
IMPROVED TWO-CYCLE, OPPOSED-PISTON INTERNAL COMBUSTION  ENGINE RELATED
APPLICATIONS 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 Combustion  Engine", the subject matter of which is hereby
incorporated by reference in its  entirety. BACKGROUND  10 The invention
concerns an internal combustion engine. More particularly, the  invention
relates to a two-cycle, opposed-piston engine. The opposed-piston engine
was invented by Hugo Junkers around the end of  the nineteenth century.
Junkers' basic configuration, shown in FIG. 1, uses two pistons  PI and P2
disposed crown-to-crown in a common cylinder C having inlet and exhaust 15
ports I and E near bottom-dead-center of each piston, with the pistons
serving as the  valves for the ports. Bridges B support transit of the
piston rings past the ports I and  E. The engine has two crankshafts Cl and
C2, one disposed at each end of the  cylinder. The crankshafts, which
rotate in the same direction, are linked by rods RI  and R2 to respective
pistons. Wristpins WI and W2 link the rods to the pistons. The 20
crankshafts 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 II, revised
edition; MIT Press, Cambridge, Mass., 1985): "The 30 now obsolete Junkers
aircraft Diesel engine still holds the record for specific output of
Diesel engines in actual service (Volume I, Fig. 13-11)." 1 Nevertheless,
Junkers' basic design contains a number of deficiencies. The  



engine is tall, with its height spanning the lengths of four pistons and at
least the  diameters 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 from the  interior of the
piston. As a consequence, the rods are massive to accommodate the  high
compressive forces between the pistons and crankshafts. These compressive
forces, coupled with oscillatory motion of the wrist pins and piston
heating, cause  early failure of the wrist pins connecting the rods to the
pistons. The compressive 10 force exerted on each piston by its connecting
rod at an angle to the axis of the piston  produces a radially-directed
force (a side force) between the piston and cylinder bore.  This side force
increases pistonlcylinder friction, which raises the piston temperature
thereby limiting the brake mean effective pressure (BMEP, an indicator of
engine  power) achievable by the engine. One crankshaft is connected only
to exhaust side 15 pistons, and.the other only to inlet side pistons. In
the Junto engine the exhaust side  pistons account for up to 70% of the
torque, and the exhaust side crankshaft bears the  heavier torque burden.
The combination of the torque imbalance, the wide separation  of the
crankshafts, and the length of the gear train coupling the crankshafts
produces  torsional resonance effects (vibration) in the gear train. A
massive engine block is 20 required to constrain the highly repulsive
forces exerted by the pistons on the  crankshafts during combustion, which
literally try to blow the engine apart. One proposed improvement to the
basic opposed-piston engine, described in  Bird's U.K. Patent 558,115, is
to locate the crankshafts 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  crankshafts are connected by rods that extend from
each piston along the sides of the  cylinders, at acute angles to the sides
of the cylinders, to each of the 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
saddles  mounted to the outer skirts of the pistons. Bird's proposed engine
has torsional  balance brought by connecting each piston to both
crankshafts. This balance, the  proximity of the crankshafts, and the
reduced length of the gear train produce good 5 torsional stability. To
balance dynamic engine forces, each piston is connected by  one set of rods
to one crankshaft and by another set of rods to the other crankshaft.  This
load balancing essentially eliminates the side forces that otherwise would
operate  between the pistons and the internal bores of the cylinders. The
profile of the engine  is also reduced by repositioning the crankshafts to
the sides of the cylinders, and the 10 shorter gear train requires fewer
gears (four) than the Jumo engine. However, even  with these improvements,
a number of problems prevent Bird's proposed engine from  reaching its full
potential for simplification and power-to-weight ratio ("PWR", which  is
measured in horsepower per pound, hp/lb). The favorable PWR of opposed
piston engines as compared with other two  15 and four cycle engines
results mainly from the simple designs of these engines which  eliminate
cylinder heads, valve trains, and other parts. However, reducing weight
alone has only a limited ability to boost PWR because at any given weight,
any  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  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 more wrist pins greatly limits the surface
available for cooling and the means by which the liquid lubricant can be
applied. 5 Prior opposed-piston engines include an engine block in which
cylinders and  engine bearings are cast in a large passive unit that serves
as the primary structural  and architectural element of the engine.
Although Bird's engine rectified torque  imbalance, eliminated most
compressive forces on the rods, and eliminated side  forces on the cylinder
bore, it still used the engine block as the primary structural 10 element.
That is, the engine block provided support for the cylinders and engine
bearings, manifolds for cylinder ports, and cooling jackets for the
cylinders. Thermal  and mechanical stresses transmitted through the engine
block caused non-uniform  radial distortion of the cylinders, necessitating
piston rings to assist in maintaining the  piston/cylinder seal. 15 It is
clear that an increase in engine power in ,a two-cycle, opposed piston
engine can be achieved with elimination or at least substantial reduction
of the  thermal and mechanical stresses that cause non-uniform radial
distortion of the  cylinder and with elimination or at least substantial
reduction of thermal distortion of  piston crowns. 4 SUMMARY  Increased
BMEP is realized in a two-cycle, opposed-piston engine with side mounted
crankshafts by cooling that is both effective and tailored, and by the
removal  of mechanical stresses from the cylinder. 5 Effective cooling
limits the maximum temperatures of the cylinder and pistons  by conducting
as much heat as possible away from these elements during engine  operation.
Tailored cooling eliminates or at least significantly reduces non-uniform
distortion of the cylinder and expansion of the piston crowns that would
otherwise be  



caused by heating of these elements during engine operation. In one aspect,
the 10 cylinder may be cooled by directed streaming of liquid coolant
through groups of  grooves on an external surface of the cylinder. In
another aspect, each piston may be  cooled by application of one or more
directed jets of liquid coolant to a back surface  of the crown of the
piston. Radially non-uniform mechanical stresses on the cylinder are
eliminated or at  15 least significantly reduced by freeing the cylinder
from passive architectural or  structural elements of the engine, such as
an engine block. In one aspect, the cylinder  may be supported in the
engine principally by piston structures and fuel and coolant  lines.
Altogether, these improvements maintain a close, uniform cylinder-to-piston
20 clearance that enables a tight seal between the cylinder and the
pistons, while  avoiding contact between the pistons and the inside surface
of the cylinder. Further improvements in engine operation may be realized
by permitting some  compliance between the cylinder and pistons during
engine operation. The pistons  may be mounted in the engine with a degree
of flexibility that enables the pistons to  25 maintain alignment with the
cylinder during engine operation. These improvements, and other
improvements and advantages described in the  specification which follows,
provide a very simple two-cycle, opposed-piston, engine  capable of a
substantial increase in BMEP, and with reduced weight, 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. 5 BRIEF
DESCRIPTION OF THE DRAWINGS The below-described drawings are meant to
illustrate principles and examples  discussed in the following detailed
description. They are not necessarily to scale. FIG. 1 is a partially
schematic illustration of a portion of a prior art opposed  5 piston diesel
engine. FIGS. 2A and 2B are side sectional views of a cylinder with opposed
pistons  coupled by tensile-loaded connecting rods to two crankshafts in a
first embodiment of  an opposed-piston internal combustion engine. FIG. 2A
shows the pistons at inner or  



top dead center. FIG. 2B shows the pistons at outer or bottom dead center.
10 FIGS. 3A-3F are schematic sectional illustrations of the cylinder and
pistons  of FIGS. 2A and 2B illustrating a complete 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 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 a combined 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. 6 FIG. 10 is a schematic diagram of gas flow in an opposed-piston
engine. FIGS. 11A-11D illustrate the structure of a cylinder useable in a
second  embodiment of an opposed-piston internal combustion engine. FIG. 12
is a curve modeling time-averaged cylinder heat flux in an axial  5
direction during operation of an opposed piston engine. FIGS 13A-13E
illustrate the structure of a piston useable in the second  



embodiment engine. FIG. 14A is a side view of the second embodiment engine
showing a cylinder  with opposed pistons in which the pistons are coupled
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
embodiment engine.  showing a cylinder with opposed pistons in which the
pistons are coupled by  primarily tensile-loaded connecting rods to two
crankshafts, with the view partially  15 cut away to show an alternate
piston cooling structure. FIGS. 15A-15E are perspective views of a
multiple-cylinder implementation  of the second embodiment engine showing
assembly details at various stages of  assembly. FIG. 16A is a schematic
diagram of a supply system useable to control the  20 application of liquid
coolant to a cylinder and opposed pistons of the second  embodiment engine.
FIG. 16B is a schematic diagram of a modified supply system useable to
control 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.  7 DETAILED DESCRIPTION  A First Engine
Embodiment Components of a first embodiment of an opposed piston engine are
illustrated  in FIGS. 2A and 2B. These figures show a cylinder 10 with
opposed pistons 12 and  5 14 disposed therein. The pistons 12 and 14 move
coaxially in the cylinder 10 in opposed motions, toward and away from each
other. FIG. 2A illustrates the pistons 12  and 14 at top (or inner) dead
center where they are at the peak of their compression  strokes, near the
moment of ignition. FIG. 2B illustrates the pistons near bottom (or  outer)
dead center, where they are at the end of their expansion or power strokes.
10 These and intermediate positions will be described in more detail below.
The following explanation presumes a compression-ignition engine for the  



sake of illustration and example only. Those skilled in the art will
realize that the  elements, modules and assemblies described may also 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 motion toward and away  from each other and the
center of the cylinder 10. The pistons 12 and 14 are coupled  to first and
second side-mounted counter-rotating crankshafts 30 and 32 which, in  turn,
are coupled to a common output (not shown in these figures). 20 The pistons
12 and 14 are hollow cylindrical members with closed axial ends  12a and
14a which terminate in crowns 12d and 14d, open axial ends 12o and 14o,
and skirts 12s and 14s which extend from the open axial ends 12o and 14o to
the  crowns 12d.and 14d. Saddles 16 and 18, in the form of open annular
structures, are  mounted to the open axial ends 12o and 14o 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  8 of the saddles and the
pistons permits coolant dispensers 24 and 26 to extend axially  into the
pistons 12 and 14 from the open ends 12o and 14o to be aimed at the crowns
and internal skirts of the pistons 12 and 14, respectively. The two
side-mounted crankshafts 30 and 32 are disposed with their axes  5 parallel
to each other and lying in a common plane that intersects the cylinder 10
at or  near its longitudinal center and that is perpendicular to the axis
of the cylinder. The  crankshafts rotate in opposite directions. The
connecting rods 20a, 20b and 22a, 22b  are connected to crank throws on the
crankshafts 30 and 32. Each connecting rod is  disposed to form an acute
angle with respect to the axes (and the sides) of the cylinder 



10 10 and the pistons 12 and 14. The connecting rods are linked to the
saddles 16 and 18  by means of needle bearings 36, and to the crank throws
by means of roller bearings  38. As each piston moves through the
operational cycle of the engine, the ends of the  connecting rods coupled
to the piston's saddle oscillate through an angular path, and  there is no
complete revolution between those ends and the elements of the saddle to 15
which they are coupled. Needle bearings with sufficiently small diameter
rollers  produce at least full rotation of the rollers during each
oscillation, thereby reducing  wear asymmetry and extending bearing life.
The geometric relationship between the connecting rods, saddles, and
crankshafts in FIGS 2A and 2B keeps the connecting rods principally under
tensile  20 stress as the pistons 12 and 14 move in the cylinder 10, with a
limited level of compressive stress resulting from inertial forces of the
pistons at high engine speeds.  This geometry reduces or substantially
eliminates side forces between the pistons and  the bore of the cylinder.
In FIGS. 2A and 2B, additional details and features of the cylinder 10 and
the  25 pistons 12 and 14 are shown. The cylinder 10 includes an. inlet
port 46 through which  air, under pressure, flows into the cylinder 10. The
cylinder also has an exhaust port  48 through which the products of
combustion flow out of the cylinder 10. Because of  their locations with
respect to these ports, the pistons 12 and 14 may be respectively  referred
to as the "exhaust" and "inlet" pistons, and the ends of the cylinder 10
may 30 be similarly named. A preferred, but by no means the only possible,
configuration for  the ports 46 and 48 are described below. The operations
of the exhaust and inlet ports  are modulated by movement of the pistons
during engine operation. At least one  9 injection site (not shown in this
drawing) controlled by one or more fuel injectors  (described below) admits
fuel into the cylinder 10. As the following illustrations and description
will establish, the relation  between piston length, the length of the
cylinder, and the length added to the cylinder  5 bore by the cylinder
manifolds, coupled with a phase difference between the pistons as they
traverse their bottom dead center positions, modulate port operations and
sequence them correctly with piston events. In this regard, the inlet and
exhaust ports  



46 and 48 are displaced axially from the longitudinal center of the
cylinder, near its  ends. The pistons may be of equal length. Each piston
12 and 14 keeps the associated 10 port 46 or 48 of the cylinder 10 closed
until it approaches its bottom dead center  position. The phase offset
between the bottom dead center positions produces a  sequence in which the
exhaust port opens when the exhaust piston moves near its  bottom dead
center position, then the inlet port opens when the inlet piston moves
near its bottom dead center position, following which the exhaust port
closes after the 15 exhaust piston moves away from its bottom dead center
position, and then the inlet  port closes after the inlet piston moves away
from its bottom dead center position.  FIGS. 3A-3F are schematic
representations of the cylinder 10 and pistons 12 and 14 of FIGS. 2A and 2B
illustrating a representative cycle of operation  ("operational cycle"). In
this example, with the pistons at top dead center, the  20 opposing rods on
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 convenience, an operational cycle may be
measured rotationally,  starting at a crank angle of 0 where the pistons
arc 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 01 of the 30 cycle of operation. Further, with
reference to FIGS. 3C and 3E, the term "bottom dead  center" refers to the
points at which the closed ends 12a and 14a of the pistons 12 and  14 are
farthest from the crankshafts 30 and 32. Bottom dead center for the piston
12  10 occurs just before 180 of the cycle of operation. Bottom dead center
for the piston 14  occurs just after 180 of the cycle of operation. A
two-stroke, compression-ignition operational cycle is now explained with
reference to FIGS. 3A-3F. This explanation is meant to be illustrative, and
uses 360   5 to measure a full cycle. The events and actions of the cycle
are referenced to specific 



points in the 360 cycle with the understanding that for different
geometries, while the  sequence of events and actions will be the same, the
points at which they occur in the  360 cycle will differ from those in this
explanation. Referring now to FIG. 3A, prior to the 0 reference point in
the operational  10 cycle where the pistons 12 and 14 will be at top dead
center, fuel is initially injected  into the cylinder through the at least
one injection site. Fuel may continue to be  injected after combustion
commences. The fuel mixes with compressed air and the  mixture ignites
between the closed ends 12a and 14a, driving the pistons apart in a  power
stroke, to drive the crankshafts 30 and 32 to rotate in opposite
directions. The 15 pistons 12 and 14 keep the inlet and exhaust ports 46
and 48 closed during the power  stroke, blocking air from entering the
inlet port and exhaust from leaving the exhaust  port. In FIG. 3B, at 90 in
the operational cycle, the pistons 12 and 14, near midway  through their
power strokes, continue to travel out of the cylinder 10. The inlet and
exhaust ports 46 and 48 are still closed. In FIG. 3C, at 167 in the
operational cycle, 20 the closed end 12a of the piston 12 has moved far
enough out of the cylinder 10 to  open the exhaust port 48, while the inlet
port 46 is still closed. The products of  combustion now begin to flow out
of the exhaust port 48. This portion of the cycle is  referred to as
blow-down. In FIG. 3D, at 180 in the operational cycle, the inlet and
exhaust ports 46 and 48 are open and pressurized air flows into the
cylinder 10 25 through the inlet port 46, while 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  11 and 48 are
closed. The pistons 12 and 14 then again move toward their top dead  center
positions, and the cycle is continually repeated so long as the engine
operates. FIG. 4 is a plot showing the phases of the pistons 12 and 14
during the  



representative operational cycle just described. Piston phase may be
measured 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 from its top dead center position,  and the axis BB represents
phase. The position of the piston 12 is indicated by the line  50, while
that of the piston 14 is indicated by the line 52. At top dead center 60,
both  of the pistons are in phase and the closed ends 12a and 14a are
equally distant from 10 the longitudinal center of the cylinder 10. As the
operational cycle proceeds, the  piston 12 increasingly leads in phase
until it reaches its bottom dead center point 61,  just before 180 in the
operational cycle, indicated by 62. After the 180 point, the  piston 14
passes through its bottom dead center point 63 and begins to catch up with
the piston 12 until the two pistons are once again in phase at 360 in the
cycle. 15 The oscillating phase offset between the pistons 12 and 14
illustrated in FIG. 4  enables the desired sequencing of the inlet and
exhaust ports 46 and 48. In this regard,  the line CC in FIG. 4 represents
the position of the crown of a piston where the port  controlled by the
piston opens. Thus, when the closed end I2a 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 on  CC, both ports are open and scavenging takes place. At 67 on CC,
the exhaust port  closes and cylinder air charging occurs until the piston
end 14a reaches the point  represented by 68 on CC when both ports are
closed and compression begins. This  desirable result arises from the fact
that the connecting rods for the respective pistons 25 travel through
different paths during crankshaft rotation; while one rod is going over
the top of one crankshaft, the other is rotating under the bottom of the
same  crankshaft. It should be noted with respect to FIG. 4 that the
respective opening positions  for the exhaust and inlet ports may not
necessarily lie on the same line and that their  30 relative opening and
closing phases may differ from those shown. As seen in FIGS. 2A, 213, and
5A, the cylinder 10 includes a cylinder tube 70  with opposing axial ends
and annular exhaust and intake manifolds 72 and 74, each  12 threaded,
welded, or otherwise joined to a respective axial end of the cylinder tube
70.  



The manifolds 72 and 74 may be denominated the "cylinder exhaust manifold"
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
flowing therethrough, while inhibiting turbulent  mixing. Swirling the
pressurized air facilitates scavenging and enhances combustion  efficiency.
The cylinder manifold 72 also includes an annular passage 77 surrounding
the annular gallery 76. The annular passage 77 may be connected to receive
airflow, 10 or alternatively it may contain stagnant air, to cool the
periphery of the manifold 72.  When the cylinder manifolds 72 and 74 are
joined to the cylinder tube 70, their outer  portions extend the bore of
the tube. The bore may be precision machined to closely  match the diameter
of the pistons 12 and 14, and the pistons and cylinder may be  fabricated
from materials with compatible thermal expansion characteristics. If 15
ringless pistons (pistons without rings) are used, there is no need for
bridges spanning  the ports, and a very close tolerance may be obtained
between the outer diameters of  the pistons and the inner diameter of the
common bore. With ringless operation, for  example, the spacing between
each piston and the bore may be on the order 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 opposed
pistons 12 and 14 at their respective positions when the operational cycle
is near its  180 point. As shown in these figures, the pistons 12 and 14
are provided without 30 piston rings, although they may be provided with
rings if dictated by design and  operation. Piston rings are optional
elements in this engine, for two reasons. First,  piston rings accommodate
radial distortion of pistons and cylinders in order to assist  



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 from any thermal stress or any  mechanical stress generated by
other engine components, or asymmetrical cooling 5 elements. As a result
the cylinders and pistons may be machined with very tight  tolerances for
very close fitting, thereby confining combustion and limiting blow-by  of
combustion products along the interstice between each piston and the
cylinder.  Second, piston rings act to cool the piston during engine
operation. However, while  the engine operates, each piston may be cooled
by application of liquid coolant 10 because each piston is periodically
substantially entirely withdrawn from (or  protrudes from) the cylinder as
it moves through its bottom dead center position so  that liquid coolant
can be applied to its external surface. See FIGS. 2B, 3C and 5A in  this
regard. As a piston moves out of and back into the cylinder, it is showered
(by  dispensers to be described) with a liquid coolant on the outer surface
of its skirt. In 15 addition, liquid coolant is applied (by a dispenser 24
or 26) to its inner surface along  its skirt up to and including its crown.
For example, in FIGS. 5A and 6A, each piston 12 and 14 is substantially
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 76o of the gallery 76 and the outside edge  72o 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  14 outside surfaces of the skirts outside
of the cylinder. The percentage of the piston skirt  that is exposed in a
particular application may vary based on a number of factors  including,
for example, system coolant requirements, engine geometry, and designer
preference. 5 As a piston moves in and out of a cylinder it is cooled by
application of a  liquid coolant (by dispensers to be described) to the
outer surface of its skirt. In  addition, liquid coolant is applied (by
dispenser 24 or 26) to its inner surface along its  skirt up to and
including its crown. The same liquid coolant is preferably used to cool
both the interior and the exterior of the pistons. With reference to FIGS.
5A and 6A, 10 coolant dispensers, preferably made of steel tubing, dispense
a liquid coolant onto the  pistons 12 and 14 and the cylinder 10 during
engine operation. An elongate dispenser  manifold 86 extends at least
generally axially along and against the cylinder tube and  exhaust and
inlet manifolds 72 and 74. Four axially spaced semicircular dispensers
86a, 86b, 86c, and 86d extend from the manifold tube halfway around the
cylinder 10. 15 The dispenser 86a is positioned outboard of the center of
the exhaust manifold 72,  near the outside edge 72o; the two dispensers 86b
and 86c are located over the  cylinder 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 to other, cooler regions nearer the manifolds 72 and 74; and the 20
dispenser 86d is located outboard of the center of the inlet manifold 74,
near the  outside edge 74o. A second dispenser manifold tube 88 extends at
least generally  axially along and against the cylinder tube and exhaust
and inlet manifolds 72 and 74.  Four axially spaced semicircular dispensers
88a, 88b, 88c, and 88d extend from the  manifold tube 88 halfway around the
cylinder 10. The dispenser 88a is positioned 25 outboard of the center of
the exhaust manifold 72, near the outside edge 72o; the two  dispensers 88b
and 88c are located over the cylinder between the manifolds 72 and  74,
preferably near the axial center of the cylinder 10 in order to apply
proportionately  



more liquid coolant to the hottest region of the cylinder than to other,
cooler regions  nearer the manifolds 72 and 74; and the dispenser 88d is
located outboard of the 30 center of the inlet manifold 74, near the
outside edge 74o. Opposing dispensers are  linked together as at 89 for
structural integrity. Alternatively, the dispensers may be  entirely
circular and connected to a single manifold tube. Further, fewer or more
15 dispensers may be provided and may be differently positioned than as
shown. Still  further, the dispensing branches could be replaced by a
number of circumferentially  spaced nozzles or sprayers supplied with
liquid coolant from a common source. The dispensers have substantial
apertures formed thereinto from which a  5 liquid coolant under pressure is
applied to exposed outside surfaces of the skirts of the  pistons 12 and 14
and the outside surface of the cylinder tube 70. Preferably,  dispensers
are positioned near the respective outside edges of the manifolds in order
to ensure that liquid coolant is applied to substantially the entire
outside surface of the  skirt along the axial length of each piston.
Depending on factors such as system 10 coolant requirements, engine
geometry and designer preference, the dispensers,  nozzles, or other
suitable coolant application elements may be repositioned in order to
dispense or apply liquid coolant to smaller percentages of the outer radial
peripheral  surface areas of the skirts. For example, liquid coolant may be
applied to the outside  or external surface of the skirt along at least
25%, 50%, or 75% of the axial length of  15 each piston. In FIGS. 5A and
6A, the liquid coolant dispensers that apply liquid coolant to  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 instead of, the separate elements
shown in the figures. 20 In an alternate embodiment shown in FIG. 5B,
instead of cooling the cylinder I  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 5A, 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. 16 In
FIG. 5A, the flow of liquid coolant onto the pistons and the cylinder is
indicated by reference numeral 91. Continuing with the description of FIG.
5A, annular, high-temperature  polymeric rings 92 located in annular
grooves near the ends of the manifolds 72 and  5 74 lightly contact the
pistons 12 and 14 and wipe excess lubricant from the pistons as they travel
into the cylinder 10. Finally, one or more fuel injectors are provided for
the cylinder. For example, the fuel injector 94 is coupled to the at least
one injection  site 95. A two-stroke, opposed-piston engine mechanism is
next described in which  10 the working elements (cylinders, pistons,
linkages, crankshafts, etc.) are received  upon a structural unit in the
form of a frame of passive structural elements fitted  together to support
the working elements. The frame is intended to bear the stresses  and
forces of engine operation, such as compressive forces between the
crankshafts.  In contrast with many prior art two-cycle, opposed-piston
engines, the cylinders are 15 not cast in a block nor are they formed with
other passive structural elements.  Consequently, the cylinders are not
passive structural elements of the engine. Each  cylinder is supported in
the engine frame principally by the pair of pistons disposed in  it. Thus,
with the exception of combustion chamber forces, the cylinders are
decoupled from the mechanical stresses induced by functional elements, and
from the 20 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 characteristics of the  



materials from which the cylinders and pistons are made. Advantageously,
with 25 improved piston cooling, this characteristic affords the option of
an engine design that  dispenses with piston rings. FIGS. 6A and 6B are
side perspective views showing increasingly complete  assembly of a
single-cylinder engine mechanism 100 for an opposed-piston engine  with
side-mounted crankshafts based on the cylinder/piston 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  17 { opposed pistons 12 and 14 disposed in
it. The saddles 16 and 18 of the opposed  pistons are visible in the
figure. The connecting rods 20a and 20c couple the saddle 16  to the
crankshaft 30, and the connecting rod pair 20b couples the saddle 16 to the
crankshaft 32. The connecting rod pair 22a couples the saddle 18 to the
crankshaft 30, 5 and the connecting rods 22b and 22c couple the saddle 18
to the crankshaft 32. The- dispenser manifold tube 88 and the dispenser 24
are connected to coolant manifold  96. The manifold tube 86 and the
dispenser 26 are connected to another coolant  manifold 98. Two
radially-opposed alignment pins (one of which is indicated by  reference
numeral 99) are formed on the cylinder 10 for cylinder stabilization during
10 engine operation. Two beams 110 and 112 are shown in FIG. 6A for
reference. The  beam 110 has an opening 113 through which the manifold tube
84 can be connected  to an air inlet manifold (not shown) and an opening
115 for a tube connecting the fuel  injector 94 to a fuel manifold (not
shown). The beam 112 has an opening 117 through  which the manifold tube 82
can be connected to an exhaust manifold (not shown) and 15 an opening 119
through which a tube can connect another fuel injector (not seen) to a
fuel manifold (not shown). In FIG. 6B, a frame for the engine mechanism 100
includes two support  bulkheads 120 disposed on respective sides of the
cylinder 10,'together with the  beams 110 and 112. The bulkheads 120
receive and support the crankshafts 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 receives 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  18 shown). FIGS. 7A-7D show
a gearbox 170 mounted on a bulkhead (not seen in these  figures) through
the outside surface of the end plate 160. The gearbox 170 houses an  output
gear train through which the opposing rotational motions of the crankshafts
are  coupled to an output drive shaft. The ends of the crankshafts 30 and
32 extend into the 5 gearbox 170. A gear wheel 172 with a toothed outer rim
is fixed to the end of the  crankshaft 30 and a gear wheel 173 with a
toothed outer rim is fixed to the end of the  crankshaft 32. An output gear
wheel 175 has an annulus 176 with a toothed inside  circumference 177 and a
toothed outside circumference 178. As seen in these figures,  the outer rim
of the gear wheel 172 engages the inside circumference 177 of the 10 output
gear wheel 175 at one location and the outer rim of the gear wheel 173
engages  the outside circumference 178 of the output gear wheel 175 at
another location  diametrically opposite the one location. The gear ratio
between the inner gear 172 and  the inside circumference 177 may be 33/65
with MOD 4 teeth on the inner gear and  the inside circumference, while the
gear ratio between the outer gear 173 and the 15 outside circumference 178
may be 33/65 with MOD 5 teeth on the outer gear and the  outside
circumference. This arrangement of gears permits the opposing rotations of
the crankshafts 30 and 32 to be translated into the continuous rotation of
the output  gear wheel 175 with an odd number of gears (three, in this
case), with a non-integral  



gear ratio, and without any intermediary belts, chains, or other torque
transfer  20 elements. The result is a simple, short output gear train.
Assembly of the single-cylinder opposed piston engine module is completed
as shown in FIGS. 7A-7D by attachment of light aluminum casing panels 180
to the  frame made up of the assembled bulkheads and beams. A cover 182 is
fastened to the  gearbox 170. The cover 182 includes an output bearing 185
that receives the axle 186 25 of the output gear wheel 175 thus enabling
the frame to support the output gear 175  for rotation. The resulting
assembled single-cylinder opposed-piston engine module is  indicated by
reference numeral 190 in FIG. 7C. The axle 186 constitutes the output
drive of the engine module 190. It may be coupled to an intermediate
transmission or  directly to the driven component by one or more gears,
belts, chains, cams or other  30 suitable torque transfer element or system
(not shown). FIGS. 8A-8C illustrate assembly of a multi-cylinder,
opposed-piston engine  module with three engine mechanisms 100 disposed in
a row. Note that the front and  19 rear bulkheads are removed from FIG. 8A
for clarity. The mechanisms 100 have the  structure already illustrated in
FIGS. 6A and 613, and discussed in respect of the  preceding figures. Four
bulkheads 120 are provided in the frame of this engine  module, each
supporting the crankshafts in respective bearings. The frame also 5
includes elongated beams 110 and 112 fixed to the transverse sections of
the  bulkheads 120. The end plates 160 and 162 close the ends of the engine
module. The  three-gear drive train is supported for rotation in the
gearbox 170. The liquid coolant  manifolds 96 and 98 are elongated to span
the three engine mechanisms 100.  Assembly of the multiple-cylinder opposed
piston engine module is completed by 10 attachment of light aluminum casing
panels 180 to the frame. A cover 182 is fastened  to the gearbox 170. The
cover 182 includes an output bearing 185 that receives the  axle 186 of the
output gear wheel 175 thus enabling the frame to support the output gear
wheel 175 for rotation. The resulting assembled multiple-cylinder opposed
piston engine module is indicated by reference numeral 290 in FIG. 8C. The
axle 186  15 constitutes the output drive of the engine module 290.
Preferably, four identical connecting rods are provided for each piston.
This  mode of practice is best seen in FIG. 6A. In the view of FIG. 6A, on
the exhaust port  



side of the cylinder 10, the two connecting rods 20a and 20c are spaced
apart and each  is connected at one end to the saddle 16 and at the
opposite end to the crankshaft 30. 20 The connecting rod pair 20b comprises
two abutting rods, each identical in shape and  structure to the rods 20a
and 20c. The connecting rod pair 20b is connected at one end  to the 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
the crankshaft 32 on 25 either side of the connecting rod pair 20b. The
connecting rod pair 22a comprises two  abutting rods, each identical in
shape and structure to the rods 22b and 22c. The  connecting rod pair 22a
is connected at one end to the saddle 18, and at the other end  to the
crankshaft 30, between the connecting rods 20a and 20c. Thus, on each of
the  crankshafts, the connecting rod pairs of the pistons on one end of the
cylinders are 30 interleaved with the two connecting rods of the pistons on
the other end of the  cylinders, as shown in FIG. 6A. This provides an
optimum balance of forces on the  20 pistons and also reduces the count of
part types for the engine. The identical rods also  assist in maintaining
uniform thermal expansion of the rods during engine operation. The
connecting rods are made of forged steel or titanium, cylinders and
pistons of aluminum-silicon alloy with chrome-plated cylinder bores, liquid
coolant- 5 conducting elements of steel tubing, and crankshafts of forged,
machined steel.  Engine frame parts may be made of lightweight alloys such
as aluminum. A supply system 300 for supplying a liquid coolant to be
dispensed on and in  pistons and on cylinders in an opposed-piston engine
of one or more cylinders is  illustrated in FIG. 9A. The liquid coolant may
be any liquid capable of being applied 10 to the pistons and cooling them
sufficiently for the desired application. Lubricating oil  and diesel fuel
are two possibilities. In this figure, a source of liquid coolant 310 is
connected to a low-pressure, high-volume pump 312. The pump 312 may
comprise,  for example, a centrifugal pump providing liquid coolant in the
range of 3 to 10  gal/min for a 100 HP engine. which pumps liquid coolant
through a distribution line 15 313 to the manifolds 96 and 98. These
manifolds supply a high volume of liquid  coolant at low pressure to the
dispensers 24 and 26 and to the dispensing manifolds 86  



and 88 of one or more modules 100. The liquid coolant is collected by a
sump 315 in  the opposed-piston engine. A pump 317 connected to the sump
pumps the collected  liquid coolant through a filter 318 and a radiator 319
back to the source 310. As seen 20 in FIG. 9A, a line 320 may be provided
in parallel with the radiator 319. In this case, a  valve 321 would control
liquid coolant flow through the radiator 319 and a valve 322  would control
liquid coolant flow through the line 320. For normal operation, only the
valve 321 would be open, permitting liquid coolant to flow through the
radiator 319,  thereby dissipating the heat of the pistons and cylinders
via the radiator 319. For short 25 term boosted operation, the valves 321
and 322 would both be open, thereby  dissipating the heat of the pistons
and the cylinders via the radiator 319 and absorbing  some of the heat in
the reservoir of liquid coolant in the source 310. Finally, during
emergency operation in the event of radiator failure the valve 321 would be
closed  and the valve 322 would be open, thereby temporarily diverting the
heat of the pistons  30 and cylinders into the reservoir of liquid coolant.
If an opposed-piston engine is operated as a compression-ignition engine,
fuel  injection is the method of delivering diesel fuel to the cylinders
for combustion. In  21 this case, diesel fuel also preferably serves as the
liquid coolant and as the lubricant  for the pistons. It is therefore
possible to combine the fueling and coolant sources,  eliminating the need
for multiple sources. Referring to FIG. 913, a system 400 for  supplying
diesel fuel to be dispensed on and in pistons and on cylinders and supplied
5 to fuel injectors in an opposed-piston engine of one or more cylinders is
illustrated. In  this figure, a source of diesel fuel 410 is connected to a
low-pressure, high-volume  pump 412 (a centrifugal pump, for example) which
pumps liquid coolant through a  distribution line 413 to the manifolds 96
and 98. These manifolds supply a high  volume of liquid coolant at low
pressure to the dispensers 24 and 26 and to the 10 dispensing manifolds 86
and 88 of one or more engine mechanisms 100. The diesel  fuel is collected
by a sump 415 in the opposed-piston engine. A pump 417 connected  to the
sump pumps the collected diesel fuel through a filter 418 and a radiator
419  back to the source 410. A return line 420 parallel to the radiator 419
is provided.  Valves 421 and 422 control the use of the radiator 419 and
return line 420 as 



15 explained above in connection with the valves 321 and 322 in FIG. 9A. A
pre-pump  423 connected to the source 410 pumps diesel fuel through a
filter 424, and to a high- pressure pump 426, which boosts the pressure of
fuel delivered to the injectors. For  example, the pump 426 may supply
diesel fuel at 30,000 psi. The fuel from the pump  426 is supplied through
an input fuel line 427 connected to a common rail 429 and the 20 input
ports of one or more fuel injectors 94. The return ports of the one or more
fuel  injectors are returned through line 430 to the source 410. An
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 specification is that all  of the bearings used to support the
crankshafts and connecting rods may be roller  25 bearings. These bearings
may be lubricated by being sprayed with diesel fuel, whose lubricity and
viscosity at the operating temperatures of an opposed-piston engine are
completely adequate for their lubrication. Thus, by way of the pump 412,
the system 400 may deliver diesel fuel as a  lubricant for all bearings of
the engine, save those in the gearbox 170. In this regard,  30 as diesel
fuel supplied from the dispensers, the diesel fuel is churned into a mist
within the engine that spreads throughout the engine and works its way
between the  22 moving parts of the engine and into the rolling bearings
contained within the engine.  A single source can then be used to supply
such coolant, and lubricant to the engine. An alternate supply system 350
for supplying a liquid coolant to be dispensed  on and in pistons and on
cylinders in an opposed-piston engine of one or more  5 cylinders is
illustrated in FIG. 9C. This system may be used for dispensing liquid
coolant alone as the system 300 in FIG. 9A, or it may be combined with
other  elements in a system for dispensing diesel fuel to cool, lubricate,
and fuel an engine as  illustrated in FIG. 9B. The liquid coolant may be
any liquid capable of being applied  to the pistons and cooling them
sufficiently for the desired application. Lubricating oil 10 and diesel
fuel are two possibilities. In this figure, an engine enclosure 352
enclosing  one or more engine mechanisms 100 contains a sump region 357
where liquid coolant  emitted by the above-described dispensers is
collected. The liquid coolant collected in  the sump region 357 has a
nominal operating fluid level 358. A source valve 359 is  



mounted in the engine enclosure. A level sensor 360 in contact with the
liquid coolant 15 collected in the sump region 357 controls a linkage 361
that selects the state of the  source valve 359. The source valve 359 has
an output connected to a low-pressure  high-volume pump 362. The pump 362
may comprise, for example, a centrifugal  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 and 26 and to the dispensing
manifolds 86 and 88 of one or more modules 100. For 25 example, the liquid
coolant may be provided in the range of 3 to 10 gal/min for a 100  HP
engine. As seen in FIG. 9C, a thermal valve 372 is connected in parallel
with the  radiator 369 between the output of the filter 368 and the feed
line 370. The state of the  thermal valve 372 is controlled by the
temperature of the liquid coolant or by an  emergency circuit 373. The
emergency circuit 373 is also connected to the source 30 valve 359. A level
valve 375 has an input connected in common with the output of the  filter
368, the input of the radiator 369, and the input of the thermal valve 372.
The  output of the level valve 375 is connected through a feed line 377 to
the supply tank  23 366. The control linkage 361 is also connected to
control the state of the level valve  375. With further reference to FIG.
9C, in normal operation, the level sensor 360  detects the level of liquid
coolant in the sump region 357 and selects as a source for  5 the pump 362
either the sump region 357 or the supply tank 366. When the operating level
has been reached, the level sensor sets the control linkage 361 to place
the  source valve in the state where it draws liquid coolant only from the
sump region 357.  The heated liquid coolant is pumped by the pump 362
through the filter 368 to the  radiator 369 and the thermal valve 372. When
a design operating temperature of the 10 liquid coolant is achieved, the
thermal valve will close partially or fully to modulate  the flow of liquid
coolant through the radiator 369, thereby regulating the engine  



temperature. The flow of liquid coolant continues through the feed line 370
to the  dispensers where the liquid coolant is applied to remove heat from
the engine  components. If the level of liquid coolant in the sump region
becomes too high, the 15 level sensor 360 causes the control linkage 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 emergency
situation where it is necessary to temporarily bypass the radiator 369,
the emergency circuit 373 fully opens the thermal valve 372, thereby
shunting the  radiator 369, and forces the source valve 359 to initially
draw liquid coolant from the 20 supply tank 366. The excess liquid coolant
that accumulates in the sump region 357  will be removed by the level valve
in response to the level sensor 360. For temporary  maximum performance,
the thermal valve 372 is closed, thereby utilizing the full  capacity of
the radiator 369, while the state of the source valve 359 is set to draw
fluid  only from the supply tank 366. 25 A system 500 for providing charge
air to and discharging exhaust gasses from  an opposed-piston engine is
illustrated in FIG. 10. The system may scale to serve one  or more
cylinders 10. In the system 500, an air inlet manifold line 534 and an
exhaust  outlet manifold line 532 are respectively connected to the inlet
port tubes 84 and the  exhaust port tubes 82 of one or more modules. These
manifold lines 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  24 through
the exhaust manifold line 532 drive a turbine 540 en route to an output
line  538 to mechanically drive a compressor 542. The compressor 542 draws
air in on an  air inlet line 537 and pressurizes the intake air before
directing air to the inlet  manifold line 534 by way of an intercooler 539.
Conventionally, a supercharger or 5 equivalent device may be connected
between the intercooler 539 and the manifold  line 534 to provide scavenge
air for starting the engine. Other engine elements not included in the
illustrations of this first embodiment  will be provided according to
specific circumstances of each application of this  opposed-piston engine.
In this regard, the gearbox 170 may be sealed and self 



10 lubricated by oil or may be lubricated separately from the rest of the
engine.  Alternately, it could be left open and lubricated by the
coolant/lubricant used to cool  and lubricate the pistons, provided that a
suitable lubricant is employed. In prior engines, as the BMEP increases,
friction at the piston ring/cylinder  interface increases and the interface
temperature rises. The increasing interface  15 temperature ultimately
results in heat flowing back into the piston from the interface rather than
from the piston to the interface. As a consequence, the rings no longer
cool  the piston. Assuming maximum flow of coolant to the inside 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 piston 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. Consideration of the first embodiment described above
has lead to the  realization that such stresses may not be adequately
controlled in all cases by directly  25 showering the outer surface of the
cylinder with a large, low velocity stream of liquid  coolant, which tends
to detach from the outside surface toward the bottom of the  cylinder. On
the other hand, it has also been appreciated that the piston may be
adequately cooled under conditions of high BMEP just by application of
directed jets  5 of liquid coolant to the back surface of the piston crown.
These insights have lead to the design of a second embodiment of an
opposed- piston internal combustion engine in which thermal
non-uniformities occurring in the  



cylinder are eliminated or at least substantially reduced by application of
streams of a  liquid coolant over the entire circumference of the outer
surface of the cylinder that 10 vary in direction and areal density to
remove varying amounts of heat in order to  tailor the cooling to the
non-symmetric heat distribution in the cylinder. In addition,
thermally-induced distortion of the piston is reduced or eliminated by
provision 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 thermal non-uniformities in the cylinder and thermal
distortion  of the piston crown at high BMEP results in a tightly
controlled fit between cylinder  bore and piston with minimal 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 control of
thermally-induced distortion, the second embodiment engine  operates with
reduced piston side forces and may operate with ringless pistons. The
second embodiment opposed-piston internal-combustion engine includes
elements that correspond in form and/or function with elements of the first
embodiment described above. Nevertheless, for clarity and ease of
understanding, 25 elements of the second embodiment are numbered
independently of the numbering of  corresponding elements of the first
embodiment. FIGS. 11A-11D illustrate a cylinder 1100 useable in the second
embodiment  of an opposed-piston internal combustion engine. The cylinder
1100 has four parts: a  cylinder liner 1102 formed as an open cylindrical
tube with a cylindrical bore 1103, 30 an exhaust manifold 1104, an inlet
manifold 1106, and a cylinder sleeve 1140.  Preferably, the cylinder 1100
is made from aluminum, such as a high-temperature  aluminum alloy, and it
may be cast as a single piece, or assembled by fixing the  26 manifolds
1104 and 1106 to the cylinder sleeve 1140 and then fixing that  subassembly
to the outer surface of the cylinder liner 1102. The longitudinal axis A~
of the cylinder liner 1102 is also the longitudinal axis of the cylinder
1100. As best seen in FIG. 1IA, the cylinder liner 1102 has an exhaust port
1105  5 constituted of a series of circumferentially-spaced openings 1108
near an exhaust end  



1109 of the cylinder liner 1102. The cylinder liner 1102 also has an inlet
port 1107  constituted of a series of circumferentially-spaced openings
1110 near an inlet end  1112. Each opening 1108 of the exhaust port 1105
has a ramped downstream end  1108r. Combustion gases spiraling toward the
exhaust end 1109 of the cylinder liner 10 1102 are diverted at least
generally out of the cylinder liner 1102 into the exhaust  manifold 1104.
Similarly, each opening 1 110 of the inlet port 1107 has a ramped  upstream
end 111 Or at which pressurized air flowing into the inlet port 1107
through  the inlet manifold 1106 is diverted into the bore 1103 in a spiral
direction toward the  exhaust end 1109. At a central portion 1114 of the
cylinder liner 1102, a number of 15 threaded openings 1116 are provided in
a circumferential sequence. At least one of  the openings 1116 receives a
fuel injector, and at least one other of the openings 1116  receives a
sensor for sensing engine operating conditions such as pressure or
temperature. In the cylinder liner 1102 shown, there may be, for example,
two  openings 1116 for receiving fuel injectors, one opening 1116 for
receiving a pressure  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 shows, the cylinder 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  27 from near its axial center to the inlet end, and should
provide the highest cooling  capacity to the central portion of the
cylinder. In addition to minimizing the non-uniformities in cylinder wall
temperature  



along the longitudinal axis of the cylinder 1100 caused by the varying heat
flux along  5 that axis, there exists a potential for a circumferential
temperature variation in the cylinder wall even with uniform heat flux if
the available cooling is not uniform  around the circumference as is the
case in the central portion 1114 due to the  sequence of openings 1116. To
maintain circumferential temperature uniformity, and  thus cylindrical
uniformity, in the central portion 1114 the cooling adjacent to these 10
openings 1116 must subsume the cooling that would have occurred had the
openings  not been present. To provide a tailored cooling capacity that
meets these goals, a number of  grooves or channels are provided on the
outside surface 1120 of the cylinder liner  1102. Referring to FIGS. 1IA,
I1 B, and 11D, a first group 1122 of interlaced grooves 15 1123 spiral
around the outside surface 1120 from the central portion 1114 toward the
exhaust port 1105, and a second group 1126 of interlaced grooves 1127
spiral around  the outside surface 1120 from the central portion 1114
toward the inlet port 1107.  Each groove of these two groups 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 penetrates the edge 1131 25 through hole 1133. This enables a stream of
liquid coolant to flow from the beginning  of a groove in or near the
central portion 1144, along the spiral of the groove toward a  respective
end of the cylinder liner 1102, through a channel in the cylinder liner,
and  out of a hole in an edge of the cylinder liner 1102. Each group 1122,
1126 of grooves  conducts an aggregate flow of liquid coolant from the
central portion 1114 to an end 30 portion of the cylinder liner 1102,
enabling cooling of the respective corresponding  portion of the cylinder
liner, and thereby, of the cylinder 1100 itself. There is a pitch,  or
spacing, (which may be constant or varying) between the grooves of each
group  28 and the pitch for the grooves of the group 1122 extending from
the central portion  



1114 toward the exhaust end 1109 is less than the pitch for the group 1126
of grooves  extending from the central portion 1114 toward the inlet end
1112. As a result, more  liquid coolant contacts the cylinder liner 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 liner 1102 where the cooling requirements are
the greatest. Furthermore, the 10 grooves may have a variable
cross-sectional area along their length that affects the  local flow
velocity of the coolant within the grooves and therefore the rate of heat
removal. Thus, the cooling capacity of the spiral grooves is settable over
a wide  range by varying any or all of the number of interlaced grooves,
the length of the  grooves, the pitch of the grooves, the cross-sectional
area along the length of the  15 grooves and the coolant flow rate into the
channels. Still referring to FIGS. IIA, 1113, and I ID, a third group of
grooves 1135  extend around the outside surface 1120 in the central portion
of the cylinder liner  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
I. As  best seen in FIG. 11 A, each cross portion 1138 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  



29 effective, localized method for removing heat from the area of the
openings 1116 that  is not accessible to cooling by the group of spiral
grooves 1122, 1126. The  effectiveness of heat removal 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. Assembly 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 meeting the exhaust and inlet manifolds 1104 and 1106.
The manifolds 1104, 1106 may be welded to the cylinder sleeve 1140 at the
seams 10 1141 between the cylinder sleeve and the exhaust and inlet
manifolds 1104 and 1106.  Such welds 1141w are best seen in FIG. I ID.
Alternatively, the manifolds 1104 and  1106 may be individually cast with
respective portions of the cylinder sleeve 1140  and fixed to each other
and to the cylinder liner 1102 by welding. Together, the  exhaust and inlet
manifolds 1104 and 1106 and the cylinder sleeve 1140 cover the 15 grooves
1123, 1127, and 1135, confining the flow of liquid coolant in the grooves.
As  best seen in FIG. 1IB, the cylinder sleeve 1140 includes ports 1142,
1144, and 1145.  Each port 1142 is positioned over the beginning of a
respective groove 1123 near the  central portion 1114; each port 1144 is
positioned over the beginning of a respective  groove 1127 near the central
portion 1114; and each port 1145 is positioned over the 20 center of the
elongate portion 1137 of a respective groove 1135. Liquid coolant flows
into grooves 1123 and 1127 through ports 1142 and 1144, near or at the
central  portion 1114 of the cylinder liner 1102, and flows in streams
through the grooves and  the drilled channels 1129, and out of the holes
1133 in the end edges of the cylinder  liner 1102. Liquid coolant flows
into the grooves 1135 through ports 1145, and flows 25 in streams through
the elongate portions 1137, to the ends 1138. Holes 1147 provided  through
the cylinder sleeve 1140 are positioned at the tips of the ends 1138 to
permit  liquid coolant to flow out of the grooves 1135. As best seen in
FIG. 11C, the ports  1142, 1144 and 1145 receive couplings 1148 mounted on
liquid coolant supply lines  1149 that connect to a liquid coolant supply
system as explained below in connection 30 with FIGS. 16A and 16B. Three
liquid coolant supply circuits may be provided in a  



liquid coolant supply system to supply liquid coolant for the three groups
of grooves.  Each circuit is connected to a respective group of grooves by
way of the ports that  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 flowing 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 sump in the engine. In this case, some portion of the liquid coolant
expelled  through the holes 1133 at each edge of the cylinder liner 1302
will fall on the outside  skirt surfaces of the opposed pistons (not shown
in FIGS. 11A-lIE) as they  reciprocate in the bore 1303, thereby cooling
and lubricating those surfaces during  engine operation. Alternatively, the
liquid coolant flowing out of the ends of grooves 10 on the cylinder 1100
may be conducted in liquid coolant return lines connected by  conventional
fittings to the holes 1133 and 1147 for collection and recirculation of the
liquid coolant as explained below in connection with FIG. 16B. As seen in
FIGS. I1 C and I I D, the exhaust and inlet manifolds 1104 and 1106  have
respective internal annular volutes 1150 and 1152 that communicate with the
15 exhaust and inlet ports 1105 and 1107, respectively. Preferably each of
the volutes 1150 and 1152 has the shape of a scroll in order to induce
swirling of gasses flowing  therethrough, while controlling turbulent
mixing. Swirling the pressurized air  facilitates scavenging and enhances
combustion efficiency. Ducts 1153 and 1154  connect the exhaust and inlet
manifolds 1104 and 1106 to a system for discharging 20 exhaust gasses from
and providing charge air to an opposed-piston engine, such as the  system
of FIG 10. As seen in FIGS. 1113-11D, the cylinder sleeve 1140 includes one
or more  openings 1156, each aligned with a corresponding threaded opening
1116 in the  cylinder liner 1102. One or more fuel injectors 1158 each
threaded at its nozzle end 25 are mounted to the cylinder 1100 by being
threaded into openings 1116. Each fuel  injector 1158 is.coupled at 1159 to
a high-pressure fuel line 1160 and may be  provided with fuel by a system
such as the system of FIG. 9B. The cylinder 1100 is  provided with mounting
tabs 1164 that are received in a frame (not shown in these  



figures) when the cylinder 1100 is assembled into an opposed-piston engine.
30 FIGS. 13A-13E illustrate a piston 1300 useable in the second embodiment
of  an opposed-piston internal combustion engine. The piston 1300 is
preferably ringless.  The piston 1300 has a cylindrical section 1302 with a
closed end that forms the piston  31 crown 1308. The cylindrical section
1302 has an open end 1309 opposite the crown  1308. The portion of the
cylindrical section 1302 extending from the crown 1308 to  the open end
1309 forms the piston skirt 1310. The longitudinal axis Ap of the
cylindrical section 1302 is also the longitudinal axis of the piston 1300.
5 In order to operate effectively without rings, the piston 1300 must
retain at  least substantially cylindrical symmetry under all engine
operating conditions.  Deformation of the piston results from thermal
expansion, compression pressure,  combustion pressure, inertial forces and
blowby pressure. The greatest risk of thermal  deformation occurs at the
crown, especially adjacent to and at the comer 1312 where 10 the crown 1308
transitions to the skirt 1310. Without cooling, this portion of the  piston
1300 may bulge during engine operation, giving the piston 1300 a mushroom
or tulip shape. This thermally-induced deformation is substantially uniform
but still  raises the risk of contact between the piston and the cylinder
bore, if not controlled.  The deformation may be eliminated, or at least
substantially reduced, by maintaining 15 as thin a cross section x-x as
possible in the crown 1308 in order to minimize the  thermal impedance in
the crown 1308 where maximum heating occurs, 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 elements of the
25 piston. With efficient cooling of the crown 1300, it becomes less
important to transfer  heat through the piston skirt 1302. As a result, the
skirt 1302 may be made thinner,  



than otherwise would be necessary thereby lowering the mass of the piston
and  enhancing engine PWR. Further benefits may also be realized by
allowing the piston support structure  30 to deform elastically in some
manner during engine operation for the purpose of  regaining and/or
maintaining axial alignment between the piston and the cylinder as  the
piston reciprocates in the bore of the cylinder. 32 The crown 1308 has an
indented, bowl-shaped contour 1318 that may  correspond with an identical
contour of an opposing piston in defining a combustion  chamber when the
pistons are at or near top dead center in the cylinder 1100. The  thickness
of the crown 1308 at x-x may be 2 mm, or less, if the piston 1300 is made
of 5 a high-temperature alloy of aluminum or steel. For example, presuming
that the  crown 1308 is constituted of 5454 aluminum, and has a diameter of
80 mm, the  thickness of the crown 1308 at x-x may be in the range of 1.5
to 2.0 mm. The piston 1300 includes ribs 1322 formed within the cylindrical
section 1302  that serve as the load-bearing elements discussed above.
Preferably, the ribs 1322 are  10 evenly spaced circumferentially about the
longitudinal axis Ap and extend radially from a cylindrical boss 1326 to
the inner surface 1324 of the piston. The ribs 1322  abut the back surface
1316 of the crown 1308 and also extend longitudinally within  the piston
1300 from the back surface 1316 at least part way along the inside surface
1324 of the skirt toward the open end 1309. In other embodiments, the ribs
1322 may 15 approach or even reach the open end 1309. The ribs 1322 also
have an axial extent  and converge on the cylindrical boss 1326. The
cylindrical boss 1326 has a threaded  lower annular annulus 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
cylindrical units may be made by casting and/or machining 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 longitudinally spaced from the first
holes 1329  33 toward the back surface 1316 of the crown 1308 and
positioned where the cylindrical  boss 1326 joins the back surface 1316.
(Access to drill the second holes 1330 is  provided through radial holes
1330a in the crown piece.) Each second hole 1330 is  positioned
circumferentially between a respective pair of ribs 1322 and opens radially
5 through the cylindrical boss 1326 near the back surface 1316 of the crown
1308. A  tubular connecting rod 1331 best seen in FIGS. 13C and 13D has a
central bore 1332  and threaded end sections 1333 and 1334. The rod 1331 is
received and retained in the  cylindrical boss 1326 by threaded engagement
between the end section 1333 and the  annulus 1327, and the rod 1331 is
locked to the piston 1300 by a threaded nut 1335. 10 As best seen in FIGS.
13C and 13D, a saddle 1345, in the form of an open  cruciate structure, is
mounted by a threaded central piece 1347 to the threaded end  section 1334
of the rod 1331. Locking nuts 1348 and 1349 threaded on the end section
1334, retain the saddle 1345 on the piston 1300. A port fixture 1350 is
threaded to the  end of the end section 1334. 15 As may be appreciated with
reference to FIGS. 13C and 13E, the rod 1331  constitutes a channel to
deliver at least one directed jet of a liquid coolant on 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
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 out 25 of the cylindrical boss 1326 and through each
first hole 1329 in an axially inclined jet  Jl 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  34 The crown 1308
has an indented, bowl-shaped contour 1318 that may  correspond with an
identical contour of an opposing piston in defining a combustion  chamber
when the pistons are at or near top dead center in the cylinder 1100. The
thickness of the crown 1308 at x-x may be 2 mm, or less, if the piston 1300
is made of 5 a high-temperature alloy of aluminum or steel. For example,
presuming that the  crown 1308 is constituted of 5454 aluminum, and has a
diameter of 80 mm, the  thickness of the crown 1308 at x-x may be in the
range of 1.5 to 2.0 mm. The piston 1300 includes ribs 1322 formed within
the cylindrical section 1302  that serve as the load-bearing elements
discussed above. Preferably, the ribs 1322 are  10 evenly spaced
circumferentially about the longitudinal axis Ap and extend radially from a
cylindrical boss 1326 to the inner surface 1324 of the piston. The ribs
1322  abut the back surface 1316 of the crown 1308 and also extend
longitudinally within  the piston 1300 from the back surface 1316 at least
part way along the inside surface  1324 of the skirt toward the open end
1309. In other embodiments, the ribs 1322 may 15 approach or even reach the
open end 1309. The ribs 1322 also have an axial extent  and converge on the
cylindrical boss 1326. The cylindrical boss 1326 has a threaded  lower
annular annulus 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
cylindrical units may be made by casting and/or machining 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 longitudinally spaced from the first
holes 1329  33 toward the back surface 1316 of the crown 1308 and
positioned where the cylindrical  boss 1326 joins the back surface 1316.
(Access to drill the second holes 1330 is  provided through radial holes
1330a in the crown piece.) Each second hole 1330 is  positioned
circumferentially between a respective pair of ribs 1322 and opens radially
5 through the cylindrical boss 1326 near the back surface 1316 of the crown
1308. A  tubular connecting rod 1331 best seen in FIGS. 13C and 13D has a
central bore 1332  and threaded end sections 1333 and 1334. The rod 1331 is
received and retained in the  cylindrical boss 1326 by threaded engagement
between the end section 1333 and the  annulus 1327, and the rod 1331 is
locked to the piston 1300 by a threaded nut 1335. 10 As best seen in FIGS.
13C and 13D, a saddle 1345, in the form of an open  cruciate structure, is
mounted by a threaded central piece 1347 to the threaded end  section 1334
of the rod 1331. Locking nuts 1348 and 1349 threaded on the end section
1334, retain the saddle 1345 on the piston 1300. A port fixture 1350 is
threaded to the  end of the end section 1334. 15 As may be appreciated with
reference to FIGS. 13C and 13E, the rod 1331  constitutes a channel to
deliver at least one directed jet of a liquid coolant on 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 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 out 25 of the cylindrical boss 1326 and through
each first hole 1329 in an axially inclined jet  Jl directed toward a
portion of the back surface 1316 in one of the chambers 1351.  As coolant C
enters the internal accumulation space 1328 of the cylindrical boss 1326,
it impinges axially on and cools the central portion of the back surface
1316. The  coolant C is diverted radially across the central portion of the
back surface 1316, and 30 flows out through each first hole 1329 in a jet
J2 directed substantially radially with  respect to the longitudinal axis
A. Each chamber 1351 receives a turbulent axially  inclined jet Jl of
liquid coolant ejected through a respective first hole 1329 and  34
directed toward the section of the back surface 1316 within the chamber
1351. Each  chamber 1351 also receives a turbulent radially directed jet J2
of liquid coolant  ejected through a second hole 1330. The turbulent jets
Jl and J2 of liquid coolant  impinge on the section of the back surface
1316 within the chamber 1351. The ejected 5 liquid coolant flows along the
section of the inside surface 1324 and the facing  surfaces of the ribs
1322 defining the chamber 1351, and then out of the chamber  1351 along the
inside surface 1324 of the skirt 1310. Thus, during engine operation,  the
piston 1300 is cooled by one or more directed jets of liquid coolant that
strike the  back surface 1316, between the ribs 1322. The viscosity and
pressure of the coolant 10 C and the diameters of the first and second
holes 1329 and 1330 may be varied to  assure turbulence of the jets in the
local flow of the coolant within the chambers 1351  and against the back
surface 1316. As is known turbulence enhances the capacity of  the coolant
to conduct heat away from the back surface 1316 and the sides of the
chambers 1351. The flow rate of the coolant C is raised to a level to
assure a high rate 15 of heat removal from the crown 1308. The jets JI and
J2 are aimed to impinge on the  



back surface 1316. Thus, the cooling capacity of the first and second holes
1329 and  1330 is settable over a wide range by varying any or all of the
number of holes, the  diameter of the holes, the axial orientation of the
holes, and the viscosity, pressure and  flow rate of the coolant C into the
piston 1300. Preferably, the coolant C flows out of 20 the open end 1309 of
the piston 1300 to be collected with liquid coolant flowing out  of the
cylinder 1100 by a sump. 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 piston 1300 is thereby maintained at high BMEP,
which  supports ringless piston construction and operation. According to an
exemplary  piston design utilizing such jets to control thermal distortion,
the differential  expansion of the crown relative to the lower cylindrical
portion of a 3.8" diameter  30 piston can be maintained at less than 0.001
". The construction of the piston 1300 also mitigates another consequence
of an  opposed-piston engine of the Bird type that arises from the rigid
interconnection of  35 the pistons and the crankshafts to other parts of
the engine. In Bird's engine, each  piston is connected to two side-mounted
crankshafts by a single yoke and a number of  connecting rods. The yoke is
integral with or fixed to the outer skirt of the piston and  each end of
the yoke is connected by one or more stiff rods to one of the crankshafts.
5 The cylinder is immobilized in an engine block. As a result,
translational  misalignment between the axes of the piston and the cylinder
containing the piston  cannot be accommodated by compliance of the support
structures of either the  cylinder or the piston. In this regard,
"compliance" refers to the amount of extension  or displacement of a loaded
structure per unit load. In comparison to Bird, the 10 construction
illustrated in FIGS. 13A-13E affords considerably more compliance in  the
support structure of the piston by permitting flexing of the tubular rod
1331 in  response to translational misalignment between the longitudinal
axis of the piston  1300 and the longitudinal axis of the cylinder 1100. 



A two-cycle, opposed-piston internal combustion engine illustrated in  15
schematic form in FIG. I4A is now described. This description presumes a
compression-ignition engine for the sake of illustration and example only.
It could  instead be a spark ignited 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 cylinder of this engine has a pair of
opposed ringless pistons, in each of which thermal deformation is
eliminated or  substantially reduced by application of one or more jets of
a liquid coolant in the manner described with respect to the piston 1300
described in connection with FIGS. {  13A-13E. 25 As shown in FIG. 14A, the
engine 1400 includes at least one cylinder 1100  with 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 Ap 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 common output (not shown in this figure).
Saddles 1345 are mounted to  the pistons 1300. Each of the saddles 1345
connects ends of a plurality of connecting  36 rods 1447 to a respective
one of the pistons. The perspective of this figure illustrates  only two
connecting rods 1447 for each piston, and it is to be understood that one
or  more additional connecting rods are not visible. Connecting rods 1447
are connected  to a saddle 1345 near the open end 1309 of each piston 1300A
and 1300B. 5 The two side-mounted crankshafts 1430 and 1432 are disposed
with their axes  parallel to each other and lying in a common plane that
intersects the cylinder 1100 at  or near its longitudinal center and that
is perpendicular to the longitudinal axis k of  the cylinder. The
crankshafts rotate in opposite directions. The connecting rods 1447  are
connected to crank throws on the crankshafts 1430 and 1432. Each connecting
rod 10 1447 is disposed to form an acute angle with respect to the axes
(and the sides) of the  cylinder 1100 and the pistons 1300A and 1300B. The
connecting rods 1447 are linked  



to the saddles 1345 by means of needle bearings 1436, and to the crank
throws by  means of roller bearings 1438. The geometric relationship
between 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 move in the cylinder 1100, with a
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 375C, 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  37 CP4040 by Aremco. Another suitable composition is a coating
formulated by mixing  sil-cell spherical microballoons sold by Eager
Plastics, Inc. or microspheres of glass  sold by Potters Europe with a
silicone based binder system sold under the trade name  Aremco 8080 by
Aremco; this composition provides a coating having a thermal  5
conductivity (K) of less than 0.36 W/meter-K. As seen in FIG. 14A, the
cylinder 1100 also has an inlet port hidden by the  inlet manifold 1106
through which pressurized air flows into the cylinder 1100.  Because of
their locations with respect to these ports, the pistons 1300A and 1300B
may be respectively referred to as the "exhaust" and "inlet" pistons, and
the ends of 



10 the cylinder 1100 are similarly named. At least 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 embodiment,
the relation between  piston length 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, modulate port operations and
sequence them correctly with piston events. Thus, the  phase offset between
the bottom dead center positions produces a sequence in which  the exhaust
port 1105 opens when the exhaust piston 1300A moves near its bottom  dead
center position, then the inlet port 1107 opens when the inlet piston 1300B
20 moves near its bottom dead center position, following which the exhaust
port closes  after the exhaust piston moves away from its bottom dead
center position, and then  the inlet port 1107 closes after the inlet
piston 13008 moves away from its bottom  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  14608. 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
38  _ 1300A or 1300B force liquid coolant out of the rod 1331 in one or
more jets directed  onto the back surface of a crown 1308 through first and
second holes 1329 and 1330. FIG. 14B shows a side partially sectional view
of a modification of the second  embodiment engine that is identical in all
respects with the engine 1400, with the  5 exception of having alternate
piston support and cooling structures. In FIG. 148, the cylinder 1100 has
disposed in it two opposing pistons 1480A and 1480B in which  each piston
1480A or 1480B is coupled around its sleeve to a respective saddle 1482  



in the manner described above for the first embodiment 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
pistons 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 lack the cylindrical boss 1326 and  tubular rod of the
piston 1300. For each piston 1480A, 14808, there is a cooling  structure
1490 fixed to a reservoir 1460 and having an annular array of tubes 1492 15
that face the back surface 1486 of the piston 1480A and 1480B. The outlet
of each  tube 1492 directs a turbulent jet of coolant between a respective
pair of ribs 1488.  There is a single tube 1493 centered in each annular
array; the outlet of this tube 1493  faces the central portion of the back
surface 1486 of a piston crown 1480c. Liquid  coolant fed from each
reservoir 1460A and 14608, 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
cylinder 1100  during engine operation. As described above in connection
with the first embodiment, a two-stroke,  opposed-piston engine according
to the second embodiment has working elements  25 (cylinders, pistons,
linkages, crankshafts, etc.) received upon a structural unit in the form of
a frame of passive structural elements fitted together to support the
working  elements. The frame bears the stresses and forces of engine
operation, such as  compressive forces between the crankshafts, and the
cylinders are neither cast in a  block nor formed with other passive
structural elements. Each cylinder is supported in 30 the engine frame and
is decoupled from the mechanical and thermal stresses of an  engine block.
Hence, as with the first embodiment, the cylinders in the second
embodiment are essentially only pressure vessels. This engine construction,
together  39 with cooling of the cylinder 1 100 and pistons 1300A and 1300B
in the manner  described above, eliminates non-uniform radial distortion of
the cylinder and swelling  of the piston crowns, and permits the
cylinder-piston interface to be very close-fitting.  Advantageously, with
tailored cooling, this characteristic affords the option of an  5 engine
design that dispenses with piston rings. 



FIGS. 15A-15E are side perspective views showing increasingly complete
assembly of the opposed-piston engine 1400 with side-mounted crankshafts
based on  the cylinder and piston constructions of figures 11A-11D and
13A-13E. The engine  1400 has two cylinders, although this is merely for
the sake of illustration. In fact, it 10 can be scaled to engines of any
size and engines having one, two or three or more  cylinders. In FIG. 15A,
the engine 1400 includes two cylinders 1100 having the  construction
illustrated in FIGS. 11A-liD, with opposed pistons 1300A and 1300B
disposed in it. The saddles 1354 of the opposed pistons are visible in FIG.
15A.  Connecting rods 1447 couple the saddles 1354 to the crankshafts 1430
and 1432. The 15 exhaust ducts 1153 are received in corresponding openings
in an engine plate 1510,  and the inlet ducts are received in corresponding
openings of an engine plate 1520.  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 by 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  40 1432. An output gear wheel 1575 has an
annulus 1576 with a toothed inside  circumference 1577 and a toothed
outside circumference 1578. As seen in these  figures, the outer rim of the
gear wheel 1572 engages the inside circumference 1577  



of the gear wheel 1575 at one location and the outer rim of the gear wheel
1573 5 engages the outside circumference 1578 of the gear wheel 1575 at
another location  diametrically opposite the one location. The gear ratio
between the inner gear 1572  and the inside circumference 1577 may be 33/65
with MOD 4 teeth on the inner gear  and the inside circumference, while the
gear ratio between the outer gear 1573 and the  outside circumference 1578
may be 33/65 with MOD 5 teeth on the outer gear and the 10 outside
circumference. This arrangement of gears permits the opposing rotations of
the crankshafts 1430 and 1432 to be translated into the continuous rotation
of the  output gear wheel 1 575 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  elements. The result is a simple, short
output gear train. 15 An axle plate 1581 is attached by threaded screws to
the annulus 1576 and a  cover 1582 is fastened by threaded screws to the
end plate 1522, over the gearbox  1570. The axle plate 1581 has a central
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
middle plates 1522, 1524, and 1526 by engagement of tabs 1164 in slots
1528.  25 The slots 1528 provide for easy removal of cylinders from the
engine 1400 for inspection, repair, or replacement of cylinders or pistons.
The assembled engine 1400  is seen in FIG. 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 alloy (such
as 5454 aluminum) that is cast and/or machined as necessary  41 for
assembly and operation of the engine. Engine fuel and scavenge systems may
be  



as disclosed above with respect to the first embodiment. Preferably, the
liquid coolant  and the fuel used for the engine 1400 are diesel fuel that
may also serve as a lubricant  for the pistons and other engine elements.
Preferably, engine operations are controlled 5 by way of an engine control
unit (ECU) with associated sensors and actuators, as  needed. The mounting
of auxiliary engine apparatus to the engine 1400 may be  understood with
reference to FIGS. 15A-15E. For example, a turbocharger 1590 is  mounted to
the engine plate 1510 for ease of coupling to one or more exhaust ducts 10
1153 and a supercharger 1591 is mounted to the engine plate 1520 for ease
of  coupling to inlet ducts 1154. A fuel injection pump 1593 is driven by a
a timing belt  from the end of one of the crankshafts 1430, 1432. Coolant,
lubricant and scavenging  pumps (not shown) are mounted to the back of the
engine 1400 and are driven by the  end of one of the crankshafts 1430,
1432. The coolant pump provides liquid coolant 15 to the ports in the
cylinder sleeve 1140 and to the reservoirs 1460A and 1460B. A  sump pump
1594 is mounted to the bottom plate 1580. Although not shown in these
figures, the extensions of the crankshafts 1430 and 1432 through 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 cylinder 1100 by way of a  sensor 1610 treaded into one
of the openings 1116 in the cylinder liner 1102. The  ECU 1601 also senses
temperatures of the crowns of the pistons 1300A and 1300B by 25 way of
sensors 161 1A and 1611E mounted in the pistons 1300A and 1300B. Other
sensors (not all shown) may provide inputs indicative of various 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  



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. From the  manifold 1638A, the liquid coolant flows
through 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. All of the valves 1636A, 1642, 1644, and 1645 are  controlled
by the ECU 1601. A piston coolant circuit pump 1634B pumps coolant
collected in the sump  1632 through a heat exchanger 1635B and a bypass
valve 1636B into a manifold  10 1638B. Liquid coolant for provision to the
tubes 1331 in the pistons 1300A and 1300B is maintained at a selected
pressure in the manifold 1638B by control of the  bypass valve 1636B by the
ECU 1601 and a pressure sensor 1639B in the manifold  1636B. From the
manifold 1638B, the liquid coolant flows through proportional  valves 1660A
and 1660B into the reservoirs 1460A and 1460B and from the 15 reservoirs,
through the bores 1332 of the tubes 1331 onto the back surfaces of the
crowns in the pistons 1300A and 1300B. All of the valves 16368, 1660A, and
1660B  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  coolant,
the pressure and flow rates provided to the ports 1142 and 1144 may be less
than 1 bar at 1 gallon per minute, and the pressure and flow rate provided
to the ports 



30 1145 may be less than I 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  43 the crowns 1308 at the current engine
operating point. For example, 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 minute per  piston. 5
Control of the delivery of liquid coolant by an alternate liquid coolant
supply  system 1650 useable in the second embodiment is illustrated in the
schematic diagram  of FIG. 16AB. The system 1650 provides a first coolant
(water, for example) to the  cylinder 1100 and a second, different coolant
(lubricant or diesel fuel, for example) to  the pistons 1300A and 13008.
The supply system 1650 includes the programmable 10 engine control unit
(ECU) 1601 and the sensors 1610, 1611A, and 1611B in the  cylinder 1100 and
pistons 1300A and 13008. The supply system 1651 utilizes liquid  coolant
return lines 1661 connected conventionally to the holes 1147 in the
cylinder  sleeve 1140 and the holes 1133 at the ends of the cylinder 1100.
The liquid coolant  return lines 1661 converge into a return manifold 1662
that returns the first liquid  15 coolant from the cylinder 1100 to a
reservoir 1663. A cylinder coolant circuit pump 1664 pumps the first liquid
coolant collected  in the reservoir 1663 through a heat exchanger 1665 and
a bypass valve 1666 into a  manifold 1667. First liquid coolant for
provision to the grooves in the cylinder 1100  is maintained at a selected
pressure in the manifold 1667 by control of the bypass 20 valve 1666 by the
ECU 1601 and a pressure sensor 1669 in the manifold 1667. From  the
manifold 1667, the first liquid coolant flows through proportional valves
1672,  1674, and 1675 into grooves on the outside surface of the cylinder
1100 through ports  1142, 1144, and 1145, respectively. All of the valves
1666, 1672, 1674, and 1675 are  controlled by the ECU 1601. 25 The supply
system 1650 also includes the piston coolant circuits of the supply  system
1600, which are constituted of the elements in sequence from the scavenge
pump 1594 through the reservoirs 1460A and 1460B to deliver the second
liquid  



coolant for cooling the pistons 1300A and 13008 as described above in
connection  with FIG. 16A. As with the system 1600, the second liquid
coolant is jetted into the  30 pistons 1300A and 1300B and rcovered by the
scavenge pump 1594. The ECU 1601 is programmed and operates the supply
system 1650 in the  manner of the supply system 1600 to map pre-calibrated
values of cylinder and piston  44 temperatures and other sensory data
indicative of engine operating conditions to first  and second coolant
pressures and flow rates for various engine operating loads, and to
control the provision of the first and second liquid coolants at those
pressure and flow  rates to the cylinder 1100 and pistons 1300A and 1300B,
respectively. 5 It should be evident that the supply systems of FIG. 16A
and FIG. 16B can  control the cooling of the cylinder 1100 independently of
the pistons 1300A and  1300B in response to engine operating conditions.
Accordingly, the cylinder 1100  and the pistons 1300A and 1300B may be
maintained at different temperatures. One  advantage of this arrangement
may be to maintain the cylinder 1100 at a higher 10 temperature than the
pistons 1300A and 1300B in order to maintain a predetermined  spacing
between the bore 1103 and the outside diameter of the pistons as engine
conditions vary. Engine Power Enhanced engine performance is realized, with
the result that opposed-piston  15 engines constructed according to this
specification are capable of achieving improved  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 opposed-piston engine is capable of
providing 20 specific power densities (SPD) relative to piston area of at
least 11.OHP/in2, at least  12.OHP/in2, or at least 13.OHP/in2. These
improvements enable this opposed-piston  engine to achieve a PWR of at
least 0.5 HP/lb., at least 0.667 HP/lb, or at least 1.0  HP/Ib. ; 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-I7D for
examples in this regard. In FIG.  17A, this two-cycle opposed-piston engine
1100, 1400 is installed in a surface 30 vehicle, which can include wheeled
or tracked vehicles, such as automobiles,  motorcycles, scooters, trucks,
tanks, armored military vehicles, snow-mobiles, and all  equivalent and
similar instances. In FIG. 17B, this engine is installed in a water-going
45 vehicle such as a boat, hovercraft, submarine, personal water craft, and
all equivalent  and similar vehicles. In FIG. 17C, this engine is installed
in a fixed or rotary-wing  aircraft. In FIG. 17D, this engine is installed
in a powered implement such as a  lawnmower, edger, trimmer, leaf blower,
snow blower, chain saw, and all equivalent 5 and similar devices. In FIG.
17E, this engine is installed in an electrical power  generating device. In
FIG. 17F, the engine is installed in a pumping device. Although the
invention has been described with reference to specific  illustrations and
examples, it should be understood that various modifications can be  made
without departing from the spirit of the principles of our engine.
Accordingly,  10 the invention is limited only by the following claims. 46
5 CLAIMS  1. 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
10 surface that flow from the central portion toward the end portions;
first and second opposed pistons adapted to reciprocate in the bore, each
piston  including a crown having a back surface; and the supply system
adapted to apply a liquid coolant to an internal portion of each  piston on
the back surface of the crown. 15 2. The engine of claim 1, 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  portion, further including a cylinder sleeve covering the grooves
and one or more ports in 20 the cylinder sleeve, each port in communication
with a respective groove, the supply  system connected to the one or more
ports. 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 i  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. 35 47 5 5. The engine of claim 3, in
which each piston includes a longitudinal axis  and a plurality of ribs
abutting the back surface of the crown and extending radially with  respect
to the longitudinal axis. 6. The engine of claim 5, further including a
frame, in which each coolant  channel is mounted to the frame. 10 7. The
engine of claim 5, in which each coolant channel is mounted to a
respective piston. 8. The engine of claim 1, further including a frame, in
which the cylinder  15 includes exhaust and inlet ends, an exhaust manifold
on the exhaust end, an inlet  manifold on the inlet end and at least one
tab on each of the exhaust and inlet manifolds,  each tab receivable in the
frame. 9. The engine of claim 8, further including an insulating coating on
the  



20 exhaust manifold. 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 48 5 14. The engine of claim 1,
wherein the liquid coolant provided to the cylinder  and pistons comprise
different liquid coolants. 15. The engine of claim 1, wherein the supply
system includes first means for  10 applying a first liquid coolant to the
cylinder and a second means adapted for applying a  second liquid coolant,
different than the first liquid coolant, to the first and second  pistons.
16. The engine of claim 1, wherein each piston is a hollow piston lacking a
15 wristpin. 17. The engine of claim 15, wherein the supply system includes
coolant  channels aimed at the crowns of the pistons. 20 18. The engine of
claim 1, wherein the supply system includes means for  maintaining the
cylinder and pistons at respective temperatures. 19. The engine of claim 1,
further comprising: first and second side-mounted crankshafts; and  25 rods
which connect the pistons to the crankshafts. 20. The engine of claim 19,
wherein the rods are subjected primarily to tensile  



forces during operation of the engine. 30 21. The engine of claim 19,
wherein the cylinder has exhaust and inlet ports  and wherein the
crankshafts, the rods, and the exhaust and inlet ports are arranged  such
that the pistons are in phase in their top dead center positions and offset
in phase  in their bottom dead center positions. 35 49 5 22. The engine of
claim 19, further comprising a frame adapted to support the  crankshafts
for rotation. 23. The engine of claim 22, wherein the frame supports
compressive forces  between the crankshafts. 10 24. The engine of claim 19,
wherein the engine is a two-cycle compression- ignition engine. 25. The
engine of claim 24, the cylinder further including manifolds, wherein  15
the exhaust and inlet ports open into respective manifolds, and each
manifold has a  shape that induces swirl. 26. The engine of claim 1,
wherein the engine operates at a power-to-weight  ratio of at least 0.50
HP/lb. 20 27. The engine of claim 26, wherein the engine operates at a
power-to-weight  ratio of at least 0.67 HP/lb. 28. The engine of claim 27,
wherein the engine operates at a power-to-weight  25 ratio of at least 1.00
HP/lb. 29. A machine powered by the engine of claim 1.  i 30. A vehicle
powered by the engine of claim 1.  30 31. 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.  



50 5 34. The vehicle of claim 30, wherein the vehicle is a rotary-wing
aircraft.  35. A power tool powered by the engine of claim 1. 36. A power
generator powered by the engine of claim 1.  10 37. The engine of claim 1,
further comprising first and second counter rotating  crankshafts, the
engine 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
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  51 5 39. An opposed-piston
internal combustion engine, comprising: a cylinder with a bore, an outside
surface, a central portion, an exhaust end and  an inlet end; a first group
of grooves 'on the outside surface to conduct a liquid coolant from  the
central portion toward the exhaust end; 10 a second group of grooves on the
outside surface to conduct a liquid coolant  from the central portion
toward the inlet end; a third group of grooves on the outside surface to
conduct a liquid coolant  circumferentially in the central portion; first
and second 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.  52 5 42, An
assembly for an opposed piston internal combustion engine,  comprising: a
cylinder with a bore, an outside surface, a central portion, an exhaust
port and  an inlet port; the cylinder including an exhaust manifold over
the exhaust port and an inlet  10 manifold over the inlet port; means for
conducting a liquid coolant on the outside surface in a direction from  the
central section toward the inlet port; means for conducting a liquid
coolant on the outside surface in a direction from i  the central section
toward the exhaust port; 15 means for conducting a liquid coolant on the
outside surface in a circumferential  direction in the central section;
first and second opposed pistons adapted to reciprocate in the bore, each
piston  including a crown; at least one coolant channel to apply a directed
jet of the liquid coolant to an  20 internal portion of the first piston on
a back surface of the piston crown; and at least one coolant channel
adapted to apply a directed jet of the liquid coolant  to an internal
portion of the second piston on a back surface of the piston crown. 43. The
assembly of claim 42, further comprising: 25 at least one compliant member
mounted on each 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 53 5 46. The engine
of claim 45, 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  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  10 system connected to the one or
more ports. 47. The engine of claim 45, wherein each piston includes a
crown having a  back surface, the supply system adapted to apply a liquid
coolant to an internal portion  of each piston on the back surface of the
crown. 15 48. The engine of claim 47, 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  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  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 cylinder further includes an outside
surface, a central portion and end  portions, and the supply system is
adapted to apply streams of a liquid coolant on the  35 outside surface of
the cylinder that flow from the central portion toward the end portions.
54 5 51. The engine of claim 50, 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  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. 10 52. The engine of
claim 50, 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  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  15 piston. 53. A method of operating an
internal combustion engine including at least one  cylinder with an outside
surface, central and end portions, and a bore and a pair of  opposed
pistons adapted to reciprocate in the bore, each piston including a crown
with a  20 back surface, the method including: applying spiral streams of a
liquid coolant to the outside surface that flow from  the central 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  liquid coolant to the outside surface in the
central portion all comprise applying a fuel. 



56. A method of cooling an opposed piston engine that includes a cylinder
and  first and second opposed pistons, the cylinder including an outside
surface, a central  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 5 surface, and cooling the back surface of each piston crown by
direct impingement with a  liquid coolant, characterized in that: the
liquid coolant used to cool the outside surface of the cylinder and the
liquid  coolant used to cool the back surface of each piston crown are the
same liquid coolant.  56 


