ns. for
mai nt ai ni ng thggbyl#ﬁ%gb&g%gpgfﬁig%§“§?§$@E%%%ﬁ%égﬁggﬁgg%ﬁﬂ%$ggﬁﬁi . The
engi ne of belvgemthe cragishhlls. conprising: first and second side-nounted
cranksgafts; and 25 rods which connect the pistons to the crankshafts. 20.
The engine of claim19, wherein the rods are subjected primarily to tensile
forces during @éperat heangine phelaighif, rérerado ti1endineeis éngiorryclgfcoipedsaiong,
wher ei n t heihldngeler has exhaust and inlet ports and wherein the
crankshafts, the rods, and the exhaust and inlet ports are arranged such
that the pistons are in phase in their top dead center positions and of fset
in phase in thsir bedbegmelepdairerd e BARELA fOMSer iRBudhy Mariblds] RBeROI Ne of

claim19, further co r|S|ng a frame adapted to support the _crankshafts
for ré?at itfbengxhaust and inlet ports open into respective manifolds, and each manifold has a

shape that induces swirl.

26. The engine of claim 1, wherein the engine operates at a power-to-weight
ratio of at least 0.50 HF/Ib.
20
27. The engine of claim 26, wherein the engine operates at a power-to-weight
ratio of at least 0.67 HP/Ib.

28. The engine of claim 27, wherein the engine operates at a power-to-weight
25  ratio of at least 1.00 HP/Ib.

29. A machine powered by the engine of claim 1.

- 30, A vehicle powered by the engine of claim 1.

30

31. The vehicte of claim 30, wherein the vehicle is a water craft.

32.  The vehicle of claim 30, wherein the vehicle is a surface vehicle.
35 33. The vehicle of claim 30, wherein the vehicle is a fixed-wing aircraft.
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23. The engine of claim 22, wherein the franme supports conpressive forces
bet ween the crankshafts. 10 24. The engi ne of claim 19, wherein the engine
is a two-cycle conpression- ignition engine. 25. The engine of claim 24,
the cylinder further including manifolds, wherein 15 the exhaust and inlet
ports open into respective manifolds, and each manifold has a shape that

i nduces swirl. 26. The engine of claim1l, wherein the engine operates at a
power-to-weight ratio of at least 0.50 HP/Ib. 20 27. The engine of claim
26, wherein the4engirievenas at REmadd, ’hdrenhe Ushioistotary-alngirelaftat | east
0.67 HP/ I b. 28. The engine of claim27, wherein the engine operates at a
power-to-weight 25 ratio of at least 1.00 HP/Ib. 29. A machi ne powered by
t he engi ne of @6bai MAboweBido! paweehi i/ tee poyies efttldiy 1t he engine of claim1. 30
31. The vehicle of claim30, wherein the vehicle is a water craft. 32. The
vehicle of claim 30, wherein the vehicle is a surface vehicle. 35 33. The
vehi cl e of cl aBtn 30A palver geénerdidtrtepowettiddlyehe sngind obadaimvii ng aircraft. 50 5
34. Thg vehicle of claim30, wherein the vehicle is a rotary-wing aircraft.
35. A power tool powered by the engine of claiml1l. 36. A power generator
power ed by the3éngi hiee exfging ofickaim 1, futier3pmpTibiog érstyambsasbnd betintar totafing t her
conprisin i .rotating crankshafts, the engine
further i%ﬁnhﬂﬁtgﬁﬂge]ﬁ@gﬁgﬂgﬁgﬁﬁﬁ%O support the crankshafts for rotation;
a first gear of feAe daple tesuprRE HieferanksBalls feeiotianigear on the second

crankshaft; angdfirst gear on the first crankshaft;
15 a second gear on the second crankshaft; and,
a third gear supported on the frame, the third gear having an annulus with an
outside circumference engaging the first gear at a first location and an inside

circumference engaging the second gear at a second location.

20 38. The engine of claim 37, wherein the second location is opposite the first
location

25

30

35
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a third gear supported on the franme, the third gear having an annulus wth
an outside circunference engaging the first gear at a first | ocation and
an inside circunference engaging the second gear at a second | ocation. 20
38. The engine of claim 37, wherein the second |ocation is opposite the
first location 25 30 35 51 5 39. An opposed-piston internal conbustion
engi ne, conprising: a cylinder wwth a bore, an outside surface, a central
portion, an exhaust end and an inlet end; a first group of grooves on the
out si d& surfacedt o eerppesedapidtolintetna aomputioh edihe, icBb@pagid:r al portion

toward the exhaust. end;. 10 a second,group of gropves on the outside surface
o conduct a I AERE P AHoTe HTH R e B Vo COPE S oY P ot end.
a third graplebéndyr ooves on the outside surface to conduct a |iquid cool ant

circunferential]y.i I reion:  fir d. secon i stons
adapted to r eciapa?%ﬂcé;?'seg]gfngr? ﬁ%esglc?r @8 Otéjgsg% ?)lfrgsaf; %E\O g{\jngu?tn%ﬁ%"gl %é)&%rﬁ?%’gpvm; at
| east one to@odninat particiinehrdithe exfplugt enddi rected jet of a |iquid coolant to an

i nternal portiagn i .St : a%hf I the. .c . and at
| east n‘gne cool %n?&%ﬂiﬁﬁogF ({f %%Sﬁf(ﬁghgi%ru%é%e 182% t%)f% Sﬁdﬂgfadfagidc‘%g atnt to an
i nternal pgont thesedfal ppidios towardithpiidetemdon a back surface of the crown. 20

40.. The engi ne 0fhirg! @bip 3P grdavéd ﬁrthé%ﬂ%ﬁ&égﬂ}%ce%a&%dﬁ&ra G| dRht

adj ustment of the first or "second piston with respect to the cylinder. 25
41. The erf§ryBlegmtidlyar thepsntraipertienn the pistons are ringless. 52 5 42. An

assenbly for amir®RRPSLInG bPHSIRA IpRtidHs A pted NP HlprQRteeR 3hd Bore, each piston
15 including a crown;
at least one coolant channel to apply a directed jet of a liquid coolant to an
internai portion of the first piston on a back surface of the crown; and
at least one coolant channel to apply a directed jet of a liquid coolant to an
internal portion of the second piston on a back surface of the crown.
20
40. The engine of claim 39, further comprising:
means for compliant adjustment of the first or second piston with respect

to the cylinder.

25 41.  The engine of claim 39, wherein the pistons are ringless. .
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conprising: a cylinder with a bore, an outside surface, a central portion,
an exhaust port and an inlet port; the cylinder including an exhaust

mani fol d over the exhaust port and an inlet 10 nmanifold over the inlet
port; means for conducting a |iquid coolant on the outside surface in a
direction from the central section toward the inlet port; neans for
conducting a liquid coolant on the outside surface in a direction from the
central section toward the exhaust port; 15 means for conducting a |iquid

cool ants on t he 4out siade assBMEAE fol Nardl dPpbsadNTpRt@Ntih@inal dédneististien dnginehe
central sectiagn; first and second opposed pistons adapted to reciprocate in
the bore, CIPA®B¥ston including a crown; at |east one cool ant channel to
apply a direct ectyjirier ofth ahré, i apwutbidzonlrfang, £ eenaral pabn, Bh @xRalst part sndn of
the first é%iﬁgf&don a back surface of the piston crown; and at | east one
cool ant channél™ adapted to apply a directed jet of the liquid coolant to
an i nternal potid oylindér ihtledisg @orekhpus treamifold aveb divk eshaubpat ahd tanenlpt st on

Crown.4g43. .,k Id%%éretﬂgwe&%rt;c' aima42, further conprising: 25 at |east one
conpliant nenber nounted on each piston to maintain alignnent between the

pi ston and t he mMeph$ frdepondurting FHiguidregilast of thel aitsidedurianh ér eiditettion fgimst ons
are ringl Q%centéﬁeﬁﬁon BDRaRRRORRA HBiSt on i nternal conbustion engine,

conprising: a cylinder wth an outside surface, central and end portions,
and a bore; a 8189ps jor Spiusiing adiguid Fopleniagipihg ostsideasstage ima idiregliod fiedol ant on

the out si G cetitall Reforf BRErd thO¥k{duapdiie central portion toward the end
portions; and first and second opé)osed pi stons adapted to reciprocate in

the bdPe. 35 B™§aBs i congystinghafididd gpolantanthe gutsidy syfeeenina@rcepiarentiar
i ncl udes g@iredtivs irPthe @GEAAN 88ctiowhi ch extend on the outside surface fromthe

central portio oward the end portions,  and a group of grooves which
ext end substan 'WSL?’%S‘??PF‘EBW%%EW%F;I%}M trd lt%'@c'é’éoﬁﬂedﬁ the bore, each piston

including a crown;
at least one coolant channel to apply a directed jet of the liquid coolant to an
20  internal portion of the first piston on a back surface of the piston crown; and
at least one coolant channel adapted to apply a directed jet of the liquid coolant

to an internal portion of the second piston on a back surface of the piston crown.

43. The assembly of claim 42, further comprising:
25 at least one compliant member mounted on each pi'ston to maintain

alignment between the piston and the cylinder.
44, The engine of claim 42, wherein the pistons are ringless.

30 45. An opposed-piston internal combustion engine, comprising:
a cylinder with an outside surface, central and end portions, and a bore;
a supply system adapted to apply streams of a liquid coolant on the outside
surface that flow from the central portion toward the end portions; and
first and second opposed pistons adapted to reciprocate in the bore.
35
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portion, further including a cylinder sleeve covering the grooves and one
or nore ports in the cylinder sleeve, each port in comrunication with a
respective groove, the supply 10 system connected to the one or nore
ports. 47. The engine of claim45, wherein each piston includes a crown
having a back surface, the supply system adapted to apply a liquid cool ant
to an internal portion of each piston on the back surface of the crown. 15
48. The engine of claim47, in which each piston includes a cylindrical
body, 5an open 46nd, Taadn@nélobéletfh £5)th dan‘chmthmw:ad@rn@mmstdmpertgigmvéwther

i ncl udi ng ahé >§nd C{O ant .channe E "ﬁ f cf annel co nnected to
the supply %}15? M ahil o%lfﬂj%ﬁg Rt r(ée s BO " 158 (?neé"% %cf 'Y l'i quid
cool ant t antihe dragk of wrdavee vaficht hetend eubstaftiallh ecirc@0fepintiblynin %@, cdrival engi ne
of claim r ext end
on the outeris e S £ hB Biec PERARS 1l RURE: 2he 8028 Bie B o,

and a gr odpe eYlingeoglervs, whatle hor)it ewﬂmgmb&toanmt?aalrysmcv@ugmgvaenhe alppy i n t he
centrgl 2% Qgﬁwtdoﬂﬁbcté%ttﬁ@éné&%&g Ergsa cylinder sleeve covering the
grooves ané one or nore ports in P e cylinder sleeve, each port in

comuni cation with a respectl ve groove, the supply system connected to the

one or nmore pouys. e eﬁ@n@%@&éi@rﬂﬁ@'ﬁe@&n'eﬁ%ﬁbﬁ?&n ﬁ&ﬂéﬂéésé l:x%ma{églnaea

i ncluding a cylinder w a bore, first and second ose I Stons
adapt ed t GaFlEITREBCRE SUPRY SR GHabted e APRI 3 digwd cpwémtdauaﬁgntamamwrhav. ng a

back surf a¢gachaiiloo thaakk Surkice ot ddarjwed to apply one or nore jets of a
i qui 3gcool ant to the back surface of the crown, characterized in that: the

cylind&r further includes an outside surface, a central portion and end
portions, and ube SUWbNglﬁelsftnﬂzﬁﬁniH ad\amble@a&rop@@laluycwee%aéwndn‘calabddiyqui d

cool ant on the 35 outside surface of the | I nde at _f owfromthe

cont ral pOPEPERCTG AR o dare Bt SEier s, il cndis bl el SR b m 0,
in which t:bﬂami)dhbmlm’ eiadclcmlm cgﬁm'ldaDSDrmfectgd@@V%Ssupwlyls?hemmmﬂ)smﬁnéd”le
outside s e centr ortl o) e._end. portions and a
roup of - STeBSET A et e and Al aahid PPk ArERLRt PRI oo T
centrdd ptanion, further including a cylinder sleeve covering the grooves
and one or nore ports in the cylinder sleeve, each port in conmmunication

with a respective groove.
49, The engine of claim 48, in which the cylinder includes groups of grooves

which extend on the outside surface from the central portion toward the end portions,
and a group of grooves which extend substantially circumferentially in the central
25  portion, further including a cylinder sleeve covering the grooves and one or more ports in
the cylinder sleeve, each port in communication with a respective groove, the supply

system connected to the one or more ports.

50. An opposed-piston internal combustion engine, including a cylinder with a
30  bore, first and second opposed pistons adapted to reciprocate in the bore, each piston
including a crown having a back surface, and a supply system adapted to apply one or
more jets of a liquid coolant to the back surface of the crown, characterized in that:
the cylinder further includes an outside surface, a central portion and end
portions, and the supply system is adapted to apply streams of a liquid coolant on the
35  outside surface of the cylinder that flow from the central portion toward the end portions.
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10 52. The engine of claimb50, in which each piston includes a cylindrical
body, an open end, and a cl osed end defining a crown, the engine further
including at | east two coolant channels, each cool ant channel connected to
the supply system and positioned for directing at |east one jet of liquid
cool ant to the back surface of the crown of the 15 piston. 53. A nethod of
operating an internal conbustion engine including at | east one cylinder

wi th an outside surface, central and end portions, and a bore and a pair of

opposed pi st ons1adapledging @f cRh [BOOGAIVRIch Nhd BRinBer BclueaL Brodps bP@rdoled udi ng a
crown W|th ck,surface

streams of hécq ‘F’gﬁ”‘g"’&&ﬂ %iji?‘g? gu %g f%‘% eg‘éér@(ﬁ:llr ?‘ﬁh‘g‘g{oﬁ’ﬁF‘PWOW%f‘? ! rn%![ he

central panti @agrownaf drddees ewrrd:hpextbnd)ra;abstamtti!iﬁp:pbmfeganaallyl imatie osreratli rect ed

jet of a :cploﬁ 'ndfuﬁﬁ)tgri%ﬂl l%tg'}gs%@yhﬁgts%%/%cm%gpé r]%gqrgovggag? ES r%gre rPcﬂu d‘nhﬁgbaCk

surface o e Cr own. od 0

appl yi ng dhe edindersfecse, dagupeit incooinamicaion withd eafsemtlvalgrqoveo the out si de
surfagg in the central portion. 55. The nethod of claim 54, wherein
applying spiral streans of a liquid 30 coolant, applying at |east one
directed jet ofZalld epging Satdimd0, inawkictappdhypisign ichugasre ayfindsical kogwi ah cool ant

to the OUtoﬁér‘F'%néLandaé?aoéé?j ér{aedé‘fﬁfﬁgraa&ro%rﬁxb%gi%'furﬁ%pﬂ{dﬁf?\ugag%a)étﬂr&b a fuel.

56. A nmethod of cooling an oppose I'ston engine t I nc s a cylinder

and firstcoglart deeenizl spheadant I@h@mrmhgonﬂeﬁt@désg/therﬁd@plyusmapmoﬁndyoawomﬁ si de

surface, #orc@RbiR at BastRMetiLOSY iR kOB BRH & 8f tHehGolvh lop theand
second pi stons adapted to reciprocate in the bore, each piston including a

crown 1% t Ri$¥ack surface, the method including cooling the outside
surface of the cylinder using a liquid coolant so as to obtain an at Ieast

general ly unif tenperature along the | ength and circunference of th
outsi de 555 ik MELIOLPPEGHNS AG TABSLERRNSIT SR ONER 2HIEE O own by
di rect i npyingenenlt an duside slirfagy) dermolaamtend (ﬁa;&roaQtﬁ'fd zeﬁsre and kapair bhe

i quid cool ant us A kﬂthe out Si surface o | nder d t he
[ au a ogprase PiEs aregln eRBion T e RS pelon i A AoBh o aar ot he
sane PR qubdckcaaniaestthe method including:

applying spiral streams of a liquid coolant fo the outside surface that flow from
the central portion toward the end portions; and
applying at least one directed jet of a liquid coolant {o an internal portion of each
piston on the back surface of the crown.
25
54. The method of claim 53, further including applying streams of a liquid

coolant circumferentially to the outside surface in the central portion.

55. The method of claim 54, wherein applying spiral streams of a liquid
30  coolant, applying at least one directed jet of a liquid coolant, and applying streams of a

liquid coolant to the outside surface in the central portion all comprise applying a fuel.

56. A method of cooling an opposed piston engine that includes a cylinder and

first and second opposed pistons, the cylinder including an outside surface, a central

356  portion, end portions and a bore, the first and second pistons adapted to reciprocate in
the bore, each piston inciuding a crown with a back surface, the method including

- cooling the outside surface of the cylinder using a liquid coolant so as to obtain an at

teast generally uniform temperature along the length and circumference of the outside
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surface, and cooling the back surface of each piston crown by direct impingement with a
liguid coolant, characterized in that:
the liquid coolant used fo cool the outside surface of the cylinder and the fiquid

coolant used to cool the back surface of each piston crown are the same liquid coolant.
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