| 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 ncorporated by reference in its entirety. BACKGROUND 10 The invention
concerns an internal conbustion engine. Mre particularly, the 1invention
relates to a two-cycle, opposed-piston engi ne. The opposed- pi ston engi ne
was i nvented by Hugo Junkers around the end of the nineteenth century.
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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 over

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 1I, 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 [, Fig. 13-11).”




engine is tall, with its height spanning the |lengths 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 nmassive to accommodate the high
conpressive forces between the pistons and crankshafts. These conpressive
forces, coupled with oscillatory notion of the wist pins and piston
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magni t ude. TheoMidnsl refdndfice 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 U.K. Patent 558,115, is to 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 crankshafts are closer together than in
the Jumo engines, and are coupled by a shorter gear train. The pistons and
crankshafis are connected by rods that extend from each piston along the sides of the
cylinders, at acute angles to the sides of the cylinders, to each of the crankshafts. In
this arrangement, the rods are mainly under tensile force, which removes the repulsive
30 forces on the crankshafts 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




2 connecting the rods to the pistons are disposed outside of the pistons on
saddl es nounted to the outer skirts of the pistons. Bird' s proposed engi ne
has torsional bal ance 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
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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 combustion 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 to piston seizure. The piston must be cooled to mitigate this threat. In all
high performance engines, the pistons are cooled principally 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




conpl ex stresses occur. Therefore, the rings are limted in their ability
to cool the pistons, which places a limt on the nmaxi mum 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 Iiquid [ubricant can be
applied. 5 Prior opposed-piston engines include an engine block in which
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as the primary ifectura t of the, engine.
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cylinder and with elimination or at least substantial reduction of thermal distortion of

piston crowns.




caused by heating of these el enents during engine operation. In one aspect,
the 10 cylinder may be cool ed by directed stream ng of |iquid cool ant

t hrough groups of grooves on an external surface of the cylinder. In

anot her 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

pi ston. Radially non-uniform nmechanical stresses on the cylinder are
elimnated or at 15 |least significantly reduced by freeing the cylinder
from passive architectural or structural elenents of the engine, such as
an engi ne bl ock. In one aspect, the cyligﬁﬁ&4 y be supported in the

engi ne principally by piston structures and cool ant |ines.

Al t oget her, these ilpreascdrBMEB istrealidediin a awclcpd€ oppo¥el Pistoncankzing dath side- pi St on

20 cl earance that enabl e tight. seal. be en, the cylinder, and the

pi st ons, mhile"m396$8?Wﬁ£@%H®h Lﬁ%@ﬁﬁéﬁ“&ﬁghﬁwgﬁﬂ%?ﬂgﬁﬁ‘Wﬁéyﬂﬁ§96€“%urface
of - the cyl i ndebf mbihahibslstrbs3Ey PR MRYyfndeR €Ngi ne operation may be realized
by permttipg sone _conpliance between the cylinder and pistons during

engi ne operation. TRECHYE ks ligls theanarimpum damperatumse olcthe Fylindey and pistase gr ee
of flexibilitybyheiduitddhemuchhet! A LRNbIE Gwag Hrdfi ! il elbnithisifRR lenfint N t he
cylinder during engine operation. These inprovenents, and other~

i mprovenent s afRFrEPRankailged coeling ¢liseigateson dideask gigrifiedndy redwaesmanamifoon | ows,

' d . i - ;
provi de a very jiofRnS s M&ér%n(é Q%Q?ﬁ&?%%?; Eﬁ{a\l}\él A ts?ﬁat wod Siwil b2

substantial increase 1 n BVEP, an resulting rn an
engi ne with theauset byiheatingtof thedsi doments Bufagnenginehdpgimgiont Hanonet aspéchettie by

conpar abl e, 30 ' ' ' . eed. BRI EF

besert P11 kP or ke b ERPURRES Blectd i3y 81 Gl ME0BR"BftueR ARpF o5
illustrate prigobpises aardtemehspfiesof tlie sylinler dnianothérespent, leacki pigoni elapbe ed
description. T e necessarily to scale. FlG, 1 1is a partiall
schematic ill us%%{cgfq’yoaﬁgg%h nﬁgf”ﬁ %rnm%rf: défe%?{ﬁgg oattl‘tqmélp%ff‘g‘ifo ag’aﬁlf §"l‘%§‘ﬁgdi esel
engi ne. FIGS. @hhaadwRBfthepistonde sectional views of a cylinder with opposed
pi stons coupl ed by i | e-1gaded ' wo crankshafts in a

first embodi nent ofRatdgaEl%c%’B' FIHSE On%ﬁ?&“@%ﬁ%r‘?g%r?& °f g5 Upgnrd ot . 2
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. 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 enginé with a dégree of flexibility that enables the pistons to

25  maintain alignment with thé cyiinder. 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, resulting 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.




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 with opposed
pistons of FIGS. 15 2A and 2B rotated 90 on its axis.  FIG 5B is the sane
view of the cylinder in FIG 5A showi ng an alternate enbodi nent for
cooling the cylinder. FIGS. 6A and 6B are side perspective views show ng

i ncreasingly conplete stages BRIERDESTRINTION OF THEIbRARYNGRIEr mechani sm

for the first enbodi t. opposed. piston engine. 20 FIGS. 7A-7C are
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one gear part ipskdnydi€setengit@y- 25 FI GS. 8A-8C are perspective views of a

mul tiple-cylinder inplenentation of the first enbodi nent opposed- pi ston
engi ne nodul e showi E&%MI%B e sigle [sectignal vigvey afasiyligdey withnppeded pitaages of
assenbly. FI G cSuhid I ' | a su syst.em for_ _an
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is a schemati c2¥PeRpsethpison igemnal combbstivednginel FIGNPA chewsahé pRtoa htyiner sk em f or
an opposed-pi s e pifl .S a schematic .di agram of another supply
system for an E%EHSEQ%“-"%? 'sl?tléh&éﬁ%%ﬁetﬁ ‘ivﬂftc??rqa%ﬁ}“&{/‘?fd’@&mﬂid ¥€bol ant to the
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engine. FIGS. JAAREID, I ate.the structure of a cylinder useable in a "
second enbodi ment b?Aglrl\&%%g@gé@"ﬁiaﬁgﬁ[eﬁ?yé&ﬁg&e@mst ion engine. FIG 12
is a curve nodel i ngFIG. das apbt sigadhgilatingphiashgai el s oblgbsg‘?}&g(’h%fné _

di rection durigng_&peration of an opposed piston engine. 13A-13
illustrate the structure of a piston useable in the second

FIG. 5A is a 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
increasingly 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 implementation 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.




enbodi nent engine. FIG 14A is a side view of the second enbodi nent engi ne
showi ng 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 nent engine. showing a cylinder with opposed pistons in which the

pi stons are coupled by primarily tensile-loaded connecting rods to two
crankshafts, with the view partially 15 cut away to show an alternate

pi ston cooling strugfun F J15A- 15E are per.spective views of a
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dead center, wliagsthisfuraawondingtthEI@RHd34F13Fhei r expansi on or power strokes.
10 These and inter I . ikl i) .be descri bed i.n re detail bel ow
The foll ow ng expl ?r?g*lf ?%%%féﬁwgmggin%ree?gwg -ﬂ?egﬁ?f"(f"ldoe rgoé)ﬂl&feﬂ “HBY- t he
showing a cylinder with opposed pistons in which the pistons are coupled by

primarily tensile-loaded connecting rods to two crankshafis, 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. 16A is a schematic diagram of a supply system useable to conirol 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

_cc;r_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.




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 output (not shown in these figures). 20 The pistons

12 and 14 are holl ow cylindrical ] axial ends 12a and
14a which termnate in crowns 12d”§;%ﬁ@ig‘ﬂ%€%@_@jﬁgﬁq ends 120 and 14o,

and skirts 12s and A&&st#igine Btodinent r om t he open axial ends 120 and 140 to
the crowns 12d.and.14d. Sad d 18,. in the formogf%co%? anngcs ar

s
structures, are WDGWP%QT"’PB"F?@‘SBB‘EH" F0f|of 8 RPOFeA,PistAR €A Y582%¢ st ons

12 and 14, reSﬂeEIUsvehmdaﬁ Eﬁ@sb ﬁg{neh taﬁovsacwhﬁﬁr 16 with Dppsred ﬁ:ioﬁs emdﬁd of a
plurality of connectlng rods_to respective piston on

mount ed.  The péf disaesed \tergip. ifhreg@t% daraed 14 moys peaxidly IBrﬂ‘%/"I(lWS‘e’chlectl ng

rods for each Bpp%E&fhmtﬁﬁg tb¥vard Snd ﬂvﬁﬁfr&l‘ﬂ@ﬁ‘dﬁ&kﬁ&@‘lbh% ifideatey th@stﬁms 12
addi ti onal connecting ds are not Visible. The connecti n% rods 20a and 20b

are connect edatdbl4 ﬂéoﬁﬁﬁdll@f)l‘@aﬁéweftwf%ﬁﬁh agery thest poak of Bieirtcompressiomhn | e
the connectingsdfied Qs the hoftahk gfaé‘mﬁ&? Han Qﬁlﬁﬂat%é)thte% i%égl?%t\%ogénﬁ | near the

open end of the piston 14. BecauSe the sa les 16 an nkage
bet ween t he pi gutgrhsle@cm Wwhere Mgy arh@t ther endpf theiv expansien or hewqyistokess | ack

i nt er nal vv“)st@hégg aﬁﬂéhsers 315%@5%519:110%95 Jttla‘fo addl es and the_

pi stons permits cool |spe extend axially into the
pi stons 12 and 14 lemm‘otlhwmgpm:plamtdm ﬂrﬁsmmdl dofapressiobdgrafiore ehgie fdngher owns

and internal s S 1 el.y. The

si de- nount ed c%’gnfgﬁg%ﬁtbﬂio&d é&g‘g‘gk 0%[ gﬂ's%eogkelf tlfllg aﬁe‘%")rﬁ rggl(he ti;'%Qpar al | el
to each ot her eatledtyinglulenand soemislies né@nhedthg alsmbeearchpeﬂ $ortasparkyipmiticler 10
at or near its Iong| tudi nal center and that is perpendicular to the axis
of the cyli ndef®®®he crankshafts rotate in opposite directions. The

connectingifods 20aAs ﬁﬁbfnaﬁ(FIGEazA%b 2B 1tk eﬁmﬂactceﬁ 4 tube fathkihé bposed on t he
sed. to form an acute

crankshafts 30 and ecti ng rod is

angl e wi throspeeE o EF dud8ey i R SRRt BPotA Extiph togH and awiy
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 14o,
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 illustrates
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 end of the piston 12, while the connecting
30 rods 22a and 22b are connected to the saddle 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




10 10 and the pistons 12 and 14. The connecting rods are linked to the
saddl es 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 the
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
conpl ete revol uti on between those ends and the el enents of the saddle to 15
whi ch they are coupl ed. Needl e bearings with sufficiently small dianeter
rollers produce at least full rotation of the rollers during each

oscillation, by . reducin mear try. and exten bearlng life.
The geonetric :Lgﬁlgts%{%cﬁesshﬁn theepi W@%ﬁﬁ’%@e@ é%i@“‘gég "é@ axigly
crankshafts i n iktb @& pistorand aﬁBlkﬁeﬁﬁth& lBperCeds €Xd 4ndd 46 8siBe HibicBGi M klawnynder

tensile 20 stre s as.the ons 12 and 14 noye in the cylinder 10, with a
limted |evel E‘&‘?’f’ﬁ’r‘ élg’ét?&léﬁ%w'@%l%@@dﬁ‘ie%c‘f‘fe&ﬂ inertial forces of the

pi stons at high engrhe tvpsi@elmountti ParltSHANE 130Yanl SBUSLE i Posed ik s %Jeby
el i m nat es |de fﬁerces bet ween the pistons and the bore of the cylinder.

In FIGS. 2A an@a? 1t9,6a8h othghand lyme i p somamen plarg thatdntersects the cyljndentibat ot0 and
the 25 pist 0n%eégts%u&dlinﬁrc%m%hMaﬂg‘i‘)elg:)fljlt%l{?)gﬁrto il dxﬂ‘.c#mgé lﬂﬂe lI‘H et

port 46 through which " air, under pressur nto t 0. The
cylinder also KHakshaftsesotaa inroppesite di Qnﬁrﬁwgiﬁnnﬂﬂmg]rqdhéw)ﬂ@ljmd QZaof.Zzb

conbustion fl owQidhndfed td Eratilt kiirBIE bn %’% crﬁ%ﬁliaﬁ %O%% 35 N&lch b %/roﬁrlw th

respect to these ports, the pistons respec tferred
to as the "ex héumsed qurm ammte angleswt]mweemd tltehaese(anﬁ;thekldbé)@fd;elcymdhf 10

Cont Pgurat ton {3 eRERERS | Dl £ Rhé Slme il ol aR R Rt oA 0 aBEFE, 7 one

of the exhaust bﬁmansrdfabeqb@bdasngsas(e ambthﬂhat:mdk tlyowa)b;eﬂieaﬁs offrollel @eapingd ONS

during engi ne t o not shown jn this
drawi ng) cont rg€ %tag gﬁ@ oé’gggl?ﬂ"peﬁ 8¥° OPB%Q'IESIP%&T"B ?Mg‘ admi t s
fuel into the chnecnniglrodb(bouﬁlsd tdthe ﬁafskdnclwaﬂﬂe okdiltisd ﬂ@ddgﬁ'&ﬁ aﬁé\ﬂaﬂﬁﬁp Rt i ON
will establish, the rel atl ?%V\%ﬁ tonleglyi gelen th of the
cylinder, and PRE If@ﬁ@?’ﬂpgﬁaﬁvc?‘f'(?nt B"eégl OfRiends and thg e “t?fl‘tst‘}f ccSpidln e

mani f ol ds, lﬁ:ourarheﬁl tidyt freacoppled eNetdid eRMEe vam! miermls»esn%lrs bRRERSollREY
traverse thel r ttomII dgtaﬁc‘i‘ cent, er ositions, nodul até port operations and

sequence t hem POfYEA fegst il gotgtion thﬁ\i%uﬁ"%d“q‘\ﬂ sgeh escillagjam.cthereberedygieg  and

exhaust ports wear asymmetry and extending bearing life.

The geometric relationship between the conmecting 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 forceé between the pistons and

the bore of the ¢ylinder. |
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 a!so. 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




46 and 48 are displaced axially fromthe | ongitudinal center of the
cylinder, near its ends. The pistons may be of equal |ength. Each piston
12 and 14 keeps the associated 10 port 46 or 48 of the cylinder 10 cl osed
until it approaches its bottom dead center position. The phase offset

bet ween t he bottom dead center positions produces a sequence in which the
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 position, foll ow ng which the exhaust port

closes after the 15 exhaust, pi ston. npves .awa romits botto ead center
DSt ¢ 1 on, and PRk i (R shoWe s RS SRlaled i, g p s SRLRRGSEEC. avay
fromits bott o{desteibel bstow)Ridme Siel irdinthe cHlindé: 103A- 3F are schenatic
representations of the cyljinder 10 and pistons, 12 and 14 of F|GS., 2A and 2B
illustrating a repré%él?ﬁ fﬂ‘ﬂowgcyllﬂsﬁatws &Bér‘%ﬁ‘iqﬁﬁ‘m (“"ﬂp"e"Faé?ﬁFtbrf'«Lﬁ ety
this exanpl e, witivhentfi®olefdthNhe Rhgth@P tHEQFAndet Ah the 1édpeh added RPIBO EYIiHder ODS ON
each side of the cylinder forman angle of approximtely 120 as shown in
FIG 3A Ths beskEthecyliadesgpanifoldssouplad withaihase differengs) betwiien ghespistons \

operational Cyg{ fhey ittavirfe fiRfr HHRBM dda@ R2iE} PO NEEARAS ToR! GrepBiBfRldd €S
with other operating cycles. For convenience, an operational cycle may be

measur ed r ot at fegneiice fhem comrgetly wigh piston e¥eni fn @iﬁg‘ﬁgﬁf@)fﬂl@iﬂﬂﬁ apdexbaest portt ons
arc at top dea nggkf EQH: ' : ey
reference to F%G&ﬂ;iﬁa&? ?%pit%er m ﬁ%l%p‘?(g%?cf qglé%tt%gr |e§{}g nglg% gﬁt?g,fngérfy{t% t he
poi nt at whi chendsclhs|pistard meyds of 2quah ledgth4Bach pistdnel 2pind tid ksepks 2heassociatetl ar e

cl osest to,gac 0 S . Ll 1 '

conpr essedl&\i n&f Ee‘g@%/ I“lg%gélrrle %Qgﬁg@@ég@%ﬁl 1tf%§ro§lr:]1£fg lt%'llﬂ)?@hl é@ag %g% rop of
t he conpressi oposgtionolbe phase baffsat petsean the bisiony derdccantee positibnsprdures ment |,

0, doad cent cfoBBlt il bR Ces ol 05, e SR
poi nts at whi chotiohedet @sster pusition] fhen alredinled powfoptrsewimnsthe hsletlistamchovédst ar e
LA T T EE I Yo N T W
for the pi 83 onexhdust pistu tBovesl Sivay Frog itsli&ftobf ddabl @emt¥CpoRitioh, Aidahad ihelinleA
ke O S S Lo ot S Bl o kP, 1o "o
uses 360 5 to megggse3R3fukd schymhiR refleSenRMBR & tAOEyldatl MNmdgfistbie1xcycl e
~are referenced to _specific . . . .
and 14 of FIGS. 2A and 2B illustrating a representative cycle of operation
(“operational cycle”). In this example, with the pistbns_ 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 coriVenieriqe, 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
3G 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 crankshafis 30 and 32. Bottom dead center for the piston 12
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points in the 360 cycle wth the understanding that for different
geonetries, while the sequence of events and actions wll be the sane, the
points at which they occur in the 360 cycle will differ fromthose in this
expl anation. Referring nowto FIG 3A, prior to the O reference point in

t he operational 10 cycle where the pistons 12 and 14 will be at top dead
center, fuel is initially injected into the cylinder through the at |east
one injection site. Fuel nmay continue to be injected after conbustion
commences. The fuel mixes with conpressed air and the mixture ignites

ctroker to dri Sty R eRioR Bulpries e ontistih ol B hsE B diaaison 14 PO

di rections. Thecc]xfsJmtaﬁmsoiﬁtmcyc%fb@&ﬁtldme inl et and exhaust ports 46
and 48 cl osed durin g t he glfﬁ, stroke,. bl ocking air fromentering the
inlet port and exhaQdOriroff CRUDREsHPI-igRitign wReravional gycle is nowrexplaingd with 90 in

t he oper ati onatef@yk @ FIGE 38131 TA% ekPlamitdn Mnedﬁ%rbemlﬁk\ﬁﬁﬁve LAY @egfed hei r
power strokes, continue to travel out of the | i nder The inlet and

cy
exhaust ports Pemeaipre adull cxeleThe eventsand actions °|fFl'G cygde, afea!’é’felmed i spepific
oper at i onal CYEélﬁtsugﬁieBb@ @bnemmd&%anmh {HAProP biftfeRint g%gn s MR fé;%
e the inlet

enough out of the cylinder 10 to open the exhaust port
port 46 is sti§equenceberentsigad petigps wilkbethe smmmwtnﬂw%gi gretminftheow out

of the exhaustsqpichidfin Hitkoniif a0l i ckilfrafiel © 15 referred to as

bl ow-down. In FIG 3D, at 180 e operational cycle, the inlet ‘and
exhaust ports 46 ari%#fﬂrsnanewdpéiﬁam Ip‘meselﬂm Peaddferince poiotnm ﬂmbperathmal

Conbust] on'l | RS iR i 2B d i By b B Rl N B BATE briret

resi dual conbuistd the qylisder shrmngh dlesqlllea:sedne mjedmoprsetasmel magi continuel 9 el G 3E,

port 46 15 st 1T B cotituldon RGRY 110 Full iaowth omiirsed i e e ©
expl ai ned i n nmoix¢ure dgnitics bdmhmtheamc@mdallaa@ﬁmummsmgohéopsws@ﬂ iht o the

cylinder 10 30_t hrou h h t hat ort | s,.cl psed, after
whi ch the conp?®&LpiETe %&Xg%ﬂoﬂgﬁﬁ@ﬁsﬁ aﬂgék i rale i ?@Pﬁﬁ%‘f‘?&"l‘m’éy@ee
shown in FI5G Iﬁﬁonstmnausu@e;ﬂhazﬂamdd 3ﬂ13@£t§)ort§m@ﬁnm S¥RY duhOme Bokbtei 1
conpression stro both the |ngé§t and exhaust ports 46 11 and 48 are

d
cl osed. The plsérf’gﬁ?lof NERY 5 eHeERn %\PWW?BU@“‘[‘SW&P%! frofleaving the gulipyst cent er
posi tions, anchothn ENE BB, 5900 @it parational eﬁwmﬂblﬁ&sl 0439, ﬁaﬁnﬁ&%ly
an

operates. FlI G 4 is.a pl ot showi ng the phases of pi stons 12
during the through their power strokes, continue to travel out of the cylmder 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 1'.8.0" 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 exhaust 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

30  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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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 l[ine 52. At top dead center 60,
both of the pistons are in phase and the closed ends 12a and 14a are
equal ly distant from 10 the Iongitudinal center of the cylinder 10. As the

oper ati onal cycl roc he ncreasin | eads.in p

until it reaché‘é é“eb anﬁf‘ea’ﬁtogﬁﬁ ;‘% th o ggpm rr]°8%¥° 4':1 By g(ﬁp‘i’(ﬁ t he
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passes through its t om de ent er_ poj nt and begins tch up wit

the piston 12 until ét%P&*éﬁ%‘ﬁ@gé}l PB%&%Ogg% PIStPRS bh 48 ‘iﬁét uggg they t he

cycle. 15 The sb;{tﬁ{vbrtq:eﬁhm cﬁat- gest &e&&w@ NpikoR ;iahs%tﬁﬁss bd InAlded 4t

illustrated_in FIG enabl es t esired sequencing of the inlet and
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pi ston opens. Thus, when the closed end |2a o on 12 reaches the
poi nt repr esen?’&ihbeISBBdwrwﬁS Ph@e&wmww@@ﬁw nlnﬂoy lbégtldisatft@ﬁmhﬂe 20
When the cl ose t nt ed:
by 65 on GO BoC T R oPlhephforblash fhicafbaty e 0l ot 15 ool Bk BOERET! 0
t he exhaust popf the @lstape grecin gphasg| and dher cloded endral2giand 14 ae requalivrtdidtant tfenpl ston
end 1l4a reggche r

cl osed and(ﬁgorr%?3 e@%ﬁﬁiﬂ cen{e?%rf'(lalﬁg %lﬁglgg{? a%? %ﬁﬁﬁ%r‘gglteesp rg&eass

t hat t he connepisiond2 nmnleasrhglw ledde i nlmseuntll\xteremhss dnbotdin diaadweﬂtertﬂmnmmgh

di fferent pat 4y ankshaf t goin ver
the top of one-'u(s,t?g ?rgﬁgﬁtfnn‘hﬁé’pmo& 125 rquéct%ﬂd’yu%%ﬁrefﬂ'@ %8 PB‘H?(S ®the
same crankshapiston 14 passedihebuldle it bbttuin deddreentespeint 63t ad bk £ins % datvhtuptich
respective ope |n i ti.ons. far the exhaust,a d I N may not
necessarily |i %*“F‘ﬁ? hﬁg msﬁ?ﬁfr‘fﬂ%{?agﬂ%fnrp ?gtﬁ d‘gﬁ\?é"y‘bl feni ng and
cl osi ng phases may mefcfsanatﬁlrgqmstemﬁa bW theASst&iR 2D ahmﬁu@mmn FRi3 and
nder tube 70 wit axi al, ends

5A, the cylinder 10 i ncl udes | 0si_n
and annul ar exﬂ&héf&'gﬂaswe SefuEn %%ﬁﬁﬁte? @éetwmrwwrtsééeﬁg 48 g i stdy,
\9/8! ded, or ot hge\Wns €d 64 tPradeits BRYoLitIYE ofthl dlowd ¢ afistb @hér¥ the skt t ube

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. -
20  When the closed end 14a of the piston 14 moves past the point represented by 65 6n ‘
'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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The manifolds 72 and 74 may be denom nated the "cylinder exhaust nanifold"
and the "cylinder inlet manifold", respectively. The manifolds 72 and 74
have respective internal annular galleries 76 and 78 that constitute the
exhaust and inlet ports, 5 respectively. Preferably each of the galleries
76 and 78 has the shape of a scroll in order to induce swirling of gasses
flowi ng therethrough, while inhibiting turbulent mxing. Swirling the
pressurized air facilitates scavengi ng and enhances conbustion efficiency.
The cylinder mani fold 72 al so includes an annul ar passage 77 surroundi ng

t he annul ar nnuJar sage 77 may .be. connected to Jeceive
airflow, 10 or hh%{ & naﬂ% ef“’ﬁ%v’"ge@ﬁ P?Zl ﬂéﬂt‘mﬁf’&?‘ef’ﬂ“@%}' et{ﬁ
periphery of t Mbe manifflad W2 Zad 74 Wagrbetd&ﬁorﬁmhﬂemdﬁr“c?ﬁfdef ekHiSst idarMOR” 4dd ar e

joined to the linder t fheir ou portions extend the bore of
the tube. The % ’ﬂgelgﬁ'fﬂ@’%?l i JRSPREEf Yngﬁe panigelds & 9nd Fhhave respectivg anet er

of the pist onsln“tanaaruim&m galidtiet ' AR V7@ NBardbilsitiel RS xniRY ahe lmfetabértscat ed
frommaterials w théYg}%atl bl e t her mal expan5| on characteristics.

ringless pistoff§Pee eferabimeagh of theogajlerigse’6 and 78 hasdheshape n’éars@reicﬂ i or
bri dges spanni Bgler fRdIRR vt f a

bet ween t he outerer di anetersrm?rﬁ%séé?lmsb@]gg&gﬁgﬁ% Ee1 ?ﬁﬁ%% l%eter 0 the
conmon bore. WHi¥ng Syirliag éh“oﬁféﬁisatlmﬂrﬁlr faeilitates soavehging atrberdpaess combwstioreen
each piston angmih f 2 mils,
or 50 microns, to gcw?ﬁ@cmxeﬂﬁmﬁﬂ!&ﬁa[%ﬂ%%g&a %é‘%gépafsta r?%lglg‘g cén%| SO
facilitates ththefaonylangaberyJs. ﬂmanmtaamﬁsmnﬁfma}dbehbmmmia)rswnrel aifflostyici ng

o1, o SSofglly oy b5l MBS 5o P L

annul ar pass agBﬂlen\/thercyhmdw mamfoldemj emtBbare joingdaaittegeylibder it 20y their GOter

t hereby provi Q_supphort, t rans of .the r st . the
ports. Tubes lg g%ﬁ& r%ode Sﬁﬂf" ﬁ'ébetjf% &%%Fna AiPFeSisiRD “?%harﬁa t‘gabsfb’ open
into the int ermaﬂchmmetegedr ﬂaerplsisns?ﬁ aid1 4] @nd RieOpibtBhs ghd- HMB& b EL Ween
t he exhaust an@ L. nl gorts an pective exhaust and, inl et mani f ol _ds.

FIG 5Ais an Rﬁ‘%ﬁ? fow; mategials; w Hﬁ afompatible Jhermal expansigne Fharasterstics. dHposed

pi stons 121:n Ch'uiglesablsfohﬁ(pistdirﬁsﬂﬂﬁﬁt 1¥18zsPAS nbddOthere W nded ForoRfizad 4 g cycle
shown in these fi t he pistons 12 and 14

t re
;fe”S?Lvl dZd mﬁﬁf Hg‘ffle anga ﬁ?fgtclﬂie falergree wm}vga‘r’w i wmﬁwt@mmom th

rings if dictahegiskis de5ihg Ineh dianfRe of theOsdmnidnSided) Witﬁ‘ﬁﬁgl%seo Rhib® 8
el enents in this eng |ne for two reasons. First, piston rings acConmodate

radi al di stort‘?"ﬁ‘i‘ﬂ"ﬁf the, sRacing befivran €3ahi nivtert andithe bareiey e on sk arder of 0.002

to 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 oi)poscd
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 rnay 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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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-uniform
distortion fromany thermal stress or any nechanical stress generated by
ot her engi ne conponents, or asymetrical cooling 5 elenents. As a result
the cylinders and pistons nay be machined with very tight tolerances for
very close fitting, thereby confining conbustion and limting bl owby of
conmbustion products along the interstice between each piston and the

O BBl PR T ARETRGh A a5 b BV RSB o o
by appl i cati onjiRbtrdiéditddespBbd it thiOspBaficise aRAD cidit 51 ADedginelRbIkaRI @) | Y
substantially entirely withdrawn from (or, protrudes fro the cylinder as

it nmoves t hr oulKrefare ngbsukipRt dearercwHioaR digeition J¥ora nyt srmal i eSO ant
can be appl i edyjehahicsi ﬁfessegéa@}atefauw BHEr enthife EdnfPone ,,3;%%1%%5& doBling Ni s

regard. As a piston noves out of and back into the cylinder, it is showered
(by di spen$er glementyeAsagesultibe cylinders apd pigionsyimsy deanechined twith veiy dighur f ace
of its skirt. LA PETON I iheS ceHlsdi LWepRenser 24
or 26) toits #On%r%?eﬁﬁ??%%ybgfgrﬁgﬁegﬁgf?ﬁmﬁﬁ to girl]ﬁg?r‘r?? tﬁigin%gﬁ’it crown.
For exanpl e, i of &ind®stid pradubtsAlong dehingerstice ihetvzem gabhlpistos and; (thet eyhindex! | y

wi thdrawn fro L.hder n .t 2 |1 Taki ng
the piston 1;”5 %cgg?’ péféénslgg saatj':lPQ/Oe‘?O%E H{leﬁ s’rtr%g‘trl\s heggi?’ gv(\)/? %rﬁ&cﬁ.]gﬁ gl‘ﬁ'{éésf’e‘gﬁ}aend 12a
of the piston th2 ég@inaaperatehecemht mstowaupy of codkal by rapplivatigalof diqyid 7@®planhe
skirt 12s the pistopn 12 is. substantially.entirely wthdrawy fromthe
oyl | nder - 180 whPraRn i, fonois, PRISARY | BbsneBl doirely, WML 1o

out si de edge 7p@trodesiffomn)ghd tylinder/4s ianmbvedthrodigh dts dotiad glead dédeer bsitibrescex haust
mani fold 72 repajns.jn the exhaust manifold 72 fitted e,end . of the
cylinder 10 as{Lg#e]é%‘r“i ‘f?é’ifnb“&“ applieddy ii§ exteipal W&%%F%E&egghﬁgﬁ%‘{ M2 and
14 25 subsequethid ¥gdiBVESa PRt hoked duhef sl Habldfto 1R dylinddicit @xdhoweredl @&t it is

substantially  enclosed by the cyljnder 10 en it reaches its top dead
center positi ofisPeRpREsto boﬁa%‘frébeﬂbﬂthﬁllﬁ%‘%c% t e thsuter s ?ces"lgbtétsﬁﬁl ﬂ’al |y

the entire1ski idditth, Bffd codking iCdppligd @Y disheRicP b4 YALS tb 9 Mnkhsurfadd dioger 10
and is exposed for cooling. The detailed description of how that occurs in

this illustratis&itwiepndncludnpgitsEdm to 30 limt the scope of this
feature; what is regyikafplSint PRIS. SROMINGAS edch ittt 32 dRd 94T & AaBstbially

withdrawn from the cylinder 10 near its 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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the skirt of each of the pistons 12 and 14 be periodically outside of the
cylinder 10 during engine operation to be sufficiently cool ed 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
particul ar application may vary based on a nunber of factors including,
for exanple, system cool ant requirenents, engine geonetry, and desi gner
preference. 5 As a piston noves in and out of a cylinder it is cooled by
application of a quuid cool ant (by dispensers to be described) to the

outer surface of irt cool ant | | ied (by

di spenser 24 of %5‘ ‘friac?st(gvﬂi‘crﬁlfﬂs °§gf‘#é’gg‘eﬁy li?fg“' d‘f’?""’@ﬁ‘i‘tﬁe ﬁhetrg“‘éfhﬂ“é
including its emowexpbid 1§ﬁfpadldlﬂﬂila§?mﬁbﬂﬂhylﬁrﬁbﬁ@@bﬁm Nurhte® &f tgetéi9 0!
both the |nterLo[Hdand t he exterior the pistons. Wth reference to FIGS.

5A and 6A, 10 U5B1ding; fagiexayapy %ﬁ?ﬁmﬁ%ﬁﬁlvm?&ﬁee%fneﬁeé@?w’%ﬂﬁgmgfmspense
a liquid cool apfefssiice, t he pistons 12 and 14 and the cylinder 10 during
engi ne operation. An el ongate dispenser manifold 86 extends at | east
general ly a%ially a%ﬁgnmmmwnnﬁldmboﬁwcymr lttlﬁll§9019¢1§y appfvatien Oﬁmd

inlet manifold 7 X
86a, 86b, 86c, ﬁ%l?ng cg%gmeé’g Esegnﬂoféléex%sg oI dtu %@é ogggggiﬁsd

cylinder 10. 1%iditins, Haug emi@rt isgppligdy(by wp@nsmﬁﬁcbrdéi tmt;srlmemfsurfdae aloag) iter of
t he exhaust ma ens rs 86b
Xnhaus Rid glégo difet mclE(ﬁﬁé itd &6 {l’ fgﬁg ?151% czglg?]t i Er%%e}%’% lgsga d 74,

and 86c¢c are | ocat over t etween
pref erabl y neaboth e interiot anddgin ertermfr of the pisigﬂsl Withr refe@enice tooF IGSE SA@ndpAal v

proportiongs el nt {Q ottest re t he cyl i nder
than to ot her, goc?)% &1le érngéé%%&gr%l rere ﬁséc |'9%‘fil§gen‘7§g!fﬂ‘ﬂdfﬁ°lm§r?ﬂt° ® 20
di spenser 86d pﬁohmtﬂaﬂt&oﬂ%lﬂmyﬂnd& 10 Idenﬁ@mg&re aperatibe Amdleigal¥Ridpbietl 74,

near the outsjide 740 cond mani fol d .t ube xt ends 'at

| east general | Y™ gﬁ‘?g?f:ve'}ﬂs %aiﬁﬁfwgﬂ& ﬁ’é‘g ¥ perinst ﬂ’tel%lé“dgﬁﬂl%é ust
and inl gt mani éxhhaks aﬂcﬁuﬂadn&ﬁfo]lcdsﬁalﬁhdﬁﬁ HbﬁIYaxidi@f | d(‘s@dcgﬂ%gigiﬁlhrﬁfl?ﬂ &isp edée'is)egseLS
88a, 88 880 n r mani f o tube al fway around the
cyl i nder gqb g&h?’é‘ig% g% ?F’Bﬂ'g‘ﬁ d sube balfppigrauaskthe eidinderdOer of
t he exhaUSIs nemhd @ c}ﬁn;e? 86ﬁleﬁﬁosidwe&uﬁt§b§& of UEcenP of ttCexhiiRt ndhiHgBEr s 88b
and 88c are | ocated over the él nder between the manifolds 72 and 74,

preferably neafat His autsids edgsny#y the t‘t’%@“&?ﬂsﬁﬁdﬁﬁb ag $6¢ ae deeatadoovep he

propor ti onat el ¢linder 10 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 fo 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, 88¢c, 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 r_nanifolds 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 74o0. Opposing dispensers are
linked together as at 89 for structural integﬁty. Alternatively, 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 manifold 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 cir culispensenl ms)} by provides afld ﬂi%ﬁzﬂeecﬁffaént@pé(ﬁ}iﬁﬁ& BRI ek ashi]

S ntra

liquid coolant froma conmon source. e di spense ave substa
apertures for medrtigheing diipensiog Srnghgscaquld besreplaepdiby aishbenof cincerferpntizdisur € i s

applied to expapadd apdfks @Psﬁéﬁefs%ﬁﬁﬁieﬁﬁvi&p@ggﬂygﬁtﬁtj LQ(?I‘BII'l'lyII,l ésc}ugﬁ%s 12 and 14

and the outside surface of the cylinder efera Spensers
are positioned near Thfdlispensprschave subyitntiat epastipssfoohied Heraimtai fomh dehidinaor der

to ensure that jguiitbSlamRiEd Brest P t ubstant i al | e enti

out si de surfaceflof t he sE??tesglﬁ%%%Bmegﬂgfl%ﬂsse(*)cz“rtlsg‘?%sugllfw%ggH‘%‘E‘é‘ﬁBﬁ&‘e

Dependi ng on f Rt st aach 1dsindytbe emtside swiscant the gylindenites 70. ePgfhdly,

geonetry and dgsi I he di spensers, , no es, .or ot her

sui t abl e cool aﬁlfsbg%%ha{gg |S§lr‘1} éelfrgeﬁa{a%esms %R'Sé)ug‘g%c?gﬁsi pritaldsfa ordey

di spense or apj® sashiedhat Hqwd odalmit it appHethiol sabstmEEINEME 3RRS o@kidt hefRebeke I adi al
| i quid cool ant may be

peri pheral surf.ac s of .the skirts.. For_exanpl e,

applied to t heg%gtt ag?l‘g’q;&goa?‘lali?ngﬁgk e%”&]rﬂ‘%fﬂ’é Bependiae opj fagtors) syply ansystemst
25% 50% &6 7560left reipdrearchia) chgingigbométry hhd QRSB SrbRfencd, Nt fiPensef, and _
6A, the liqui dngzg%l aont di spe ser‘ﬁ t hat_, agpl y liquid coolant to ‘"the outside
surfaces of tha%%5/&% e ﬂ’g‘a@ﬁﬁ’ 7 erRljcatidhdepenismpebeigpasitionedineordsr dorent s;

‘however, one odispamseodippeliiid ool tbiiAleb BeredHeas 8f thidlolfdr Hif ¥5¥xliﬂgmﬁnq?r

mani folds 72 and 74 in dition to, or instead of, the separate enent s

shown in the fPYHFede skigts- ZPE examiplcs ligwid seaelntreaysteomnliectorhaoutga;
i nstead of coobi exgeriidi Surfask ek skikt aldrigDR 1S By, W0 6f 75‘(3(; SPAI AL Flbxéétﬁ' ot
provi de a COOPI n

cyl i nder trﬁe may pbe disposed in a jacket 87 to passage
90 around e & Pistpar t hrough which the coolant may be <circulated. In

Struct ure’ of the Sl g e are {aRa® EpieR ckfetkert e B Bl coctipe RRC"
the outside surfaces of the pistons and cylinder are shown as being separate elements;
however, one or more dispensers may also be integral with the cylinder manifolds 72
and 74 in addition to, or ins_tead 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

25  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 3A, 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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25 pistons permt inproved direct application of liquid coolant to the

i nternal surfaces of the pistons. In this regard, as shown in FIGS. 2A

2B, and 5A, the pistons 12 and 14 are continuously cool ed 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 axi al ends. Each of the cool ant dispensers 24, 26 nay be 30
constituted of one or a plurality of individual jets, in which each jet is
for delivering a streamof coolant ained at the crown of a piston. 16 In

FIG 5A, the flow qf Jj.quid_coglant onto I stons, and t der is
i ndi cated by referglﬂcﬂéh gﬁe#ﬁl % ﬁ?ﬁaﬁtggqﬁ?l‘#? ?lﬁt@nﬁjé‘%‘ﬂﬁ?él & FIG
5A, annul ar, hin@haté@ﬁ@ﬁfc’téﬁtéﬁum&almnerl c rings 92 located in annul ar
grooves near the ends of the mapi folds 72 and 5 74 Ilqhtly contact the

pi stons 12 and 14 tppipg with dbs desgsiptien At FiGnsdnanmilay dugh-igmpem@ie ¢ r avel

into the cyli &Qm@h@gllb&tedqaamﬁﬂar@a&eg‘mk tHean8§6Pt!h§ nﬁhﬁolﬁf]?yhtﬁﬁd for
the cylinder. For exanple, the fuel injector 94 is coupled to the at |east

one i nj ectidn %lilshélmsnta%ﬂawstgw&@d [63p& wins-gyress bivriesry ifiem thepistons &m i s
next descr 'bedthb,ﬂux%lﬁliouﬂeocyhh&‘er%r#ﬁ;a ?h@ﬁ?%&ﬁ‘éﬂ e@ﬁ&?‘m umc{cﬂrfﬁr

| i nkages, crankshafts, etc are recel on a str ctura i'n the
formof a franthe eylqudgrspr/@tamplqﬂdﬁfndllnthsompled tocthe atdest bmsr infectiouppor t
the working el gaggts. The frane is intended to bear the stresses and-
forces of engine operation, such as conpressive forces between the _

cr ankshaf t s | n cdntwastrokej opponaipistpn ienginamacltanism:'gmieet dapited dd -which on

engi nes, [ 5 t. cast bI ock nor _are they fornmed with
ot her paSS| ve s%rugﬁﬁugs a?em%flé ﬂ'?ders’ &?toé%’q %ﬁ%‘%‘fsy af’ﬁsém%lqtﬁgé%smﬁ?‘%e ot
passi ve structuponla sﬁuemmnm]tah thehGorﬂnQﬂ # drameaofipassive 'stﬂxéﬁii-aliderﬁdmpfm&ded in
the engine fr nc Ly by t ai r I stons  di,.sposed It. Thus,
with the excepf’geg% "g’ﬁ ﬁ%\%’r‘f'@ﬁé‘{@%"g %‘? e 1§ fptend fcmfé?g’eéfrisses
decoupl ed frorant ffa‘céﬁaﬁf‘dﬁgine Rperatior ShckSasi DBHpERE v orded Between e RAdkBRALS, and
fromthe 20 cham cal ﬁnd t her mal strecises of .an engi ne bl ock, Hence, the

cylinders are "é’ggt@ﬁti With many qrigr axt dwa-gycle, papaseg-pistopAngingt, dhe eylinders ereuct i on

el i m nat es1NOorwouRhdt GhMNA bloaki i ¢ e folBey e.fitht &ﬁerppa%&o@%ueaﬁawiehl@ﬁ&@r S,
permts the cylinder-piston interface to  be ve@i/ | ose-fitting, and

enabl es a cl oSPTRHREIIYn freotylipfrss prectotgpssive struettal plsments of the gngine. 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
decoupled from the mechanical stresses induced by functional elements, and from the
2%  mechanical and thermal stresses of an engine 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 charaéteristics 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-plston engine
with side-mounted crankshafts based on the cylinder/piston arrangement 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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materials fromwhich the cylinders and pistons are made. Advant ageously,
with 25 inproved piston cooling, this characteristic affords the option of
an engine design that dispenses with piston rings. FIGS. 6A and 6B are

si de perspective views showi ng increasingly conplete assenbly of a

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

si de- nount ed crankshafts based on the cylinder/piston arrangenent of the 30
previ ous figures. The engi ne nechani sm 100 can be scaled to engi nes of any
size and engines having fromone to multiple cylinders. In FIG 6A the
mechani sm 100 dppésed detond 131 43! 1 | 1 ' c CLlI
Tlustrated in e Eaoms 2 & ?”"%‘*5%‘%?2‘&' g?ﬁ?ag*%gf%hﬁlﬁ‘ﬁi‘t @Pgﬁg@%&g in
it. The saddl e$ i ai5isitge gx the figurspHhssennectingsodniazand 20¢ eiupledhd saddlads
figure. The congeagetd A09%0 . e dle 16, .t h
crankshaft 30, aggel %rﬁgs%onné(%%l ?%‘S@%&ég%‘é‘??&ghﬁf ggbuf) @gest %S%dg!fd%e&’l%eto t he
crankshaft 32. crkshalAheicappectiol yodiprir 22mconplepthe saddie] Swdhl @alkShdfiosd, he

crankshaft 30, Q. ' d 2b and,,2 cqupl e .t he saddl e 18
to the crangshaafé(% %?B#ﬁ%&o%pggﬁe%g@ré%acﬁ?ﬁgl s?ﬂ‘ﬂ%ﬁé"%@"r‘f@“@i%&ﬂ%er 24
are connect ed dispensesl manifolthtubé 8B cind Gtk difeasenadiafeobdhnbitér toS&oRAOmLKIId

di spenser 26 a t.0 ot her coolant  manifold 98. Two

radial | y- opposgg g‘?“rg’ﬁﬁ‘%‘ﬁ? t'f)blen@f%cﬂgheo ISRRATCE 170] e CARMeEise & aggther eqolantnce
nunmeral 99) ar ewfifld®8. Gwot adiallybpmaet allghutear piy l(bclef whichbis lihdidkddogy dur i ng
10 engi ne opergctf%on. Two Eg@m; }105€nd 112_ac{ee shown in FIG 6A for
reference. The ~ BEXMUITEhEY Hh AW PR e £ytingen 1Q fosieylipdes stabilization dpfieg d t ube
84 can be t@nnewsgimtopetation Tved beakritl D 20811 F leGhéWwRin BROWA) fo?@éfm?ﬁbep’? ing
115 for a tube conll]@ct{?ian the fuel injector 94 to a fuel nmanifold (not

shown). The bel2fi™ Qﬁe"é‘igeh%‘ﬁf‘;l‘ which Sheymanifgld atbe 84 canrbnpdnseded ube 82
can be connect wtntair iflet MAHRIB o BRWhPAR &%&iiﬁé"ﬂ@%r 28 %énrﬁ@tir%%@{iﬁp 119
e seén) to a

t hrough whi ch a.tutr)gﬁcan connect anot her fu I nj ector (not

fuel manifol d {SPr Shidirel mepifolddnopshows). Thaheant b2 hasen opgiiugel Ifsimhagti sm 100
includes two SWRBRHe mAAULIANERIS clsg%egbxﬁﬁgté@g) dﬁ%ﬁﬁﬁf}ﬁ%g&fﬁ? E(xﬁ)k g'ng)%mif he
and 112. e bul Kheads

cylinder 10,'together with the beans 11
recei ve antf suPpering 9 throngh srhigh astuBocanregnizot @@theEfichinguetor krea sechPO a

includes an | - hepmnBkihotndws. and a transverse section 124.
In FIG. 6B, a frame for the engine mechanism 100 includes two support

buikheads 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 bulkhead 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 reccives alignment pins 99 of adjacent cylinders. Threaded holes 134 are

provided in each support bulkhead for attachment of additional components, 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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The |-beam sections provide the principal support for the crankshafts
during engine operation. The beans 110 and 112 are attached to the ends of
the transverse sections 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 elastoneric cylinder 132 25 that receives alignnment
pi ns 99 of adjacent cylinders. Threaded holes 134 are provided in each
“support bul khead for attachnent of additional conmponents, for exanple, a
gear box. Assenbly of a single-cylinder opposed piston engine nodule from

t he engi ne nechan'%ql 00 of FIGS. 6A and 6B is_shown in FIGS. 7A-7D. In

t he single-cyl F}H’d‘@b' S i rbovrscRsabox [17Qmounted pr A duikhsrd (Rat secadn tese and

162 are attac hﬁ%m%é) tﬁ@ﬁ%% io\i@idb'dﬁr‘fi&@%@&e%g p&wmwm@%éh&& 1?76%&%@% 110

and 112. The end plate 0 has openings and 164 t0 receive the qui d
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R
the crankshafts 30 and 32 to be translated into the continuo I on of
the output gedisidgheieumferenag; This arangsoeniuefhgsarsafenyitaiths opposingerotstions bf s

case), W th a {BogmhiheR 8 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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gear ratio, and without any internediary belts, chains, or other torque
transfer 20 elenents. The result is a sinple, short output gear train.
Assenbly of the single-cylinder opposed piston engine nodule is conpleted
as shown in FIGS. 7A-7D by attachnment of |ight alum num casing panels 180
to the franme made up of the assenbl ed bul kheads and beans. A cover 182 is
fastened to the gearbox 170. The cover 182 includes an out put 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 sing by
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axl e 186 15 consti t ut drive of the engin

Preferably, four o%‘ﬁ1 ai’!aﬁ #eé’@ﬁl FgIesHRe T3 @ er%‘v%ﬂ%ff e%%tﬂn glrhsl? on.
This node of ﬁhbd@bif fictics lsUﬁSIIseﬁEEAFFIGUGEJ & thé¥iew lofl FIGA & Ay m\mhwa‘xhﬁis@orsA, on
the exhaust por Ele 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 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 22¢ 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 6ther end

to the crankshaft 30, between the connecting rods 20a and 20¢. Thus, on each of the
crankshafis, 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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side of the cylinder 10, the two connecting rods 20a and 20c are spaced
apart and each 1is connected at one end to the saddle 16 and at the
opposite end to the crankshaft 30. 20 The connecting rod pair 20b conpri ses
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 one end to the saddle 18 and at the opposite end to

t he crankshaft 32 on %; her .side of the connectlng rod pair 2Q0b. The
connecti ng rodPisQntand 68‘5‘}157’% thggo pagiiipesiferghe gpgine. gﬁ%ﬂe‘iﬁ&éﬁﬁ’%ﬂﬁo in
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be any liquid H%e& d° GrloWresgurg, gt -xefume ppgp 32 'Bﬁ%?‘!ﬂ’s:*’%@a%ﬁ%’l?’ﬁﬁ t hem
sufficiently ffoF exditple] Qs ten@ifugd PuniPhrotidingliiid 6531aMdn Ahd rangidr digsgl f uel
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connected to BB 90 HF, engingn, W\‘?b‘rf’ PHEPH Liggd Sgﬁaﬂﬁh@uﬁuﬁﬁlst’}li’ztl%lyﬂe

conprise, 14 or318xamm ﬁxanﬁ‘ola@%rah&%a*rhé;emn%m ' al in the
range of 3 to 10 gal/mn for a 100 HP engi ne. ¥sgbﬂgﬂ ﬁl%lvgﬁ | 83# ﬂﬁcnéiol ant

through a di st9oPBUA W preseuretts ﬂ@ﬁaspp@etsﬁé anﬁaﬁ pid Wh@@smnanmamﬁi@sﬂé
mani f ol ds supplny 88 oPbsH oy \ﬂ%ﬂe Eﬁmﬁfgs ho@)4he 11 ?ﬁfltllgr:ol%gtwd By GSGHp S14 4 the

di spensers 24 and 26 and t |spen5|n
the opposecl-plston engme A pump 317 cormected to the sump pumps the collected

liquid coolant through a filter 318 and a radiator 319 back to the source 310. As seen
20 inFIG. 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
wquld 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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and 88 of one or nore nodules 100. The liquid coolant is collected by a
sunp 315 in the opposed-piston 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 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
val ve 321 woul d be open, permtting liquid coolant to flom1through t he

radi at or 319, h e at | he heat |ston ders
via the radi ator %%%ﬁegﬁzﬁgf’tpr%gr E’Igrsﬁﬁvﬁ tﬁ%dq%lgé: g va]+c %s 321
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possi ble to conbine the fueling and cool ant sources, 1 m na
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5 to fuel |njectors n an opposed-plIston engline of one or nore c nders is
i | lustrated. [felisboliected gprenmp 4éﬁ>wtheomﬁos¢l-asbh eﬁgxe¢ A penp élk@ummded to a

purps. 1 qui o COoaiH s e SRS, SReCRH bl B TRS ol 8 SHAIRLS) "o
and 98. These bmkitd diecbus:a PADy Aareturg bine 420 pamllaifto |thegradihtor G P ds proaided.ow
oressur et <Ny SPATGRL 22 S 809535, IR SRR O3, 28
by a sunp #l5 dxplatdae atmpciﬁ edmcﬁdmmleﬂ@iwaacs mlpauﬂmzmiﬂ Foorore pné-putnp t he
ALo" back to t18 cowired e Soutes Ll pwne oReetdud esaseta wier dgLoRAR BT or 410
IS provided. préksie puthd U428 whi¢R Bo6stthe Presiie oﬂfuel adliveRea t6 @i infectors488 and
return _l ' ne 4239(31%31(3 the pump 426 may supply diesel fuel at 30,000 psi. The fuel from the pump -
426 15 supplied through an input fuel line 427 connected to a common rail 429 and the
20  input ports of one or more fuel ihjectors 94. The retumn ports of the one or inore fuel
injectors are retumed through line 43¢ fo the source 410. An electronic control unit
(ECU) 431 controls the operations of the one or more fuel injectors 94.
|  Another advantage of an engine built according to this speciﬁcatinn 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 éngine 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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15 expl ai ned above in connection with the valves 321 and 322 in FIG 9A A
pre-punp 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
di esel fuel at 30,000 psi. The fuel fromthe punp 426 is supplied through

an input fuel line 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

el ectronic control unit ECU), 431 conjrol s the operations of the ogne or
nore fuel injeflg RIYS ON(?GF Pe%ﬂlf\) 9t Eollipe besringiyiontaingd withinghe engingg t o
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encl osing one or nore engi he nechanisns 100 contains a sunp region %57
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nom nal oper at il%g fl uie I epsgtf 358. g%&r@éy&gﬁ'\?@%%{. S Bl d cen@ﬁ?gala
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 98. These
manifolds supply the high volume of liquid coolant at low pressure to the dispensers
24 e}nd 26 and to the dispensing manifolds 86 and 88 of one or more modules 100. For
25 exa:mple, 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 alsoc 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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nounted in the engine enclosure. A level sensor 360 in contact with the

| iquid coolant 15 collected in the sunp region 357 controls a |inkage 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
may conprise, for exanple, a centrifugal punp. The source val ve 359 has
two inputs, 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
containing the liquid coolant. The punp 362 punps |iquid coolant through a
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cool ant in t heespéBtutes The MoROdt KMk SEIAHR cdntihethiGixhGRe FRA line 3700 e 362
either the sunp region 357 or_the supply tank 366. en the operating |evel

has been reacilitpenicrie Whesgethe dignido polant ois tappliedo i respovei kb dompée engingi ace
the source valgiohdhtd HohE 1AL RRAE cddiant iPUE shind Yedlorf BRLARE 1R High, ilom t he
dliqurd I unped by the punp 362

sunp region 357.  The heate quid coolant is pt
t hrough t h¥S f i lpyed pensgB60 sauspthe certioklinkagad6l wmartialp opsnctherievelwalvo d7312. \When

oo 2P e BRSO e [
cool ant t hr ougin aireganay sitiation 3Bere it harcedssary yeinpoiarily ipessehyiadiator 369,
the emergency circuit 373 fully opens the thermal valve 372, thereby shﬁnting 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 utilizing the full
capacity of the radiator 369, while the state of the source valve 359 is set to draw fluid
only from the suppiy tank 366, |
B A system 500 for providing charge air tor 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 are 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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tenperature. The flow of liquid coolant continues through the feed Iine 370
to the dispensers where the liquid coolant is applied to renove heat from
t he engine conponents. If the level of liquid coolant in the sunp region
becones 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 | @t ng f.Qrc t.he sour.ce | ve 359 to |aIIy
draw |liquid coola rom I 3 S | ol ant
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Conventi onal |y, er char ui val ent devic be. connect ed

bet ween t he m‘ﬁa%é ?%FeagegQ H’etwgrﬁgbhtmeﬁa ture; s %ﬁe t‘%“?ﬁs’é'%i‘& rfg'?‘f:avenge
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e
speci fic circuREPahrMforthenizipn &b‘f H“Eeéfia?%ﬁséfo’tmﬁﬂ‘éem%ﬂ}ﬁf%“B?%’gﬁfﬁ’%‘ngl ne.
In this regar che pliongassuatsg hiliniay 6@ FRa0INM 131t M surfaces 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 :Apiston"is encased in the cylinder. However, with periodic
exposure of the external 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. (?onsideration 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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10 lubricated by oil or may be lubricated separately fromthe rest of the
engine. Alternately, it could be |eft open and |ubricated by the

cool ant/l ubricant used to cool and lubricate the pistons, provided that a
suitable lubricant is enployed. In prior engines, as the BMEP increases,
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. Assunin% maxi mum f | ow of pooh&nt to the inside surfaces

of the piston SHowerns e Quier sifece pHbe sylinger with? krasy oy %@Wéﬁ?%&%‘éq“!‘{) cool
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controlled in all cases by directly 25 showering the outer

cylinder with Q‘EF%ﬁéjé’,“fWCB‘y\fi\?@Ft@éi qf yhespistan iy r\é\g“"lefi gﬁ?‘&“‘“@@ﬁﬁ’gﬂ?‘“w & t ends
to detach fronehcdHIShitRndsb af e Piste\@okin bR afplicitm off difebed jetyof Mfled . On
the other hand, it has al so been appreciated that the piston nmay be

adequat el y coofedantiedhs bask surface hthe §1OWR: gh BMVEP just by application of

directed jg§s 5 ofyyel Biinde SARLARN ndrurdifdBniBEHh (RAIEIRAE Ml theiBallHisidr@sh CT OWN.
These insights have lead to the design of a second enbodi nent of an

opposed- pi st off thapistonarovebaugh BMEParyitsén 2 Helify eomtrolied fitghetween cylinder
non-uni form tigs. 0ng UWibtbed Qvitt niflfal flow of gasses between 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 conirol of thermally—induoed 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
embodiinent described above. Nevertheless, for clarity and ease of understanding,

25  elements of the second embodiment are numbered independently of the numbering of -
correspondiﬁg 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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cylinder are elimnated or at |east substantially reduced by application of
streans of a |liquid coolant over the entire circunference of the outer
surface of the cylinder that 10 vary in direction and areal density to
remove varying anounts of heat in order to tailor the cooling to the
non-symetric heat distribution in the cylinder. In addition,
thermal | y-i nduced distortion of the piston is reduced or elimnated by
provi sion of- a reduced wall thickness at the piston crown and application
of directed jets of liquid coolant to the back surface of the crown. 15

The absence of _t hernal n-uniformties in the cylinder and thermal
distortion of “%ﬂﬂg("g?s&@% %‘}dO\Mm&atto Wi e igtas Flé“s"él {146 and, thenyfixjng that
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7100 hae t 80r b EBRERRE R Rod menetfr o 5554 oyl thet 10D iy bt 1 ca
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is made from atRFHFHBAD atwhich gresyyriped Aikflowing dnto the jriehpert BI07dlroughhg | t

may be cast asthe igetBARioRi EI08.is @vertaiSABESbOY 163 hia\PirkiNBreciih oWl ds
1104 and 1106 %}&‘Pt he %%/I | nder sl eeve 1140 and then fixi ng that subassenbly
s

to the outer ‘j.!ﬁ‘ién lqg\ﬂét @yreRir gprtiop 14 14 2&@2 _.cyfiﬂﬂﬁf Heandil 02 @i mvmbenaf s A~
of the cyl mdeﬁmdaaéu_eépe%%@ tifo ﬁh%&)ﬁ&alihqf&'caﬁifﬂr&ﬁihl %géﬁgfmtl%t Sﬁé pder

1100. As best seen in Fl A, the cylinder liner 1 s an exhaust port
1105 5 const i theepenings 1316 eeeives adheldnieetomrhrd atieastoneyethep ofthel opspings hyks 1108

near an exhausfec&Md 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 shm:jfs, thenc_:'ylinder liner 1102 is non-uniformly heated
with respect to its longitudinal axis. The cylinder liner 1102 has its greatest heat load

25 in its 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 should 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
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1109 of the cylinder liner 1102. The cylinder liner 1102 also has an inlet
port 1107 constituted of a series of circunferentially-spaced openi ngs
1110 near an inlet end 1112. Each opening 1108 of the exhaust port 1105
has a ranmped 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 1 110 of the inlet port 1107 has a ranped upstream
end 111 O at which pressurized air flowing into the inlet port 1107
through the inlet manifold 1106 is diverted into the bore 1 03 in.a spiral
di rection t owalam Bar is aRaleinte da therpist ond. 20 sBoyld provs &hPcth 51990UH2 t he

cylinder I|iner cgp;g%,to%guégm%ﬁfonggthmﬁﬁ@gpd openi ngs 1116 are provided in
a circunferential sequence. At |east one of the openi ngs 1116 receives a
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t enperat ure

Each groove of these two groups originates in or near the central portion 1114,
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 numeral 1129, communicates through a drilled radial
section 1130 with an end 1127e of a groove 1127 and penctrates 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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al ong the | ongitudinal axis of the cylinder 1100 caused by the varying heat
flux along 5 that axis, there exists a potential for a circunferenti al
tenperature variation in the cylinder wall even with uniformheat flux if
t he 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
mai ntain circunferential tenperature uniformty, and thus cylindrical
uniformty, in the central portion 1114 the cooling adjacent to these 10
openi ngs 1116 nust subsune the cooling that woul d have occurred had the
openi ngs not he pr.e t,. To provide a tailored cooling capacity that
rrget s '? hese gogwg,ﬂwd“ﬁﬁﬁ%e e&F"oQ’@sr B{)@S?%‘Paleﬁgﬁﬁ@{‘ ng, frampthe GeTHEY PIHOR he
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|1 B, and 11D, aarfgj'rsﬁ groug 1122 of interlaced grooves 1123 spiral
around t he out SXgRAIRg e the qentral rartinn 144 towasd the)inlsbend; IJA2. 143 resdiaiate t he
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central portion 1144 _al o the spiral of .the groove toward a respective
end of the cylfem%é' ITﬁ‘}é‘r H‘%ﬁ?ﬁf’nq E@Bﬂ&h" the SR FTOPYEs i, setiable; avgen Widéier |

and out of a fhageby vagingegeorail 6ihe aubadTinleiIRRE ghddVes, tf@l%ﬂgﬁrd?liﬁe 1122,
1126 of grooves conduct.s agﬁﬁeg regate flow of liquid coolant fromthe
central porti off°TFE4HE Pitgh o ofSr thegsiossreqtiopalcareg algpe the leagth pfdbe

enabl i ng cool i figowk ahdihe CESIAR HoMBteGith HRTAMME{sNY portion of the cylinder
liner, and thereby, of the Cé)lni nder 1100 itself. There is a pitch, or

spaci ng, (which mayStHerctmag nt1G W4r §IhgpndoldDadethird igougrefreayenill Bach
?L gugen f?afing Oérx{iel%g?r&&ia th®oubsi¥e AFRQVAR0Qh the EenBhPHdHidnt OF Xy RRGH: Mdhef T OM
‘ 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 L. As
best seen in FIG. 11A, each cross portion 1:.138 is 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 capacity 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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1114 toward the exhaust end 1109 is less than the pitch for the group 1126
of grooves extending fromthe central portion 1114 toward the inlet end
1112. As a result, nore liquid coolant contacts the cylinder |iner portion
over a larger 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 |iner 1102 where the cooling requirenments are
the greatest. FiRctivfelqsalized mateodifor GMEWRS beatfipmyihy area of the opesings 1116 that
Cross-sect i onajs aeacakBRItd REding! BN e eloliftor AR bivoldle 1122003bs.f |
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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 liguid 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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29 effective, localized nmethod for renoving heat fromthe area of the
openings 1116 that 1is 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 neeiin%f he exhaust .and .inl et manifaolds 1104 and 1106.
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FIG 11C, the Ports 1142, 1144 and recei ve coupli'ngs 1148 nounted on

liquid cool ant 'S3wd 192 basdhe Silwfimfolb@mq@éﬁo induee swiding of evetsflowingippl y
system as eXp'@:bﬂé&Eot&ﬁ' %knc&%nﬁgt mléﬂ @ﬁ%ﬁg Féﬁﬁmgl% PekdfBy HAPT €€

| i quid cool ant _su CIrCUItS provi
facili tcs scavenging and ances combustlon efﬁcwncy Ducts 1153 and 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 conesponding'ihreadéd 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
imjector 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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| i quid coolant supply systemto 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 30 communicate with the grooves to input liquid
coolant at a desired pressure and flow rate for the group of grooves. In
these figures, no lines are provided to conduct liquid coolant 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 liquid cool ant

expelled through the holes 1133 at each edge of the c%glnder | i ner 1302
will fall on t9e"niiQs Jkhe cylingricakseetion b2 dﬁse%pe@ﬂaééé PRPOPISIEE RO shown
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threaded at its nozzle end 25 are nounted to the cylinder 1100 by, bei ng

t hr eaded i nt o Biselsforgatiommey begfimpinated|or af WP%@?@F“E@Q@?@%&XWW‘&P& 159 to
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such as the systemof FIG 9B. The cylinder 1100 is provided with nounting

tabs 1164 t hatthermal imnedangein tha crowin 1348 whetstmaiowm hestingiaseus, while 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 1310 to transfer the load
brought to bear on the crown during combustion to the skirt and other elemehts 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 pistdn 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 aﬂd the cylinder as

the piston reciprocates in the bore of the cylinder.
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i nportant to tiPYFsiaplar pemust lﬁaaagcﬂm ist ¢eatepddsérothe Sl&iglitt:dlihé‘lcb&ls As venihéwd t. the
skirt 1302 mayer&eh MRRETAOEBE22 transfer the axial loads exerted on the crown 1308 during

engine operation to the skirt 1310 and the cylindrical boss 1326. The precise shape,
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

20

the cylindrical boss 1326 are formed as a single crown unit, with the lower portlon of

the skirt 1310 formed as a single cylindrical unit and Jjoined to the crown unit at 13235,

The crown and cylindrical units may be made by casting and/or machmmg high-
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, radially
disposed second holes 1330 that are longltudmally spaced from thc first holes 1329
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t han ot herw se woul d be necessary thereby |owering the mass of the piston
and enhanci ng engi ne PWR  Further benefits may al so be realized by

al l owi ng the piston support structure 30 to deformelastically in sone
manner during engi ne operation for the purpose of regaining and/or

mai nt ai ni ng axi al alignment between the piston and the cylinder as the

pi ston reciprocates in the bore of the cylinder. 32 The crown-1308 has an

i ndent ed, bow -shaped contour 1318 that may correspond with an identical
contour of an opposing piston in defining a conbustion chanber when the

pi stons are at or near top dead center in the cylinder 1100. The thickness
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operat| ng speC|f|cat|ons The crown "1308 he upper portion of the skirt
1310, the ri bsemi3dthe enddectiond3ddy| i ndri cal boss 1326 are forned as a single

0 T Ly 1 L s BRI i ko Hod 1R AR 5ip
cylindrical unédnstitnteya biznnelde dbdivecatdtasnopeatimétod jetrats liqiih goobdngbn the back
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 sﬁrfacc 1316. _
Referring now to FIGS. 13A and I3E the application of coolant to the back
surface 1316 of the crown 1308 may be understood. The ribs 1322 define a radlally '
symmetrical ring of chambers 1351 on the back surface 1316 of the CI'OWR 1308. As
coolant C flows axially through the bore 1332 of the rod 1331, coolant is diverted out
25  of the cylindrical boss 1326 and through each first hole 1329 in an axially inclined jet

J1 directed toward a portion of the back surface 1316 in one of the chambers 1351.

r-h)

~ 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 surfade 1316, and

30 flows out through each first hole 1329 in a jet J2 directed substantially radially with

. respect to the fongitudinal axis A,. Each chamber 1351 receives a turbulent axially

inclined jet J1 of liquid cdolant ejected through a respective first hole 1329 and

34




25 tenperature alum numor steel alloy and joined by brazing, welding or
threading. 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 inclggf a plurality of circunferentially spaced, radially

di sposed second hol €bre1@8@nt 1308 hdscah QRdkntcddibBR!- f first
holes 1329 33} d.th bggk.gﬁrface 13f§’of %ﬂéﬂ%ﬁ%@ﬁgf38§%;h§?nmy
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coolant to the back surface 1316 of the cro
ribs 1322 defiR&cLaqmy g{up.&l,us 1327 and is centered on the longitudinal axis Ap, behind the

crown 1308. The ribs 1322 transfer 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 cylindric'al units may be made by casting and/or machining higi-l-

25 tempgrature 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 éxially'

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, radially
disposed second holes 1330 that are longitudinally spaced from the first holes 1329
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symmetrical ring of chanbers 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 out 25 of the cylindrical boss 1326 and t hrough each
first hole 1329 in an axially inclined jet JI directed toward a portion of
t he back surface 1316 in one of the chanbers 1351. As coolant C enters the
I nternal 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 Cis diverted radially across the central portion of the back

surface 1316, and out r h eac t hole, 1 et J2
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1309. I n ot her 13RS ssddld 1385 bh ige pisidn 1308y A Portdixpire 8830 io threadeditortkach t he
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annul ar anpyil us 13245 AR bb&a gxeameaedthqefei—éaee ko rEGS. udcnald 3%, theABd 1BEHI nd
the crown 1308. The ri 2 transfer the axial | oads exerted on the

crown 1308 dur s:qvghweﬁgﬁheneae Aelivepat least pneedicegied jet 983 Hauid goqland o {heiback i cal
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according to engine design and operatin
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 eut

25  of the cylindrical boss 1326 and through each first 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 Ap. 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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peci fi ions. The crown 1308, the, upper portion of the skirt 1310, the
?nglggggflgnd the cylindrical boss 1326 are formed as a single crown
unit, with the |ower portion of the skirt 1310 forned as a single |
cylindrical unit and joined to the crown unit at 1325. The crown an
cylindrical units may be nade by casting and/or machining high 25
tenperature alum numor steel alloy and joined by brazing, weldlnglgrz6 has
threading. Still referring to FIGS. 13A-13E, the cylindrical boss 2 S
an internal fluid accunul ation space 1328. A nunber of hol es open throug
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fixture 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.
Thus, a thin cross-section and cylindrically symmetrical 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 eliminate, or substantially reduce,
25  swelling of the crown and the portion of the skirt immediately adjacent the crown.
Cylindrical symmetry of the pistor 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 fess than 0.001”.
The censtruction 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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1350 flows through the bore 1332, into the accunul ati on 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 chanbers 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 out 25 of the cylindrical boss 1326 and through
each first hole 1329 in an axially inclined jet JI directed toward a
portion of the bac surf n._o of th chanber o ant C
enters the intgP %%%ﬂ %%%b@ﬁ? ?ﬂFH%@H§1$h%W?3§PgB% 326,
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J2 are ai med t fislcAPbdS SpadOighli@l engine. The described engine is constituted of at least one

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 cylihder 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.
i3A-13E. _

25 As shown in FIG. 14A, the engine 1400 includes at least one cylinder 1100
with opposed pistons 1300A and 1300B disposed in it for reciprocating opposed
motion toward and away from each other and the center of the cylinder 1100. The
longitudinal axis A, of the cylinder is collinear with the longitudinal axes A, of the
pistons 1300A and 1300B. The pistons 1300A and 1300B are coupled to first and

30 second side-mounted counter-rotating crankshafts 1430 and 1432 which, in turn, are
coupled to a commbn 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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back surface 1316. Thus, the cooling capacity of the first and second hol es
1329 and 1330 is settable over a wi de range by varying any or all of the
nunber of holes, the dianmeter of the holes, the axial orientation of the
hol es, and the viscosity, pressure and flow rate of the coolant Cinto the
pi ston 1300. Preferably, the coolant C flows out of 20 the open end 1309 of
the piston 1300 to be collected with liquid coolant flow ng out of the
cylinder 1100 by a sunp. Thus, a thin cross-section and cylindrically
symmetrical delivery of jets of liquid coolant directed at the back
surface 1316 of the crown 1308 assure uniform cooling of the crown during
engi ne oper at i &MsdAd7 ©1 3 resneative ongrof shenpistans. The perspeetivecef, thig Siguredltistntgs of t he
crown and the ty | ' [ I | c .
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limited level of compressive stress resulting from inertial forces 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 1300B 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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A two-cycl e, opposed-piston internal conbustion engine illustrated in 15
schematic formin FIG [4A is now descri bed. This description presunes a
conpression-ignition engine for the sake of illustration and exanple only.
It could instead be a spark ignited engine. The described engine is
constituted of at least one «cylinder in which thermal non-uniformties are
elimnated or substantially reduced by application of streanms of a liquid
cool ant 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 ringl g | | N ' . I f ' .
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and 30 second sjde-nmpunted counter-rqotating crankshafts 1430 and 1432
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one of the pi sh®hke reyprstiyrby Efereadto @s gie ‘expayst jagd, rislat’] pitens gackthe epdy of t wo
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or nore additional connecting r are not vis . Connecti ng rods 1447

are connect ed the eylindsatl@PePaBAd 4% cldAd.idnd 14 A% pongnet ligvbcogfantintonrepriestiven  1300A
and 1300B. 5 T, l.oe- f 4 and 1432 are di sposed
s U g M IRB TR cfndf it

with their ax ying 1h a conmon plane that -
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I s per pendi cul Lt ud] xi.s K he | [
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00 14T | SRRl T T A Bl PSRk TS B 1
connecti ng rodhastdsterlictweentiebottom 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 its bottomn 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 closés after the inlet piston 1300B moves away from its botiom
dead center position.
| With reference to FIGS. 13C and 14A, two reservoirs 1460A and 1460B are
25 provided 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 a nozzle
30 1461 in a projected stream that enters the bore 1332 of a corresponding rod 1331
through a fixture 1350. The force of the projected stream and motion of the piston
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to the saddl es 1345 by nmeans of needl e bearings 1436, and to the crank
throws by neans of roller bearings 1438. The geonetric relationship

bet ween the connecting rods 1447, saddles 1345, 15 and crankshafts 1430,
1432 in FIG 14A keeps the connecting rods principally under tensile
stress as the pistons 1300A and 1300B nove in the cylinder 1100, with a
limted | evel of conpressive stress resulting frominertial forces of the
pi stons at high engine speeds. This geonetry elimnates or at |east
substantially reduces side forces between the pistons 1300A and 1300B and

t he bore of th lin 20 In FIG 14A, additional details and
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duct t ,
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through whish peesedihe back firfacd 148551 e PisioR 8 48YA afid @480 Obhe ouiBCAS:
their locations wth resEs ect to these ports, the pistons 1300A and OOB
r

may be respect el dire %M%e%settqféoo@m@en amreapectivg pair obiiby #4488, and
the ends of 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. Liguid

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 piston reciprocates in the cylihder 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 crankshafis, 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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10 the cylinder 1100 are simlarly naned. At |east one fuel injector 1158
injects fuel into the cylinder 1100. Ports 1142, 1144, and 1145 conduct
liquid coolant into respective groups of grooves on the outer surface of
the cylinder .1100. As described in connection with the first enbodi nent,

the relation between piston Ilength and the length of the cylinder, coupled
with a phase difference between 15 the pistons 1300A and 1300B as they
traverse their bottom dead center positions, nodul ate port operations and
sequence themcorrectly with piston events. Thus, the phase offset between

t he bottom dead..center itian raduces .a se ce J ich, the exhaust
port 1105 openg"t&/rfgﬂﬁl%gpgﬁhcé’ﬁgier&lgﬂcﬁ? 1%’%6’& %@Bsmﬂeg%dﬁgtgl BEPERE dead
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port closes af%t8s PIINE cEovms, pud ppmits § der-piste inteftags to e Ve elasrifivgy
center positi ofdvaRgedudBN withNBildred @bolR@! thid RafacidriREe Sffailds Qhe bpteonl & &

pi ston 13008 noves away fro_m its bottom dead center position. Wth
reference td Fngie desien thatdispenses b PiskUingsi r s 1460A and 1460B are 25

provi ded outboard ofigkhgsQneR ﬁé‘gﬁiecﬁerépﬁé}v!éiﬁé@@§h&%@ﬁc?&&§in§l§%§ml£@c“

reservoir has a fixture 1461 fromwhich liquid coolant for cooling the
associ at ed pi stssemblgobke opposedpisniengine d49bwith side-mepnted craglsbatiisdhaseden on t he
threaded end 133 : ' i 506 lﬁgﬁted W th
a nozzle 1461 onégﬁ{edei E'Sde%%‘f‘%E{E@%‘%?’%ﬁ%ggmﬁff%ﬁg légo éEh?h?ltlg Into a
reservoir 1460i08rhag vapeylinders, aitheughabis inmerelnfoz tessalBOoflilkastration. dn fachjiect ed
stream t hai, ent er ore. . r |, 3 a
Fixtare 130, PRy EnEa BobRiks S€aly o7 A0S ERRRGHANG oGl bf bnet BERAL 0
38 _ 1300A orcyligg8 InoFlée 15AQthedengial M00 mwhidesf twoheylindets 113680 having ke or

rore et 0" B P REFE HTAR, Yo R B L R B =1, e
of a nodi fi catdispesaf int heThesddds 1a5b oflithiee appossilypistend bt visiblei ideFIGL dsA. i n al |
(9Pt M1 &l R 0 0plt b ke S5 TRl LY R DL
di sposed |15 i texhudst GRPOSI BRhrdreetioas inldb3Réponaig bp&ORgs if anfengiic pR&CHSIP] St on
1480A or 14808, | S kP i 2 SUllved ih Somtsnonding openings of oo eniine plais 1328, ~ 102
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 b3\z 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 crankshafts 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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I n the manner descri bed above for the first enbodi nent engine. In this
regard see the coupling of piston sleeves 12s and 14s to saddles 16 and 18
in FIGS. 2A, 28, 6A, and 10 6B. In addition, the crowns 1480c of the

pi stons 1480A and 1480B are thin and supported on their back surfaces 1486
by ribs (not shown) in the manner of the piston 1300. However, the pistons
1480A and 1480B | ack the cylindrical boss 1326 and tubular rod of the

pi ston 1300. For each piston 1480A, 14808, there is a cooling structure
1490 fixed to a reservoir 1460 and having an annul ar array of tubes 1492 15

that face the urf 1486, 0 I ston 1480 nd, 1480B. The qutl et
of each tube ?iﬁ; ggart WPT?IIJ ’teg#? ‘F"’étanoFm’é‘Bﬁl Q}?? H@%vﬁeé??“}f’ driggidect i ve
pair of ribs 1éﬂﬁunfer'ﬂitﬁr B577sand &iteghed 6uiki@e dHBRAGLI SR, AR fafhn aniel ar
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surface 1486 of 8Wephitis teraym o thessarcwheel §3d2engegss theripsideeirqurdererea dis77

reservoir 146064f aR0zeddaA&1 1505 ook t&aﬁlcﬁﬁaﬁﬁ%@bﬁf& ARG g%Qr @EB&MS rges
fromthe tubes 1492, 1493 as a pluralit jets |recte t
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with the first enbodinent, a two-stro ose -pr ston engl né accordi ng
to the second M@Pmpﬁmemklﬁ?@ IMyén:eSr?rffé witEMOD)4 te&ﬂremsthe pinst gmas,
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a frame of passive structurar é er up
wor ki ng el eneputside Gfmmfﬂrmlblfbmsy bh33/63 with B4GD ammhtﬁmruhesmmf geaﬂgidrtae

ooV ncer o 4 o Bl oFQURGERS, fi ' Fab&enl o' FER it 1R Sophane Pt el "©
strgctura: Sl fﬁnrw?ﬁslﬁﬁshmyhnmdm iosi:eﬁtrmhteﬁatdtol the 36nﬁ11][ueuseﬂmﬁaﬁ Jfrtﬁébnle aEd
I'S ecoupl e ram e e SUr ses O an I ne OCK.
Hence, as with 'f "ggFarrr“Q%Clh%gg tb?é’ﬁt‘%d figrays fthrep,dn s casg), igh 2 non-
embodi ment  ar einegfb pda a@iubyanarmmnr 8SHfeAndRe$ BEIf, chhiils Sortb: E&%&Qfﬁgfeﬂct i on,

t oget her 39 wrth ocf,h of the cylinder 1 100,6and pistons 1300A and 1300B
in the manner 'é[b’ﬁ\?é‘m@ﬁ rﬁﬁ'ﬂ‘E'étgﬁ%}'rFat‘}hl formradial distortion of

the cylindgs and s indldﬂﬁlateOIfSSI meatmcﬁécmy hfeaid¥SscreNdo RS dHinhifs 1 5% anda _
cylinder-piston interface to be erqyeécl ose-fitting. Advantageousl W th

tailored cool i TRYer 132 ds Lasteped by threaded semyws tortheiand plase i1 832, oversthe gearborgi ne
design that di grensRexi pidle PSALIRB a'ceMet axle 1586. The cover 1582 includes an output

. bearing 1585 that receives the axle 1586, thus enabling the frame to support the
output gear 1575 for rotation. The axle 1586 constitutes the output drive of the engine
20 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 middie 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. 15E, 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 alioy (such as 5454 aluminum) that is cast and/or machined as necessary
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FI GS. 15A-15E are side perspective views show ng increasingly conplete
assenbly of the opposed-piston engine 1400 with side-nounted crankshafts
based on the cylinder and piston constructions of figures 11A-11D and
13A- 13E. The engine 1400 has two cylinders, although this is nerely for

- the sake of illustration. In fact, it 10 can be scaled to engines of any
si ze and engi nes having one, two or three or nore cylinders. In FIG 15A
t he engi ne 1400 includes two cylinders 1100 having the construction
illustrated in FIGS. 11A-1iD, with opposed pistons 1300A and 1300B

di dinit, The saddles 1354 of th isible in FIG
I5n Gonnect i 5 SFEBUSHAPEBIIN B e o aness 1l 45 SorEe GrRURE PS 1430
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di sposed on-opg&g'(pg sides of the plates 1522, 1524, and 1526. The pl ates
1522, 1524 and 1526 have bearings 1530 for rotatably supporting the
crankshaft 1430 anbhebawpitingsofl BBdlifry renging appirkips sopporenging 14P@nmaynbe t

1432. The end ' ,12hD .her on
one side by a ﬁ’%ﬁsg}oq%&eﬁeg%r%ﬁ% %gttggéslslg&nc ud?‘%ge’%‘ﬁ llg’ngﬁg %;ﬂ %&i%%gg%d
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Sl of tnadrr L Bl S Bnditfumer ol oF BGRB8 ¥ Ik, A58 P, 1B R e 81 10
.other side of tduplifg tninlebédicticHid4.e Agfuelanettidnaampbllsn3 dandtivib Dy a aAimjegbelox 1570
houses an out pﬁ% gﬁ)ar t rfai n éfgrou h Vi%i C t]gg oegﬁsi {}@ .rog%tdi onal .notions
of the crankshdPPdicedetange %ga@fsga o]lj‘g?’e #:0 R EPTRADLAN0 PGV eI [ af t
The eaﬁs Ff1;ggmﬁﬁ§$?ﬁﬁﬁﬁmﬁ?&ﬂﬁﬂnﬁmda&@3&$ﬂfﬁ&ﬂﬂﬁhﬂuaoahﬁigedﬁ?mﬁﬁﬁﬁ?O. A
gear ee WIh a_,toot u rLmi I X to the end.ol. t
crankshaft 143¢d qrﬂﬂegf&@ﬁa"%%@ H%@?f‘%‘tﬂ“’a""f’@ﬂ?m@ﬂ? B‘iﬂi"g?sdll“i“m?oé’?aflfxed to
the end of 13 hetCthapkgaf the cfithdédsldove A4 b1t the BRErvehe ed60kbATd TiBeB AN
annulus 1576 with a toothed insid ci rcunference %ggéﬁiﬁgt t oot hed

e
outsi de ci rcunfU@RRPHRP 13PAds meunted iofhe Rotfar glate K580y infhesé of t he
gear wheel 1578809 e tdnbibnd mhéj&aﬂ&sﬁ%nif@() 8RE £43b3Krbugh the back 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 cylindef 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 13008, 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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of the gear wheel 1575 at one |l ocation and the outer rimof the gear wheel
1573 5 engages the outside circunference 1578 of the gear wheel 1575 at

anot her location dianetrically opposite the one |ocation. The gear ratio
bet ween the inner gear 1572 and the inside circunference 1577 may be 33/ 65
with MOD 4 teeth on the inner gear and the inside circunference, while the
gear ratio between the outer gear 1573 and the outside circunference 1578
may be 33/65 with MOD 5 teeth on the outer gear and the 10 outside
circunference. This arrangenent of gears permts the opposing rotations of

t he crankshaft 0, and 143 0 be translated i.nto the c l.nuous._ rqQtation
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m ddl e pl ates Ya¥es Té@%ﬁl?x%ﬁgﬁﬁz‘ﬁk’oﬁ‘et TFEery IS dd00fy, @nq (14008 pad from Jhe t e
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be are controlled by the ECU 1601.

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

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 loop. For example, at full engine power, using diesel fuel as the
cboiant, the pressure and flow rates provided to the ports 1142 and 1144 may be less

than I 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 sets the valves 1636B, 1660A, and 1660B to provide coolant to the coolant
circuits of the pistons 1300A and 1300B as required to control thermal distortion of
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as discl osed above with respect to the first enbodi ment. Preferably, the
liquid coolant and the fuel used for the engine 1400 are diesel fuel that
may al so serve as a lubricant for the pistons and other engine el enents.
Preferably, engine operations are controlled 5 by way of an engi ne control
unit (ECU) with associated sensors and actuators, as needed. The nounting
of auxiliary engine apparatus to the engine 1400 may be wunderstood with )
reference to FIGS. 15A-15E. For exanple, a turbocharger 1590 is nounted to
t he engine plate 1510 for ease of coupling to one or nore exhaust ducts 10

1153 and a supercharge unted to the e f or ease
o caunt Ping P fereh Rt T304 38 e SRR EE bEaflCp R BF SBHE A W bl 20"
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ubri cant and scaven not wn), ar.e, nounted._to the .back of the
engi e 1400 ant e At TENR b 57 BB Tt (hd GRLFRSHA FHEIE 50

1432. The cool gifonpunp provides liquid coolant 15 to the ports in the

cylinder sleeve 1140 and to the reservoirs_ 1460A and 1460B. A sunp punp
1594 is nounted to ¢erobat thedelivent of liatishcookynt Ry ar Alteraate Ligwid poqiant syRple

figures, the eé‘i}st%ﬂﬁlﬁ%@%s&faletdi‘ﬁlec%&ﬂh%ﬂﬁgﬁlﬁeﬂt‘iéﬁ’ﬂlu@tﬁi’edﬁf}% sE:lliHiﬂHﬁg Rialhen back

pl at e 1524 may al so enpl oyed drive vibration danpers and engi ne

accessories. Ophfi(164B. tTﬂilé sgrigm 630, prgyidey aﬁrsac%@t fvaterpfor gxampjel 1@ wol ant
supply system dﬁﬂdérqqgo S’nd Riffeflint SSORAH ﬁ‘f@aﬂtcﬂ ARSI fhed, fot éy&éﬁ@[@ft&d in

t he schematic ram o 16A° T e su ystem 1600 I nc es a
pr ogr ammabl e ethglpﬂﬁéomdﬁﬂ@lblaﬂdJMQOB ('E@LWPHIBGIS'BITFHQSCE@GJU@WE progasymable

tenperat ur g, f OF, inf 0o one
of the openi ngs&g%%léaﬁhwﬁﬁe(%éﬁp @ﬁ 2ﬁ?dytrlllgr %f@%?g@héﬁ%@gﬁg%ﬁsﬁsenses
t enper at ur es oéylinder 1d 0®ambpistbng 1580Aiand d BROBL STR supply sdBmD Boyutitizesdiquid f

Sensors (not  aruly S B0 Snichie n PRl o R IRt BB R

sensors (not af vari ous’ eng
operating consledvedn40 aal thé @oleCU 38640 the dnds bﬁmew&pieylmﬂst’ﬁmlihﬁﬁnqmmnt

o1 ot one. 1300A, SHEP 12000 LS PAEBLORAAEd ARPD IR SR or
1630 and aifi Ié@[anaﬁ&i;tm@cyﬁnddilnyOO@wfesen&& 15882. A cylinder coolant circuit
I S TR M T
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 clements 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 liguid 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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42 EE 1638A. Liquid coolant for provision to the grooves in the cylinder
1100 is maintained at a selected pressure in the manifold 1638A by control
of the bypass valve 1636A by the ECU 1601 and a pressure sensor 1639A in
the manifold 1638A. Fromthe nmanifold 1638A, the |iquid coolant flows
t hrough proportional valves 1642, 1644, and 5 1645 and into grooves on the
outside surface of the cylinder 1100 via ports 1142, 1144, and 1145,
respectively. Al of the valves 1636A, 1642, 1644, and 1645 are controlled
by the ECU 1601. A piston coolant circuit punp 1634B punps cool ant
collected in the su 1632 t hrough, a heat exchanger 1635B and a bypass
val ve 16368 i dRETARRRS ?"gﬁ ‘t%"ef BepsoRslsta in icefive T epBnaeRerating cppditionsitofirt o t he
tubes 1331 in’ tah@sdobiit @ORntleRtves it Aot RiksifSr VERbIA kA Spathtirt 1951 S5i64
pressure in the nanifold_1é§88 by control of the b?@%sg valtve 16328 by the
ECU 1601 and’ a PR Simeovisiensefithe frstand;sacand dianidispelentslat thewpmssure o fldve
mani f ol d 1638Batéd16 tHe! cHlihddr Pﬂfﬁlaﬁﬂgiswng‘{‘@qu ngodﬁ),r%@&rtlﬁrhlgpal val ves 1660A
460A an {r m

and 1660B into the reservoirs 1 and 146 15 reservoirs,
t hrough theSbores 1B3bould be geident shas theagmplyraystemnh of B ki 6uarfdalciGs 16B came

crowns in the pisi.@ | . eavalves 1636 6604, and
1660B are controll g% %‘%ﬂg gi"@%ﬁy}%@% lﬁ?emg%ﬁh%gﬂi #éﬁepPﬁgP%ﬁ%%@ 8‘960\

mappi ng pr e- call 3 Bainengsppase te ssngine eptratioge conditivtls. piAstardingwier @litdee 100 d

ot her sensory L.ndi e, of I ne ;oper.atin caonditions tQ cool ant
pressures and ol{/ﬁve ng)é%?#dg}a E\'/ngrlﬁgﬁlg n@ﬁg‘ﬁeﬁ’éal%ﬁ‘é‘?‘g?ti‘ﬁ%er?ggﬂg?mfw 5. 1601
senses engi ne apentagd nfthioackingenas ang be \tb iumainatﬂg cpiixﬁieﬂﬂl@(ﬁalﬁ@mgﬂéf es, g
det erm nes,t he rrent..engine. |l o d ses and copputes the require
pressur es Igndteﬁ% %%feapgg ﬂ‘feé?St?'ﬁgﬂpﬁ‘&é"ﬂgggfojﬂ"t S0 PRI ppFRYstermineth and
the pistons 138@éinghetwedd@dBoord Na0EGhl 1Ddutsibe QissRtdk '08/the piaANY 36 “RGind 636A,
1642, 1644, and %ﬁAS to 25 provide coolant to the coolant circuits of the

cylinder 1100 S&VMOBY¥¥Ed to maintain cylindrical symetry at the current

engi ne operating pdEdpine Pdes control nmay be either open |oop or closed
| oop. For exanpl e, _full engine power, using diesel fuel as the coolant,
the pressure and fl ERET BRFfarmanceds feabizedomith theresulipthat apposedrpigiorbe | ess

than 1 bar 15t gited bemasia kit to AtpeRciloR S0 afartl Bt LMok Aol V1 o0

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 oppdsed-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 achicve a PWR of at least 0.5 HP/Ib., at least 0.667 HP/Ib, or at least 1.0
HP/b.

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.

I7A, this two-cycle opposed-piston engine 1100, 1400 is installed in a surface

30 wvehicle, 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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30 1145 may be less than | bar at 4 gallon per mnute. At the sane tine,
the ECU 1601 also sets the valves 1636B, 1660A, and 1660B to provide
coolant to the coolant ~circuits of the pistons 1300A and 1300B as required
to control thermal distortion of 43 the crowns 1308 at the current engine
operating point. For exanple, at full engine power, using diesel fuel as
the coolant, the pressure and flow rates provided to the reservoirs 1460A
and 1460B may be less than 3 bar at 15 gallons per mnute per piston. 5
Control of the delivery of liquid coolant by an alternate |iquid cool ant

supply system eable i th e ond. enbodl il [at n the
schematic di ag?’é’ﬁ?ﬁe B‘fc &bm‘f ’ﬂé’ﬁﬁ%&%a ;W% |c8§sa%dﬁf "Fqélfvgg’%éol ant
E}/vaL er, for exgm)klmlllallg @eh}idﬂﬁ IrCFlG rlde:lr thlslé)@u&ﬁd istadled tnal ,ﬁxe% g:f mt&rymnxggéglgsant
ubricant or j es . -L0r exanpl e pi sto Aand 1 :
The supply sys?@ﬁﬁgé@oﬁﬁhépbdggsﬁ % Hﬂ£51%ITB“@ EmEBEFF 125 dhi
(ECU) 1601 andidwhehowen eage, ththkibr, l@zﬁ’ﬂblé\veraéiﬁw]lﬁéxﬁ@ mamtsm am/du aplealedtl00 and
pi stons 1300A and 13008. The suppl sten11651 utilizes | i.qui.d, cool ant
return |ines 18%Ysigilandeviess. &bﬁ% i/'i%rﬁm sneing is Hastallsd gu ap dlectiigal pquer
cylinder sl eeg&eila%ﬂ Padnd. lefIGhﬁfe%eJeﬁéﬁe?sthﬂlﬁd%MiMm b&icy! i nder 1100.
The liquid coofant Ffeturn |ines 1661 converge into urn mani fold 1662
that returns the fifloughfhe dinvamiop obisaheent deseribade “(!Shl F‘?‘f@!‘éﬁml i EPecficg
reservoir 1663; liquid
cool ant collecﬂh€h£¥&égﬂgﬁfg e%3g?Pﬁ¥g%§hhﬁ$%g@Hég@ﬁgggﬂgégﬁgﬁmgkﬁﬁ%ES and
a bypass val vem2é6®ithowt departingefiing dlecspI 867 ﬂlel-‘lflnﬂsmfeﬁ pHowrengins émordmgly,
provi si on t |s mai nt ai ned at a sel ected
pressure |hpth@sﬁgﬁl@Mﬁgh%@g%&§§gggﬁpgﬁ$m&%9%ﬁé bypass 20 val ve 1666 by the
ECU 1601 and a pressure sensor 1669 in the manifold 1667. From the
mani fold 1667, the first liquid coolant flows through proportional valves
1672, 1674, and 1675 into grooves on the outside surface of the cylinder
1100 t hrough ports 1142, 1144, and 1145, respectively. Al of the valves
1666, 1672, 1674, and 1675 are controlled by the ECU 1601. 25 The supply
system 1650 al so includes the piston coolant circuits of the supply system
1600, which are constituted of the elenments in sequence fromthe scavenge
punp 1594 through the reservoirs 1460A and 1460B to deliver the second
l'iquid
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cool ant for cooling the pistons 1300A and 13008 as descri bed above in
connection wth 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 programed and operates the supply
system 1650 in the manner of the supply system 1600 to nap 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
pressuses and flow rates for various eQgAmMS operating |oads, and to
control the provision of the first and second |iquid coolants at those
pressure and flow rates to the cylinder 1100 and pistons 1300A and 1300B,
respectively. 3.1t shoppatebiston idiental tdratiustitreerginep bympnasigens of FI G 16A

and F.I G 168 Cg%xlingggﬁﬁlﬁébéﬁgdggﬁ)rlfelcggce%ra! ah’ﬁ e leiﬁgﬂﬁg a?'la*%qao'ré]dependent ly of

the pistons 13 F esponse“to en érati ng condi tions.
Accordi ngly, thesupplyiaydiem adapded tamdpnimtrmres oﬁs |m8@0¢b0¢tam(tl on3DeRutside be

i nt onedyAloclhh ] 3 HETBARAbUES cuEne A BBkRgE Of this afrangement

may be to maintain the c enperature than the
pi stons 1300A ﬁ'ﬁaarldswenqi ﬁpmsaéplsms r@dﬁm@imrealpmca@en grenbaiecbach pistdnng

bet ween t g fge (;,g\g,;sh 3 Beauitiabsdangi aneter of the pistons as engine
condi tions var ngi ne Power Enhanced engine performance is realized, with

the result tha{heo‘ﬁblﬁ%étﬁ*?)‘i‘ﬁdéﬂed 1o52RAGT Kl eet fuen stprad PBFIaNRESIH t hi s

speci fi calis@ih it tBe AR BO6f tAE Ro®Mi Ng | nproved BMEP, specific output, and
PWR when conpared with prior art opposed-piston engines. For exanple an

opposéé pi ston engi ne constructed according to this specification wll
tol erate BVEP of atTheardine260ci@nil 1, intwhichahé cA@ePRiciudey g@upé eagrboe&o psi

due t d, cqol t
pr ovi di ng GRS NG AU ERE MB3 (877 oA dEned BF PO POHPRS of at
| east 11. @TP/a pehupadf breasds wh%h&i&%nmﬁubswntlalﬂy lcﬂa.&‘tferleﬁtleﬂlb'lﬂhlmé ce'ﬁh&lse
{
| ohst o 5 sppr e el lBRRE7 B §ens e Mook A1 o R ik g Lses
and ap@l i ¢t cyiindercilecarn, equboset inpcatounieatign éthsetesbectivh drooviehtis s@fsly
speci fi Cats&ef?&n%ﬁne%ﬂ% th%loque or?no?é"E'orEe scal ed for any application using

t wo-cycl e

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 to 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.
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engi nes, including two-cycle diesel engines. The engine can be installed in
or nmounted on a variety of powered vehicles, tools, devices, or other
apparatus requiring the delivery of rotary power. See FIGS. 17A-17D for
exanples in this regard. In FIG 17A this two-cycle opposed-piston engine
1100, 1400 is installed in a surface 30 vehicle, which can include wheel ed
or tracked vehicles, such as autonobiles, nptorcycles, scooters, trucks,
tanks, arnored mlitary vehicles, snownobiles, and all equival ent and
simlarm inst anc5es The leh&ne b7 Blaint B B vemgi 8&chi Siston sichldesd Ibﬁglt@dmﬂ@{s goi ng

45 vehicl e a,boat hov ft, subparine, n er craft, and
al | equi vzf\né urgfﬁt& Of s PHtINgd ﬁ? @f"@‘ssmfﬁﬁe CRONR gr{‘{ﬁ"g r@f{'&l rfﬁlé'ali'y hhst all ed
in a fixedespecttotie lpngiludpal ais.craft. In FIG 17D, this engine is installed
in a powered inple t.ri r ower ,
snow bl ower, Cﬁgl n”‘i’ﬁ%\/eﬁ@ﬁ% O?I‘%iaﬁ;r('a5 Ep‘ﬁﬁlugmg%gﬁésme T'ar ’Cdeeaclges OIaF{n FI G
17E, this Odaﬁ@ﬂah@ meuniaesto Md feamé.n an eI ectrical power generating device. In
FIG LgF, the engine is installed in a punping device. Al though the

i nvention has been described with reference to specific illustrations and
exanpl es, it sHoul dThe epgidecsceie 5 inmwhighsach soptanti thaoagliipmounied tbed  nade

W t hout deggkawghéﬁpn1the spirit of the principles of our engine.
Accordingly, 10 the invention is linmted only by the follow ng clains. 46
5 CLAIM5 1. An opposed-piston internal combustion engine, conprising: a

cylinder with gn outgd @ﬁgiﬁé'roi’%%ﬁn 1C%rﬁrfealmcﬁ:aﬁmgeél@lra9@r m QAR RS QyiRabor e; a
supply system adapted to ap ng streans of qui d cool ant on the outside

10 surlPac®qUiss DAt fAENeh &Nt My gxhasst {"?B'FP'C! SRafe PHeUL FI9p8P t'8hs:
first andnsaefeddnappiaseendirsd ANmsasabp dn kact sahdEgRatandmiéthtartoKe, each

pi ston incl,u a cro avi ng a back surface; and the supply system
adapt ed t &2 Bbfgﬁwpg%d¥glgﬁﬂF%nt to an internal portion of each piston on

t he back surface of the crowm. 15 2. The engine of claim1l, in which the

cylinder inclu es g ps .of ove ich extend on the outside surface
fromthe centr ortg Sﬂg'f'?)vér Eauph fé’ﬁ’ﬁefp'SF'Hﬁ'Bﬁ an Meulaling SoatiRg on the
20  exhaust manlfold

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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and a group of grooves which extend substantially circunferentially in the
central portion, further including a cylinder sleeve covering the grooves
and one or nore ports in 20 the cylinder sleeve, each port in conmmunication
with a respective groove, the supply systemconnected to the one or nore
ports. 3. The engine of claim1, in which each piston includes a
cylindrical body, an open end, and a cl osed end defining a crown, the
engi ne further including at least two i 25 cool ant channels, each cool ant
channels connected to the supply system and positioned for directing at

| east one jet qf liquid coolant. to the back. surfagce of the crown qf the

i ston. 4. ) The ngi Abe Sr687 s i P irdieiy B okl bR erbef i I8 e groups. o
grooves 3dwivtarts certpesalditierenttiguid ebsiadts. 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 coveri nd5t he The engies oixgaimdnwhereimibe suprly systamincluties gl meaterfos| eeve,

each rt Yor=Ra i - (Vi : tem
conneared PBVFRG Ten Gk A0l b hertyiRgpShl nSRasidtins el dpipbyes" °T)
whi ch eactsepinsk bavid seolanfe difigrant dint thei Fral ligwid soolamid ta thsl fishiand yseepnd i bs
abut ting thgRack surface of the crown and extending radially with respect

to the longitudinal axis. 6. The engine of claimb5, further including a
frame, in which each coolant channel is nounted to the frane. 10 7. The

engi ne of claimes, TRe ¥héicd oras ORh&EH <HIRMEN s ABIMIM Réloh %cﬁin? a _
respecglve piston. 8. The engine of claiml1, further including a frame, in
whi ch 'Phe "&§Pder 15 i ncl udes exhaust and inlet ends, an exhaust manifold
on the exhaust end, an inlet manifold on the inlet end and at |east one

tab h of ,th haust d, inl ifold h tab ivable in th
frams. o The dhigi ndioRIaNs: et i oHoF eI oF HPRY SIReThAG6r 11508Bat i ng. on

t he 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.
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20 exhaust 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 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
bei ng connected to a reciprocating nechanismin the engine. 11. The engine
of claim 10, in which the tube forns a cool ant channel, further including
nmeans bor conneet i nghé beyiteOs ofdh 10N RARNE! cotrPrisiRg a $dpRl adapita tesippdf the2. The
engi ne Ofcrrﬁ'ﬁ]l |n which the tube is flexible. 13. The engine of claim
1, wherei F1H& ?Fé i w3blant provided to the cylinder and pistons
conprises the sane I|qU|d coolant. 35 48 5 14 ~The engine of claim 1,
wherein the |igyi Qnpri se
different I|i qu?ﬁ cooﬁ @ﬁe ?gag'l-lrhgge“t}l%rén'g%o gﬁqpf rtgv%%mgress& ?ioégsuppl y
syst em i ndetyekes tiid grankshefims for 10 appl yi ng a first liquid coolant to the
cylindgr and a second neans adapted for applying a second |iquid coolant,
different than the first liquid coolant, to the first and second pistons.
16. The engi ne26f cThe avdine ohelaiel 19, e\é:@re"ptf@tmlneslsa twotdyeley cpinprespiot-acki ng a
15 wri st piidhitioh éngihBe engi ne of claim15, wherein the supply systemincludes
cool ant channels ainmed at the crowns of the pistons. 20 18. The engi ne of
claim1l, wherein the supply systemincludes neans for maintaining the

cylinder and pbst 0”$h@éngﬁr¢b§&e&él#nvﬁ4 HRBRh@r YEer nibﬂxdmﬁhﬁaﬁf%ﬂisn@h%md aiml,
furth conpri si ng: st and second si de-nmounted crankshafts: and 25 rods

whi ch?éonﬂ?sec?xriaH%t ?ﬂdswl?hgo'ﬁ% OP#R N} AFnPSHiYPtBaANiiolys. TR egeiyMAaifdld has &i m 19,
wher ei n t BRapeaHst isdugessldfiected primarily to tensile

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

3. The vehicle 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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forces during operation of the engine. 30 21. The engi ne 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 of fset
in phase in their bottom dead center positions. 35 49 5 22. The engi ne of
claim19, further conprising a frane adapted to support the crankshafts
for rotation. 23. The engine of claim 22, wherein the frame supports
conpresgsi ve fonges Thelures ot d8m@vanksbmithévehlde R4 roftRpwrggireefof claim 19,
wherein the engine is a two-cycle conpression- ignition engine. 25. The
engi ne of claim24, the cylinder further including manifolds, wherein 15

t he exhaust ands5i nl atpoper tos! mpered Htthe ergipecidaia irani f ol ds, and each

mani fold has a shape that induces swirl. 26. The engine of claiml,
wherein the engi ne operates at a power-to-weight ratio of at |east 0.50
HP/ 1 b. 20 27. Bhe eAgiower gdnecitar pow26id vibe enging dfeclaindi ne operates at a
power ~ho-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 |east 1.00
HP/ 1 b. 29. A maéhi néhgrengirecef daym tThurtbergionwrising Gishamd second c@Mier foteidtgi cl e
power ed b%ﬁ%ﬁ&ﬁﬁ@ﬁhéénﬁﬁe Pﬂéﬂh&umn 0 31. The vehicle of claim30, wherein
the vehicle Is a water cra . e vehicle of claim30, wherein the
vehicle is a safffaeadgpigd & supporhegzankshaftsfeniotdtienof cl ai m 30, wherein the

vehicle is a fhyedy¥hr thd fiel @bhkshatt;
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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50 5 34. The vehicle of claim30, wherein the vehicle is a rotary-w ng
aircraft. 35. A power tool powered by the engine of claiml. 36. A power
generator powered by the engine of claiml. 10 37. The engine of claim1,
further conprising first and second counter rotating crankshafts, the
engi ne further including: a frame adapted to support the crankshafts for
rotation; a first gear on the first crankshaft; 15 a second gear on the
second crankshaft; and, a third gear supported on the frame, the third gear
havi ng s&an annuligs wAnlopposedagidtsn thearedl combligibr BEGInE RYMPHSIGY:t he first gear at
a first locatiqgn and an.inside circunference engagi.ng the secon ar at a
second | ocati on. Cy%éjeééﬂthfheor%na& cﬁ’és'(gefs AP 5?1%3\?\?1%}"%"8ﬁnteﬁaa?g%%argfocati on
i s oppositaninkeedfd;rst |ocation 25 30 35 51 5 39. An opposed- pi ston
i nternal conbusti ' 10 T NST I A To MR | | | Y- ut si de
Sdt fir' %rggp? Ibf;ﬁrPO\?e%”cR{ ﬁ%uosr& 1densdﬁ%cé %j gc.rdect]t % {i&étﬁl) g{;oefant%%n?

surface, a central D an ex e nd " an n a first group
of gr oovedghe gentraheortien toivael theiexheset and; conduct a |iquid coolant from the

centraly portion {oua) %%L@teofgdf%&togetﬂg?ﬁu?s%easufr%&?’i&' cgﬁ&}éPaQingﬂr&g}é% on the

outsi de surface to cond J cool ant romthe centr portion
t owar d t hdrdmihetceati pordios ivwaed thedilet e gr ooves on the outside surface to

conduct a i quiadi@@Qdiéild of Grdoved R BRI shifadel® &RRLER: IBAETdoRRNt i T St
and second _ opposed pistons adapted to reciprocate in the bore, each piston

15 i ncl udiFgurafeesgaky;in e 9e8kalPoBIRE" cool ant channel to apply a directed jet
of a l'iquid coglstahd E6conl opposed pistons adapted to reciprocate in the bore, each piston

15  including a crown;
at least one coolant channel to apply a directed jet of a liquid coolant to an
internal 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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internal portion of the first piston on a back surface of the crown; and at
| east one cool ant 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 conprising: neans for conpliant
adjustnment of the first or second piston with respect to the cylinder. 25
41. The engine of claim 39, wherein the pistons are ringless. 52 5 42, An
assenbly for an opposed piston internal conmbustion engine, conprising: a
cylinder with a2bor&n assemiisifde @uUrdpposed digt@NtiftatnapoddmbugtioranengkBaust

port and an inlet port; the cylinder including an exhaust manifold over

t he exhaué?"ﬁ%??gand an inlet 10 manifold over the inlet port; neans for
conducti ng a | iacpylinbec edth artiore mntdutsideusisiade, sseantralogrtiom, an ékliaast pahafd om t he
central s%ﬁth ward the inlet port; nmeans for conducting a liquid

cool ant on thé 'outside surface in a direction fromi the central section
toward t he exhdsstylipden incladingraareschfigt reanifdidceviendheaexhiagsti port eodl antinleh t he

outsi dg sy AER ertﬁeHlé‘bUH”f erential direction in the central section;
first and secon oseé pi'stons adapted to reciprocate in the bore, each

pi ston incl uduﬁwgnaf%rcemﬂ#cﬂm a|ligeid tcoplapt @oitieautsidshsumiaes in @ dapgion frgmli r ect ed

jet of theyd bé]%psééf?&{@%rdttge ﬁﬁ[btpg,@ internal portion of the first piston on
a back surface of the piston crown; and at | east one cool ant channel

adapt ed to appMpans &rceedusting adiagd coplant emytliepulsislsl aiviece froa dliiestian diomal

portion ofhd btrarseeiish BiveldQRe Bthadsiipk surface of the piston crown. 43. The
asse éy of claim4 further co rising: 25 at |east one conpliant nenber

nmount éd on eac W%P%%"Bﬁo‘f@cﬁ’ﬁ Gl CO%W”"@'HE?\P“"B’@F\%@FWH@ Feuntsendiad t he

cyl i nder . direction in the central section;
first and second opposed pistons adapted to reciprocate in the bore, each piston
inciuding 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 piston 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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44. The engine of claim42, wherein the pistons are ringless. 30 45. An
opposed- pi ston i nternal conbustion engine, conprising: a cylinder with an
outside surface, central and end portions, and a bore; a supply system
adapted to apply streans of a liquid coolant on the outside surface that
flow fromthe central portion toward the end portions; and first and second
opposed pistons adapted to reciprocate in the bore. 35 53 5 46. The engi ne
of claim45, in which the cylinder includes groups of grooves which extend
on t hesout si de 46ur f ahe eﬁgioenof blemceﬂntini whicpmhiet i:;mﬁdérordmaéstgim;:emﬁ grokéd ons,
and a gro h exten st an rcunferenti a in the
contrar il RERPHE elUeide SRR 5 AfbelParfertlA BT TR iy ooves
and one orandoa earpay DE grcmve$ h@l@ybxtautersubd:tarﬁméy o&amhfemmntlallyl im thenventiatat i on
with are Jolt e or
mor e por ¢ Sorgy, MERERAKE d Bfindotitels cdfb i BB SRBARELEE ot Aok dBUSHE

crown havithg Cﬂmdb'a%ike\@uﬁﬁ@tceort t"heorgmpmb@tloswtfemrmm@dgmgvt%mmﬂ puRply i qU| d

cool anp t [ h piston on the back surface of the
Cr own. 0 gigedeﬁgﬁée%tﬁ@%béd&f}gr Egﬁscl n whi ch each piston includes a

cylindrlcal body, an open end, and a closed end defining a crown, the

engi ne further arncl yed BEgiAd of 88T 4% %er&ﬁ%ﬁ%b;s@ﬁqwﬁdeﬁ .a BRGH I‘%Qfﬂbaant
channel connected to the supply system and positioned for directing at

| east one BPEf Syfack; faausap%év/%w afiept?%) fRbka dayid seeagifo pRdnteMalReTHN t he 20

pi ston. A4%feddipitrgbmieBhciEb@fdtk $8iheichowsi ch the cylinder includes groups
of grggves whi ch extend on the outside surface fromthe central portion

toward“the end portions, and a group of grooves which extend substantially

circunferenti akby iThd laﬁgnﬁieeﬂ’(mﬁin %lmhlbm e8ch piktoh eiudes el dyﬁti]dmgalaoo@yl i nder
sl eeve coverin orts |nd sl eeve,
each port a{‘,?pﬁfgﬁﬁ]é}ﬁ[“g °8ﬁ W ef% ”rg@s%%‘?f? |t€eeg'bq"beo(9'gﬂer "Pm%ucé'ﬂfi; i é‘S?stem
connect ed codantivhanmeds, (eacmwcﬁarp@hame[ &thnedétad opiressedplp isgitam anﬂtm‘asma’-ed

bore, . first a glesecond

mb l4 od
onposed pr2iaet e Bk PR 1AB L AR If I P XrsB B bl @

20  piston.

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 cyiinder 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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i ncluding a crowm having a back surface, and a supply system adapted to
apply one or nore 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 systemis
adapted to apply streans of a liquid coolant on the 35 outside surface of
the cylinder that flow fromthe central portion toward the end portions.
54 5 51. The engine of claim50, in which the cylinder includes groups of
groove$ which SQXU'Baildngme toh elabwi 58] thewsidh ftige eym‘ntlarrmblbewgmpsabf pbiéON

toward the end o] and a.qr r oves .whj ch en substantially
circunfer en Cr}' q[%n ﬂﬁeo%%%‘? F"érfa% 30"?'{ ﬁ]c?n rﬂ]r PYtign %OH’(?[ 5& ®nder
sl eeve CO\aBdl m@rwumeo‘glgamyes veniudh extencbrsuhsiarﬁlaﬂprctrsumfarentlém myihendmtrasl eeve,

each port doﬂloﬁw: ac"?\%d rgfa whh@eril oGS B&%ﬁlh%ﬁ\&%gq\ég ap&g%éggr mgﬁé%oﬁé‘ﬂ{ ne of

claimb50, TTh which i NCl Udes drica open end,
and a cl oéfeﬁjcsén@r@@vweﬁgh aortmmmmmmh@tl@’ngltmerEFSOe@helgrdone.l ud| ng at | east
two ggol ant channels, each cool ant channel connected to the supply system
and positioned for directing at |east one jet of liquid coolant to the
back surface oP2i Hee endhnofolaimp8. inpshigh sachnpiste incindapalwylindsraldiedy.can ng an

internal ¢pabUsd, i aea%ébeeddn@éﬁHﬂb%gcr@\Fvnltﬁ@%hglﬂ@%rtrféﬂrlcmﬂﬁlp it B out si de
surface, central and portions, and a bore and a pair opposed

pi stons adapeRicEBNee PR Geaare chafinehgonssrigd t%ﬁ@rﬁuBPIgtswemr?@rimmﬁ@ne& crown

with a 2@rhaektirgust 88, onkhier salghrRdcdontt sliHiObackRRkMENSF BRI dréln of HRAS of a
i qui g coolant to the outside surface that flow from the central portion

t owar d°t h&'S¥y portions; and applying at |east one directed jet of a liquid
coolant to an internal portion of each pi ston on the back surface of the

o Tiqui dcool BheA BTG GPERITERT J et FEmBae] S iPrUABS ol Bt r ol
portion. B@inddheitimenhndsidd safaentddral whdead posjops.yarmga sbprer ahd st paans of a
and appl y O oot PRons 2BRe e MeBrost BT rs bR e S Bui b dE s The
centrdl pbatk srfacd, thewethpd seludppl yi ng a fuel .
applying spiral streams of a liquid coolant to the outside surface that flow from
the ceniral portion toward the end portions; and
applying at least one directed jet of a liquid coolant to 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

liguid 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

35 portion, end portions and a bore, the first and second pistons adapted to reciprocate in
the bore, each piston including 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

least generally uniform temperature along the length and circumference of the outside

55




56. A nethod of cooling an opposed piston engine that includes a cylinder
and first and second opposed pistons, the cylinder including an outside
surface, a central 35 portion, end portions and a bore, the first and
second pi stons adapted to reciprocate in the bore, each piston including a
crown with a back surface, the nmethod including cooling the outside
surface of the cylinder using a liquid coolant so as to obtain an at | east
generally uniformtenperature along the I ength and circunference of the

out si d6  Srface; Uhd a6dfling RtbaeR elifdtg of BecHgISN Sloivh g lireét ifpRberRéftivath :Cr OWn by
di rect in@inﬂenﬁnH ith a éiﬁgid cool ant, characterized in that: the
liquid codPHRCOUT PR LYBPY I'HE Ut si de surface of the cylinder and the

| i qui d cool antheulggd tclatibosed foecobbitk caitsideaiefaod obteltyldet @and tieoitflicar e t he

same |i qu'cgolgﬂtodsgg Ed coo?t@ne back surface of each piston crown are the same liquid coolant.
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