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Title: FREE PISTON ENGINE

(57) Abstract: An internal combustion engine may include an engine block, a cylinder defining a combustion chamber, and a piston
in the cylinder, The piston may travel in a first stroke from one end to an opposite end of the cylinder, and may be sized relative to
the cylinder to enable an expansion stroke portion of the first stroke while the piston travels under gas expansion pressure, and a mo-
mentum stroke portion of the first stroke for the remainder of the first stroke following the expansion stroke portion. A piston rod
portion may be connected to the piston and extend from a location within the combustion chamber to an area external to the cylin -
der, A recess in the piston rod portion may form a passageway to continuously communicate gas flow between the combustion
chamber and the area external to the cylinder when the piston is in the momentum stroke portion.
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FREE PISTON ENGINE

HHELEE This application claims priority to UK. Provisional Application No, 82/192,575,
entitled *Free Piston Engine”, and filed on July 15, 2015, which is incorporated herein by

reference in ifs entirety.

TECHMICAL FIELD

8882 The present disclosure relates o the field of internal combustion engines, and
p g

more particularly to the figld of internal combustion engines having a free piston.

BACKGROUND

D083 Internal combustion engines are known, The most common types of piston
engines are two-stroke engines and four-stroke engines, These types of engines include a
relatively large number of parts, and require numerous auxiliary systers, e.g., lubricant
systems, conling systems, intake and exhaust valve control systems, and the like, for proper

functioning.

[004] Some embodiments may include an internal combustion engine. The internal
combustion engine may inciude an engine block, a cylinder defining at least one combustion
chamber in the engine block, and a piston in the cylinder. The pision, which may be a
double-faced piston, may be configured to travel in a first siroke from one end of the cylinder
to an opposite end of the oviinder, and may be sized relative to the cylinder to enable an
expansion stroke portion of the first stroke wherein the piston travels under gas expansion
pressure, and a momentum stroke portion of the first stroke for the remainder of the first
siroke following the expansion stroke portion. At least one piston rod portion may be
connected to the piston and may extend from a location within the at least one combustion
chamber to an area exiernal to the cvlinder, At least one recess may be formed in the piston
rod portion, the at least one recess forming a passageway configured to communicate gas
flow between the at least one combustion chamber and the area external to the cylinder. The
at least one recess may be configured such that when the piston iz in the momentum stroke

portion of the first stroke following the expansion stroke portion of the first stroke, the at
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ieast one recess is configured to continuously communicate gas flow between the at least one
combustion chamber and the area external to the cylinder.

HEHIRY In some embodiments, a passageway or recess associated with a piston rod may be
configured o communicate gas flow between at least one combustion chamber and an area
external to the cylinder.

186646] The at least one recess may configared such that when the pision is in the
momentum stroke portion of the first stroke following the expansion stroke portion of the
first stroke, the at least one recess is configured to continuously communicate gas flow
between the at least one combustion chamber and the area external to the cylinder.

168677 In some embodiments, substantially the entire expansion stroke portion of a first
stroke on the first combustion chamber side of the piston cofncides with gas flow between a
second commbustion chamber and the intake manifold at the second end of the cylinder.
186081 In some embodiments, the entire momentum stroke portion of the fivst stroke on
the first combustion chamber side of the piston coincides with compression of gases in the
second combustion chamber.

[8689] In some embodiments, the piston is further configured to travel in a second stroke
from the second end of the evlinder to the first end of the cylinder, and is sized relative to the
cylinder to enable an expansion stroke portion of the second stroke wherein the piston travels
under gas expansion pressurg, and a momentum stroke portion of the second siroke for the
remainder of the second stroke following the expansion stroke portion.

{80148] In some embodiments, the cylinder and the double-faced piston are sized such that
a total distance the piston travels during the first siroke is substantially greater than a distance
the piston travels during the expansion stroke portion of the first stroke.

{0011} At least one port may be located in a peripheral side wall of the cylinder, the at
least ong port being configured (o communicate gas flow between the first combustion
chamber and cutside the cylinder when the piston is on the second combustion chamber side
of the at least one port, and being configurad to communicate gas flow between the second
combustion chamber and outside the cylinder when the piston is on the first combustion
chamber side of the at least one port.

(812} Passageways in piston rod portions on opposite sides of the piston may be
configured o prevent gases from being exchanged between the cylinder and a location

cutside the cylinder via g path that crosses both fuces of the double-faced piston.
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18613} The double-faced piston may have an axial length from one face of the piston o
an opposite face of the piston that is less than or equal to /2 of a distance from at least one of
the first cylinder head and the second eylinder head to the exhaust port.

(D14} In some embodiments, a length of the double-faced piston, a length of the
cylinder, g location of the exhaust outlet, and a location of a chanuvel sccess opening in each
of the first and second piston rod portions are arranged such that when the piston is ina
combustion stage in the first combustion chamber, the piston blocks the exhaust outlet from
communicating with the first combustion chamber and the channel access opening io the first
piston rod portion is outside of the first combustion chamber, while simultaneously the
exhaust outlet is in fluid comynunication with the second combustion chamber, and the access
opening of the second channel is within the second combustion chamber,

UL Other aspects of the disclosure may invelve various piston ring constructions. For
example, a continucus, gapless piston ring may be configured such that when heated the
piston ring deforms in an axial divection of the piston.

(8016} in other aspecis, the piston ring may have a shape that meanders within the
groove, such that the shape of the piston ring differs from a shape of the groove and such that
the piston ring does not substantially fill the groove, and wherein the piston ring is
constructed of a material that when sahjected to heat causes a shape of the meanderings to
change, thereby enabling the piston ring {0 expand in an axial direction of the piston, between
the edges of the groove. The meanderings may be in the shape of a wave, and peaks of the
wave alternatively extend toward opposing edges of the groove.

{80171 The piston ring may be constructed such that when subjected to heat, the piston
ring iends (o expand in an axial direction of the piston rather than radially,

{8018] The forgoing generally describes just a few exemplary aspects of the disclosure.

1t is to be understood that both the foregoing general description and the following detailed
description are exemplary and explanatory ouly, and are not restrictive of the invention, as

claimed.

(8018} Fig. 1 is s perspective view of a free piston engine according to the present
disclosure;
18G2G] Fig. 2 is a partial cross-sectional view of the engine of Fig. 1 with the piston at top

dead center on a left side of the cvlinder;

(]
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{8821} Figs. 3 is a partial cross-sectional view of the engine of Fig.  withthe piston ina
momentum portion of the stroke, in an early stage of compressing gasses on the right side of
the engine;

{8022} Fig. 4 is a partial cross-sectional view of the engine of Fig, 1 as compression
continues on a right side of the cylinder beyvond the compression Hlustrated in Fig. 33

{80231 Fig. § is a partial cross-sectional view of the engine of Fig, 1 in an advanced stage
of compression on the right side of the oylinder beyond the compression illustrated in Fig. 4;
{00241 Fig. 6 is a partial cross-sectional view of the engine of Fig. T in an even more
advanced stage of compression on the right side of the cylinder beyond the compression
ilustrated in Fig. 3;

[B025] Fig. 7 is a partial cross-sectional view of the engine of Fig. 1 with the piston at top
dead center on a right side of the cylinder;

16026} Fig. 8 is a partial cross-sectional view of the engine of Fig. 1 with the pistonina
momentum portion of the stroke, in an early stage of compressing gasses on the lefl side of
the cylinder;

27l Fig. 9 is a partial cross-sectional view of the engine of Fig. 1 as compression
continues on a left side of the evlinder beyond the compression illustrated in Fig. 8,

{8428} Fig. 10 is a partial cross-sectional view of the engine of Fig. 1 in an advanced
stage of compression on the lefi side of the cylinder beyond the compression ilustrated in
Fig. &;

{8028] Fig. 1 is a partial cross-sectional view of the engine of Fig. | in an even more
advanced stage of compression on the left side of the cylinder beyond the compression
iHustrated in Fig. 10;

16036} Fig. 12, similar to Fig. 2, Hlustrates top dead center piston position on the left side
of the cylinder;

80311 Fig. 13 is a perspective view of a pision assembly that may be used with the
engine of Figs. 1 and 2;

80321 Fig. 14 is a perspective view of g piston center disk of the piston assembly of Fig.
i3;

189633} Fig. 13 is a perspective view of a left-side piston disk of the piston assembly of
Fig. 13;

{8034} Fig. 16 is a perspective view of a right-side piston disk of the piston assembly of

Fig. 13;
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B35 Fig, 17 is a perspective view of a piston ring that may be used with the piston
assembly of Fig, 13;

8036} Fig. 18 is a side view of the piston ring of Fig. 17;

186371 Fig. 19 is a plan view of the piston ring of Fig. 17;

{88381 Fig. 20 is a perspective view of the piston asserobly of Fig. 13 with the piston ring
ot Fig, 17;

[8439] Fig. 21 is a side view of the piston assembly and piston ring of Fig, 20 assembled
on the piston rods of Fig, 2;

{8040} Fig. 22 is another perspective view of the piston assembly and piston ring of Fig.
20 assemnbled on the piston rods of Fig. 2 with different nlet passageways; and

{8041} Fig. 23 is a perspective partial cross-sectional view of the engine of Fig. 1.

DETAILED DESCRIPTION

{8042} The present disclosure relates to internal combustion engines, While the present
disclosure provides examples of free piston engines, it should be noted that aspects of the
disclosure in their broadest sense, are not limited 1o a free piston engine. Rather, itis
contemplated that the forgoing principles may be applied o other internal combustion
engines as well.

160431 An infernal combustion engine in accordance with the present diselosure may
include an engine block. The term “engine block,” also used synonymously with the lerm
“cylinder block,” may include an integrated structure that includes at least one cylinder
housing a piston. In the case of a free piston engine block, the engine block may include a
single evlinder, or it may include multiple cylinders.

{6044} In accordance with the present disclosure, a cylinder may define at least one
combustion chamber in the engine block. In sove internal combustion engines in accordance
with the present disclosure, a combustion chamber may be located on a single side of a
cylinder within an engine block. Tn other internal combustion engines in accordance with the
present disciosure, the internal combustion engine may include two combustion chambers,
one on each side of a cylinder within an engine block,

[8045] Embodiments of the present disclosure may further include a piston in the
eylinder, In accordance with some embodiments of the invention used in a free piston
engine, the piston may inchide two heads on opposite sides thereof. In some embodiments of
the invention, the piston may be considerad to be “slideably mounted” in the ¢ylinder. This

refers to the fact that the piston slides through the cylinder from one side of the cylinder to

W
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the other. While the present disclosure deseribes piston examiples, the invention in iis
broadest sense is not Hmited to a particular piston configuration or construction.

8046} Figs. | and 2 illustrate an exemplary embodiment of a free piston engine 10
according to the present disclosure. The free piston engine 10, which is sometimes referred
to herein simply as an enging, is one example of an internal combustion engine including an
engine block 8. A cvlinder 12 defining at least one combustion chamber may be included in
the engine block and may have a central, longitudinal axis A, and a double-faced piston 50
reciprocally mounted in the eylinder 12, The double-faced piston 50 may be configured to
travel in a first stroke from a first end of the cvlinder to an opposite second end of the
cyiinder, and in a second stroke from the second end of the cylinder back to the first end of
the cylinder. Figs, 7-12 illustrate an exeroplary movement of the piston 50 from a first end of
the cylinder to a second end of the eylinder. At least one piston rod portion may be
connected to the piston rod and may extend from a location within the at least one
combustion chamber 1o an area external to the cylinder. As used herein, the term piston rod
portion inchudes any portion of a rod or shaft, extending from a piston. In some embodiments,
a piston rod portion may be a portion of a unified structure passing all the way through the
piston. In other embodiments, a piston rod portion yway be a portion of a piston rod that
extends from only one face of a piston.

(80471 By way of example, in Fig. 3, a piston rod portion 42 may be connecled one face
of the piston 50 and extend from a location within the at least one combustion chamber to an
area 45 external to the cylinder. Similarly, a second piston rod portion 43 may extend from
an opposite face of double sided piston 50, to another ares 47 external to the cylinder 12
Piston rod portions 42 and 43 may be integral with each other, or may be completely separate
siructures, each extending from an oppostte side of piston 50,

8048} An area external {e.g. areas 45 and 47) o the oylinder may inclhude an inlet
manifold at each end of the cvlinder configured for supplying combustion gases to sach of
the combustion chambers at the opposite ends of the cylinder from one or more sourees of the
gases external io the eylinder, or an exhaust manifold configured for receiving combustion
gases from the combustion chambers and directing the combustion gases away from the
evlinder for exhaust altertreatment. In this way, for example, a passageway of the piston rod
portion is configured 1o introduce combustion gas into a combustion chamber from a location
ouiside the cylinder. In one embodiment, the areas 45 and 47 external to the cylinder may
simply refer to any region on an opposite side of a oylinder head 14, 15 frov the cylinder 12,

regardless of whether the region is in direct contact with a cylinder head. It is contemplated

&
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that ports could be provide to introduce gases from a manifbld or other source located
alongside the cylinder, rather than at ends of the cylinder. Thus, in a genersl sense, locations
outside the cylinder may be at either the ends of the cylinder, alongside the eylinder, or a
combination of both.

[8049] In accordance with embodiments of the invention, each piston rod portion may
include at Jeast one recess forming a passageway configured to communicate gas flow
between the at least one combustion chamber and the area external to the cylinder. As used
herein, the term “recess” can be defined by any structure or void capable of communicating
gas flow, It may include, for example, a channe! or conduit completely or partially contained
within at least part of the piston rod portion. O, the recess may inchude one or more expased
grooves or other cut-outs in at least part of the piston rod portion.

it For example, in some exemplary embodiments of an engine according fo this
disclosure, the one or more recesses forming passageways in the piston rod portions may
render the piston rod portions 42 and 43 at least partially hollow. In some variations, a
passageway may include a groove or grooves formed along an exiernal periphery of the
piston rod portion. Still firther variations may include different outer diameter sections of
the piston rod portions. Such avcals) of reduced diameter may provide one or more gaps
through which gas may flow, Alternstively, the one or more recesses forming the
passageways may include a channel extending internal to a piston rod portion, Inyeta
further alternative, the recess may render the piston rod portion hollow in some areas and
partially hollow {e.g., via exiernal groove, slot, ete.) in other areas. At least one port may be
formed in each piston rod, in fluid communication with the passageway of the piston rod
portion, to thereby permit gas to enter and/or exit the passageway through the port

D051} By way of example with reference to Fig. 22, cach piston rod portion 42 and 43
may include a recess 53, 33, respectively {e.g., hollowed out internal portion of piston rod
portions 42 and 43), forming a passageway or channel configured to communicate gas flow
hetween the combustion chambers 49 and 51 (see Figs. 5 and 19, respectively) and respective
areas 45 and 47 exiernal to the cyvlinder 12, The hollowed cut reglon may, for example, be a
bore through a core of a piston rod portion,

HEEYY As iltustrated in Fig. 5, a first combustion chamber may be defined in region 49,
between a face of piston 50 and a first head 14 of cylinder 12, Likewise, as thustrated in Fig.
10, a second combustion chamber 51 may be defined between an opposing face of piston 3¢
and an opposing head 15 of cylinder 12. Of course, it is to be understood that each

combustion chamber is a variable region that essentially includes g swept volume on each

w3
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stde of the piston, and which ts compressed as the piston moves from ong end of the cylinder
to the opposite end of the cylinder.

3531 The passageways or recesses 53 and S5, as illustrated in Fig. 22, are exemplary
only. For example, as Hustrated, the recesses extend just past ports 44, terminating before
reaching piston $0. Numerous other configurations are conternplated within this disclosure.
For example, recesses 53 and 35 could exdend further toward the piston, all the way to the
piston, or may cross one face of the piston. In a preferred embodiment, passageways 53 and
53 are not in flow-communication with each other.

[B054] In one exemplary embodiment shown in the figures, one or more ports 44, which
may be arranged in two groups, .o, an inner group 46, that is closest {o the piston 56, and an
outer group 48, that is distal to the inner group 46. Ports 44 may be configured to serve as
inlets for conveving gas info the cvlinder via recesses 53 and 55, In Hew of two groups of
inlet ports, only one group of inlet ports 44 may be employed, or more than two groups of
infet ports 44 spaced along the piston rod portions 42 may be employed. Moreover, the inlet
ports do not necessarily need to be arranged in groups, so loug as thers is sufficient opening
to convey gases from the channels within the piston rods, defined by recesses 533 and 55,
[80558] it aceordance with some embodiments of the invention, a first passageway and
the second passageway in the piston rod portions may be configured to prevent gases from
being exchanged between the cvlinder and a location outside the eylinder via a path that
crosses the fivst face and the second face of the piston. For example, the pair of piston rod
portions 42 and 43 extending from opposite faces of the double-faced piston 50 may be
integrally formed, or may be indirectly connected to each other through the double-faced
piston, However, no interconnecting flow passageway roay be provided between the piston
rods. To such a construction, no communication of gas flow may ocour between the cylinder
and a location outside the cylinder that erosses both the first and second faces of the double-
faced piston 50. Thus, the recesses and/or passageways in each piston rod portion may be
separate from each other and may extend through different piston rod portious,

18654} if the cylinder head on sach side of the engine block includes {e.g., is connected to
or is integrally formed with) an intake manifold, the passageway in the first piston rod portion
may be configured 0 convounicate gas flow between the first combustion chamber and the
intake manifold at the first end of the cylinder, and the passageway in the second piston rod
portion may be configured to communicate gas flow between the second combustion

chamber and the intake manifold at the second end of the evlinder. Thus, for example, with
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reference to Fig. 10, gases from combustion gas inlet chamber 32 of intake manifold 26 may
enter the combustion chamber as ports 46 and 48 bridge the cylinder head 14,

[Bo3T) A eylinder in accordance with embodiments of the invention may be closed at
both ends. For example, the cylinder 12 of engine 10 may be closed at both ends thereof by a
cylinder heads 14 and 15, which may be connected {o the cylinder 12 by a plurality of bolts
16, As used herein, the term “closed” does not require complete closure. For example,
despite that the cylinder heads may have openings therein through which piston rod portions
42 and 43 pass, the cylinder heads are still considered “closed” within the meaning of this
diselosure.

{80581 A peripheral portion of the cylinder 12 may be provided with cooling fins 24.
Alternative configurations of the engine 10 may include other external or internal features
that assist with the cooling of the cylinder, such as waler passageways formed internally
within the oylinder walls or jacketing at least portions of the evlinder walls for water cooling,
and other configurations of cooling fins or other conductive and/or convective heat transter
enhancement features positioned along the exterior of a cvlinder peripheral wall to facilitaie
fluid cooling of the cylinder.

18059] Also in accordance with exemplary embodiments of the invention, a peripheral
wall of the cylinder between the first and second ends muay inchude at least one exhaust port.
By way of example only, the cylinder 12 may include at least one exhaust port 18 ina
peripheral side wall of the cylinder 12 between the first and second ends of the cylinder. In
the exemplary ernbodiment Hlustrated in Figs. 2-12, a plurality of disiributed exhaust ports 18
may be spaced about the circumference of the cylinder at approximately a midpoint of the
cylinder 12 between the opposite ends of the cylinder. The exhaust ports 18 may be of any
suitable size, shape, and distribution so as to accomplish the function of exhausting gases
from the cylinder. One of more of the exhaust ports may, for example, be located in an axial
central region of the cylinder peripheral wall, as illustrated in the figures. Although the
exemplary embodiment shown in the figures is configured symmetrically, with the exhaust
ports 18 located midway between the opposite ends of the cylinder, aliernative embodiments
may position the exhaust ports at one or more radial planes intersecting the cylinder
peripheral wall at locations other than the exact midway point between the cylinder heads 14,
HRESH) in accordance with some exemplary embodiments of the invention, at least one
port may be configured to communicate gas flow between the first combustion chamber and
outside the cylinder when the pision is on the second combustion chamber side of the gt least

one port, and may be configured o communicate gas flow between the second combustion
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charnber and ocutside the cylinder when the piston is on the first combustion chamber side of
the at feast one port. By way of example only, this can occur when, as illusirated in Fig, §,
piston 50 1s located to the right of ports 18, enabling conveyance of gas flow through port 18§,
from the combustion chamber to the left of the piston 50, Ports 18 enable gas flow to a
focation “outside” the combustion chamber. That outside location may be on the side of the
cylinder as illusirated, or conduits {not shown} associated with the engine might deliver the
gases fo other locations,

{8661} The infet manifold 26 may be connected to or formed integrally with each of the
cylinder heads 14,15 at opposite ends of the oylinder 12, The inlet manifold 26 may include
a piston rod opening 28 that is axially aligned with the longitudinal axis &, and one or more
inlet openings 30, which may be positioned at a distal end of the inlet reanifold, as shown, or
at any location along the outer periphery of the inlet manifold. The one or more inlet
openings 30 in inlet manifold 26 may be configured to direct inlet gases into the inlet
manifold ransversely to the longitudinal axis A. An inner space of the inlet wanifold 26 may
define an inlet chamber 32. Although the inlet manifold of the exemplary embodiment
shown in Figs. 1-12 and 23 is illustrated as having a cylindrically-shaped configuration,
alternative embodiments may provide one or more inlet manifolds with other shaped profiles
or oross sections, of roay incorporate the inlet manifolds at least partially within the cylinder
heads 14, 15 as one or more internal passageways defined within each of the cylinder heads
at each end of the cylinder 12.

8062} Fach of the cylinder heads 14, 15 may further include one or move injectors 34
that open into an annular or toroidal-shaped recess 36 formed in or contiguous with a flame
face of a fire deck of each cylinder head at cach end of the evlinder 12 in facing relationship
with the combustion chambers at each end of the cyvlinder 12, Toroidal-shaped recess 36 may
tmpart swirl flow to fuel gas injected by injectors 34 to tacilitate more complete combustion
of the gases within the combustion chambers. The cylinder heads 14, 15 may also include
one or more cavities for accommodsating and mounting one or more spark plugs 38, and
bushings 40 for aligning, supporting, goiding, and sealing (by means of a dedicated seal} a
piston rod portion 42, 43 that is supported by, and passes through cach of the eyiinder heads
14, 13 at opposite snds of the cylinder 12, This is one example of how piston rod portions
may extend from faces of a double-~faced piston through a combustion chamber. Regardless
of the particular details of any aperture through which the piston rods may exiend at ends of
the cyhinder, a piston rod that extends to at least au end of the cylinder is said to extend

through a combustion chamber within the meaning of this disclosure.
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18063} A double-faced piston consistent with embodiments of the invention, may be
configured to travel in a {irst stroke from a first end of the cylinder to an opposite second end
of the cvlinder, and in a second stroke from the second end of the cylinder back to the first
end. This length of travel is tilustrated, by way of example, in Figs. 2-7, where Fig. 2
represents an end of a first stroke, Fig. 7 represents an end of a second stroke, and Figs. 3-6
represent exemplary intermediate positions.

{6064} According to various exemplary embodiments of the present disclosure, the piston
may be sized relative to the cylinder fo enable an expansion stroke portion of each stroke
wherein the piston travels under gas expansion pressure, and a momentum steoke portion of
each stroke for the remainder of the stroke foliowing the expansion stroke portion. The
expansion stroke portion of each of the first and second strokes of the piston is the portion of
ravel when the piston directly moves under the expansion pressure of combustion. For
example, the expansion portion of a stroke may be defined as the portion from a Top Dead
Center {TDC) posttion of the piston at each end of the cylinder to the point at which
combustion gases may be exchanged between the combustion chamber in which ignition of
combustion gases has just occurred and an area external to the eylinder,

{8065} At the TDC position of the piston during each stroke, a clearance vohume remains
hetween each of the opposite faces of the double-faced piston and a respective end of the
cylinder as closed off by the eylinder heads 14, 15, The combustion gases that have been
introduced into the combustion chamber before the piston reaches TDC are compressed into
the remaining clearance volume on that side of the piston between the piston face and the tire
deck of the cylinder head. The compressed gases, which usually include a fuel/air mixture,
may be ignited by either a spark, or by self-ignition resulting at least in part from the
compression of the combustion gases. The expansion stroke portion of each stroke occurs
after the ignition of the compressed combustion gases as chemical energy from the
combustion in each cornbustion chamber is converted into mechanical power of the piston.
Simultaneously with the expansion stroke portion of each stroke on one side of the piston, gas
flow may oceur for substantially the entire expansion stroke portion between the combustion
chamber on the opposite side of the piston and the intake manifold at the opposite end of the
cytinder, as well as the exhaust manifold 20 located at a central peripheral portion of the
cvlinder,

Y Al the beginning of an expansion stroke portion of a stroke from the left end of the
cylnder o the right end, as shown in Fig. 2, gas flow may occour between the combustion

chamber on the right side of the piston and the inlet manifold 26 on the right side of the
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cylinder, and between the combustion chamber on the right side of the piston and the exhaust
manitold 20 through the exhaust ports 18, The communication of gases between the
combustion chamber on the right side of the piston and the exhaust manifold may continue
untif the right face of the piston has moved past the centrally located exhaust ports 18, acting
as an gxhaust valve and shulting off communication between the right combustion chamber
and the exhaust manifold. Additionally, before the piston 50 has even closed off the exhaust
ports 18, the inlet ports 44 closest to the right face of the piston may have moved outside of
the right combustion chamber, thereby closing off communication of gases between the right
infet manifold 26 and the right combustion chamber through the right piston rod portion 42.
[RE S According to some embodiments, a length of the double-faced piston, a length of
the cvlinder, a location of the exhaust outlet, and a location of 3 channel access opening in
gach of the first and second piston rod portions may be arranged such that when the piston is
in a combustion stage in the first combustion chamber, the piston blocks the exhaust outlet
from convmumicating with the first combustion chamber and the channel access opening in
the first piston rod portion is outside of the first combustion chamber, while simultaneously
the exhaust outlet is in fluid communication with the second combustion chamber, and the
access opening of the second channel is within the second combustion chamber. This may be
accomplished by various alternative structures. By way of example only with reference to
the figures, the length of the double-faced piston 50, the length of the cylinder 12, the
tocation of the exhaust outlets 18, and the location of the inlef ports 44 in each of the first and
second piston rod portions 42, 43 extending from opposite faces of the piston 50 may be
arranged such that when the piston is in a combustion stage in a first combustion chamber on
one side of the piston, the piston blocks the exhaust outlet from communicating with the first
combustion chamber. The closest inlet port 44 to the one side of the piston remains outside
of the first combustion chamber, thereby preventing communication of gases betwesn the
intake manifold on that one side of the piston and the first combustion chamber.

{8068} Simultaneously, the exhaust outlet is in fluid cornmunication with the second
combustion chamber on the opposite side of the piston, and inlet ports 44 in the second piston
rod portion 43 are focated within the second combustion chamber. Similarly, when the piston
is in another combustion stage in the second combustion chamber on the opposite side of the
piston, the piston blocks the exhaust outlet from coromunicating with the second combustion
chamber. The closest inlet port 44 to the second side of the piston remains cutside of the
second combustion chamber, thereby preventing communication of gases between the intake

manifold on the second side of the piston and the second combustion chamber,
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Stmultancously, the exhaust outlet is in fluid communication with the first combustion
chamber on the first side of the piston, and inlet ports 44 in the first piston rod portion 42 are
located within the first combustion chamber,

{80691 Following an expansion stroke portion, the piston may continue to move in a
momentum stroke portion for a remainder of the stroke. The momentum stroke portion of
each stroke encompasses the remaining portion of the stroke following the expansion stroke
portion. In accordance with embodiments of the disclosure, substantially the entire
maomenturm stroke portion of the second stroke on the second combustion chamber side of the
piston may coincide with compression of gases in the first combustion chamber, That is, the
momenturn that follows an expansion portion of the stroke in one combustion chamber is
used o compress gasses in the other combustion chamber. This may be made possible by an
engine structure where an end of an expansion in one combustion charaber does not
correspond with a TDC position in an opposing combustion chamber. Rather, the engine
design enables further piston travel following an expansion portion of the siroke. In some
ernbodiments, the further piston travel during the momentum portion of the stroke may be at
least a width of the piston. In other embodiments i may be muliiple times a width of the
piston. In vet other erpbodiments, it may be at least a half a width of the piston.

{90761 Dhring the momentum stroke portion of each stroke, gases may be exchanged
hetween the combustion chamber where ignition of combustion gases has just occurred and
an area external to the oylinder. The exchange of gases may ocour through a passageway in
the piston rod portion connected o the piston and extending from a location within the at
feast one combustion chamber to an area exiernal o the cylinder, and through the exbhaust
ports formed in the peripheral wall of the cylinder. By way of one example with reference to
Figs. 27, the positions of the piston 50 and the piston rod portions 42 are shown during a first
stroke from the far left position of the piston in Fig. 2 to the far right position of the piston in
Fig. 7. Figs. 7-12 show the positions of the piston 50 and the piston rod portions 42 during a
second stroke from the far right position of the piston in Fig. 7 to the far lefl position of the
piston in Fig. 12, The far left and far right positions of the piston in the cylinder 12 may be
referred to as Top Dead Center (TDC) for the stroke in which the combustion gases have
been compressed and ignition of the gases at the beginning of a combustion phase is
sccurring. When the piston is in the far left position of Fig, 2 and ignition is occurring for the
combustion gases that have been compressed into a clearance volume between the lefl face of
the piston and the cylinder head 15 at the leff end of the cylinder, the piston is at TDC for the

stroke from the left end to the right end of the cylinder as viewed in Figs. 2-7. Similarly,
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when the piston is in the far right position of Fig. 7 and ignition is ocourring for the
combustion gases that have been compressed into a clearance volume between the right face
of the piston and the cvlinder head 14 at the right end of the cylinder, the piston is at TDC tor
the stroke from the right end to the left end of the cylinder as viewed in Figs, 7-12.

18671} As the piston continues to move from TBC for a stroke from the left end of the
eylinder fo the right end of the evlinder, Fig. 3 illustrates the piston at a position where the
piston has just passed the centrally located exhaust ports 18, At this point, a first combustion
chamber on the left side of the pision s now in fluid communication with the centrally
located exhaust ports 18 and exhaust gases from the combustion may start to exit the
combustion chamber. Therefore, the expansion stroke portion of the stroke has ended, and
the piston is continuing to travel toward the right end of the cylinder in the momentum siroke
portion as a result of inertia remaining after the end of the expansion stroke,

{00721 As shown in Figs. 3 and 4, the double-faced piston 80, the first piston rod portion
43 on the left side of the piston and the centrally located exhaust ports 18 may be configured
such that the double-faced pision passes the centrally located exhaust ports 18 as the piston
moves from the left end of the evlinder toward the right end of the cylinder before the inlet
ports 44 closest {o the left face of the piston enter the first combustion chamber on the feft
side of the piston. As shown in Fig. 4, the piston 50 has moved completely to the right of the
centrally located exhaust ports 18 by the time inlet ports 44 in the left piston rod portion 42
are entering the combustion chamber on the lefi side of the piston to permit gas flow between
the combustion chamber and the inlef ports 44, This relative sizing and spacing of the
various components allows exhaust gases generated in the first combustion chamber 1o begin
exiting frovn the centrally located exhaust ports [8 before fresh pre-compressed air or other
combustion gases are introduced info the first combustion charnber through the piston rod
partion 43 on the left side of the piston. In various alternative embaodiments, the precise
placement of the inlet ports through piston rod portions 42, 43 relative to the opposite faces
of the double-faced piston may be varied such that the closest inlet port to each face of the
piston enlers the respective combustion chamber on the same side of the piston shortly sfter
the face of the piston has passed the near edge of the conirally located exhaust porls, thereby
aliowing exhaust gases to begin exiting the respective combustion chamber a short tirne
vefore introduction of the fresh pre-compressed air or other combustion gases (see e.g., Figs.
4 and 9).

(80731 Shortly after the piston has passed the cenirally located exhaust ports 18 during

the momentum stroke portion of the stroke from the left end of the evlinder to the right end of

14



WO 2017/009717 PCT/IB2016/001189

the cylinder, as shown in Fig, 4, the edges of the inlet ports 44 in the piston rod portion 43
that are closest to the left face of the piston start to enter the lefl combustion chamber. At this
point a scavenging phase may occur on the left side of the piston as 3 result of pre-
compressed gases being introduced into the left combustion chamber through the piston rod
portion 43 and inlet ports 44. The inlet ports 44 are configured such that when the piston is in
the momentum stroke portion of the first stroke from the left end to the right end of the
cylinder, gas flow may be continuously communicated between the left combustion chamber
and an area external to the cylinder. In the exemplary embodiment shown in the figures,
fresh, pre-compressed air may be introduced into the lefl cornbustion chamber from the
intake manifold 26 located opposiie the cylinder head or integral with the cylinder head on
the left end of the evlinder. Simultaneously, exhaust gases may be scavenged from the left
combustion chamber by the incoming pre-compressed air or other gases and forced out of the
centrally located exhaust ports 18,

18474} Some aspects of the invention may involve the eylinder and the double-faced
piston being sized such that the expansion stroke portion of the first siroke on a first side of
the piston as the piston moves from the first end of the cylinder to the second end of the
cvlinder coincides with at lsast one of a scavenging phase and a gas boost phase on a second
side of the piston. A similar coincidence may ocour in connection with the second stroke, By
way of non-limiting example with reference to the figures, as the piston continues to move
toward the right end of the cylinder, as shown in Figs. 5 and 6, gas flow may be continuousty
contrpunicated between the left combustion chamber and an area external to the cylinder.
The continuous flow of pre-compressed alr or other gases introduced from the inlet manitold
26 into the combustion chamber may assist with cooling of the cylinder as well as scavenging
of exhaust gases from the combustion chamber, and boosting the gas pressure within the left
combustion chamber, A similar coincidence is illustrated for the second stroke in Figs. 11
and 12, In some embodiments, the colncidence of compression on one side with scavenging
and gas boost on the other side may precisely correspond. In other embodiments they may
substantially overlap.

180751 Some aspects of the invention may involve the cylinder and the double-faced
piston being sized such that the momentum stroke portion of the frst stroke on a first side of
the piston as the piston moves from the first end of the cylinder to the second end of the
evlinder coincides with a compression phase in the second combustion chamber on a second
side of the piston. By way of pon-limiting example, simultaneously with the momentum

stroke portion of the first stroke from the left end of the eylinder to the right end of the
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cylinder, afier the piston has moved past the centrally located exhaust ports 18 toward the
right end of the cylinder, gases on the right side of the piston are compressed during a
compression phase on the right side of the piston. When the piston is all the way 1o the right,
as shown in Fig. 7, the combustion gases on the right side of the piston will have been
compressed into the remaining clearance volume of the right combustion chamber and
ignition will occur to begin the second stroke.

{076} Ag best seen by way of non-Hmiting example in Figs. 2-12, the cylinder {2 and
the double-faced piston 50 may be sized such that a total distance the piston travels during the
first stroke from the left end of the cylinder to the right ond of the cylinder, or during the
second stroke from the right end of the cvlinder to the lefi end of the cylinder may be
substantially greater than s distance the piston 50 travels during the expansion siroke portion
of either stroke, In some exemplary embodiments the cyvlinder and the double-faced piston
may be sized such that the total distance the piston travels during each stroke from one end of
the cylinder to the opposite end of the cylinder may exceed the distance the piston travels
during the expansion stroke portion of the stroke by at least the length of the piston from one
face to the opposite face. In other exeraplary embodiments the eylinder and the double-faced
piston may be sized such that s total distance the piston travels in each stroke exceeds by at
least the length of the piston a distance traveled by the piston during compression of gases on
one side of the piston, The length of the piston 30 from one face to the opposite face in the
exemplary embodiment shown in the figures may be less than 1/2 of a distance from at least
one of the cylinder heads 14 to the cenirally located exhaust ports 18, This configuration and
relative sizing of the piston and cylinder allows for a significantly greater length of the (otal
stroke for the piston in each direction during which fresh pre-compressed air or other gases
may be introduced into the cylinder for the purposes of scavenging exhaust gases and cooling
the cylinder afier each combustion occurs at opposite ends of the cylinder,

{8877} At the beginning of an expansion stroke portion of a stroke from the right end of
the cylinder to the left end, as shown in Fig. 7, gas flow may ocour bebween the combustion
chamber on the left side of the piston and the inlet manifold 26 on the left side of the
cylinder, and between the combustion chamber on the left side of the piston and the exhaust
manifold 20 through the exhaust ports 18, The communication of gases between the
combustion chamber on the left side of the piston and the exhaust manifold may continue
unti! the Jeft face of the piston has moved past the centrally located exhaust ports 18, acting
as an exhaust valve and shutting off communication between the left combustion chamber

and the exhaust manifold, Additionally, before the piston 30 has even closed off the exhaust
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poris 18, the inlet ports 44 closest to the left face of the piston will have moved outside of the
left combustion chamber, therehy closing off convnunication of gases between the lefl inlet
manifold 26 and the left combustion chamber through the lef piston rod portion 43,

{0878} The length of the double-faced piston 30, the length of the cylinder 12, the
location of the exhaust outlefs {8, and the location of the inlet ports 44 in each of the fst and
second piston rod portions 42, 43 exiending from opposite faces of the piston 50 may be
arranged such that when the pision is in a combustion stage in the second combustion
chamber on the right side of the pision, the piston blocks the exhaust cutlet from
communicating with the second combustion chamber, The closest inlet port 44 1o the right
side of the piston remains outside of the second combustion chamber, thereby preventing
commaunication of gases between the intake manifold on the right side of the piston and the
second combustion chamber. Simultaneously, the exhaust outlet is in fluid communication
with the first combustion chamber on the left side of the piston, and inlet ports 44 in the left
piston rod portion 43 are located within the first combustion chamber.

8079} The momentum siroke portion of cach siroke encompasses the remaining portion
of the stroke following the expansion stroke portion. Dhuring the momentum stroke portion of
each stroke, gases may be exchanged between the combustion charnber where ignition of
combustion gases has just occurred and an area external to the oylinder. The exchange of
gases may oceur through a passageway in the piston rod postion connected 1o the piston and
extending from a location within the at least one combustion chamber to an area external to
the cylinder, and through the exhaust poris formed in the peripheral wall of the cylinder.
Figs. 7-12 show the positions of the piston 50 and the piston rod portions 42 during a second
stroke from the far right position of the piston in Fig. 7 to the far left position of the piston in
Fig. 12. As discussed above, the far left and far right positions of the piston in the cylinder
12 may be referred to as Top Dead Center {TDC) for the stroke in which the combustion
gases have been compressed and ignition of the gases at the beginning of a combustion phase
is occurring, ‘When the piston is in the far right position of Fig. 7 and ignition is occurring for
the combustion gases that have been compressed info a clearance volume between the right
face of the piston and the cylinder head 14 at the right end of the cylinder, the piston is at
TDC for the stroke from the right end to the left end of the cvlinder, as viewed in Figs. 7-12.
{6888} As the piston continues to move from TDC for a stroke from the right end of the
cylinder to the left end of the cylinder, Fig. 8 illustrates the piston at a position where the
piston has just passed the centrally located exhaust ports 18, At this point, the second

combustion chamber on the right side of the piston is vow in fluid corumunication with the
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centrally located exhaust ports 18 and exhaust gases from the combustion that occurred on
the right side of the piston during the expansion stroke portion of the second stroke may stast
o exit the combustion chamber. Therefore, the expansion siroke portion of the second stroke
has ended, and the piston is continuing to travel toward the left end of the cylinder in the
momentom stroke portion as a result of inertia remaining after the end of the expansion
stroke.

{8081} As shown in Figs. 8 and 9, the double-faced piston 30, the second piston rod
portion 42 on the right side of the piston and the centrally located exhaust ports 18 may be
configured such that the double-faced piston passes the centrally localed exhaust poris 18 as
the piston moves from the right end of the cylinder toward the left end of the cylinder before
the inlet ports 44 closest 1o the right face of the piston enter the second combustion chamber
on the right side of the piston. As shown in Fig. 9, the piston 30 has moved completely to the
left of the centrally located exhaust ports 18 by the time Inlet ports 44 in the right piston rod
portion 42 are entering the second combustion charnber on the right side of the piston 1o
permit gas tlow between the second combustion chamber and the inlet ports 44, This relative
sizing and spacing of the various components allows exhaust gases generated in the second
combustion chamber to begin exiting from the centrally located exhaust ports 18 before fresh
pre-compressed air or other combustion gases are introduced into the second combustion
charaber through the piston rod portion 42 on the right side of the piston. In various
alternative emnbodiments, the precise placement of the inlet ports through piston rod portions
42, 43 relative to the opposite faces of the double-faced piston may be varied such that the
closest inlet port to each face of the piston enters the respective combustion chamber on the
same side of the piston shortly afier the face of the piston has passed the vear edge of the
centrally located exhaust ports, thereby allowing exhaust gases to begin exiting the respective
combustion chamber a short time before introduction of the fresh pre-compressed air or other
combustion gases.

(8083} Shortly after the piston has passed the centrally located exhaust ports 18 during
the momentum stroke portion of the stroke from the right end of the cylinder to the left end of
the cylinder, as shown in Fig. 9, the edges of the inlet ports 44 in the piston rod portion 42
that are closest to the right face of the piston start to enter the second combustion chamber,
At this point a scavenging phase may occur on the right side of the piston as a result of pre-
compressed gases being introduced into the second combustion chamber through the pision
rod portion 42 and inlet ports 44, The inlet poris 44 are configured such that when the piston

is o the momentum stroke portion of the second stroke from the right end to the lefl end of
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the cylinder, gas flow may be continuously communicated between the second combustion
chamber and an area external to the cylinder, In the exemplary embodiment shown in the
figures, fresh, pre-compressed alr may be introduced into the second combustion chamber
from the intake manifold 26 located opposite the cvlinder head or integral with the cylinder
head on the right end of the cylinder. Simultaneously, exhaust gases may be scavenged from
the second combustion chamber on the right side of the piston 30 by the incoming pre-
compressed air or other gases and foreed out of the centrally located exhaust ports 18.

{0883] Ags the piston continues to move toward the lefl end of the cylinder, as shown in
Figs. 10 and 11, gas flow may be continuously communicated between the second
combustion chamber and an area external to the eylinder. The continucus flow of pre-
compressed air or other gases introduced from the inlet manifold 26 inio the second
combustion chamber may assist with cooling of the cylinder as well as scavenging of exhaust
gases from the second combustion chamber, and boosting the gas pressure within the second
combustion chamber. Simultanecusly with the momenturn stroke portion of the second
stroke from the right end of the cylinder to the lefl end of the cylinder, atter the piston has
moved past the centrally located exhaust ports 18 toward the lefl end of the cylinder, gases on
the left side of the piston are compressed during a compression phase on the lefi side of the
piston. When the piston is all the way to the loft, as shown in Fig. 2, the combustion gases on
the left side of the pision will have been compressed into the remaining clearance volume of
the left combustion chamber and ignition will eccur to begin another stroke from the left end
of the cylinder to the right end of the cylinder.

0084} In accordance with some embodiments of the invention, regardless of other
particular structures in the engine, a cylinder and a double-faced piston may be sized such
that a total distance the piston travels during 8 first stroke is substantially greater than a
distance the piston travels during an expansion stroke portion of the first stroke. By way of
example with reference to Figs, 7-12, the total distance of piston travel may be measured
from TDC on the right side of the engine 10, as ilhustrated in Fig. 7, to TDC on the left side of
engine 19, as illustrated in Fig, 12, This total distance traveled is substantially greater than
the expansion portion of the stroke which ocours when, in the progression of Figs, 7-12, the
piston 50 passes at least one of the exhaust ports 18, It is conternplated that fu other
embodiments of the invention, the end of the expansion stroke might be marked by other
occurrences, such as the opening of a mechanical valve, or the cessation of expansion in
some other manner. Regardless of how the expansion stroke portion ends, such embodiments

are contemplated to be within the scope of this disclosure so fong as the total distance of
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teavel is substantially greater than the expansion portion alone. By way of non-limiting
examples, the total distance may be considered substantially greater if the difference between
the expansion portion of the stroke and a non-expansion portion of the stroke is either
multiple times the width of the piston, the width of the piston, greater than three quarters the
width of the piston, greater than half the width of the piston, or greater than a quarter width of
the piston. Thus, for example, the double-taced piston may have an axial length from one
face of the piston to an opposite face of the piston that is less than or equal 1o 1/2 of a
distance from ai least one of the first cylinder head and the second cylinder head {o the
exhaust port.

[DO8S] In some exemplary embodiments the oylinder and the double-faced piston may be
sized such that the total distance the piston travels during each stroke from one end of the
cylinder to the opposite end of the eylinder may exceed the distance the piston travels during
the expansion stroke portion of the stroke by at least the length of the piston from one face to
the opposite face. In other exemplary embodiments the cylinder and the double-faced piston
may be sized such that a total distance the piston travels in each stroke exceeds by at least the
fength of the piston a distance traveled by the piston during compression of gases on one side
of the piston. The length of the piston 50 from one face to the opposite face in the exemplary
embodiment shown in the figures may be less than 1/2 of a distance from at least one of the
cylinder heads 14 to the centrally located exhaust ports 18, This configuration and relative
sizing of the piston and cylinder may allow for a significantly greater length of the iofal
stroke for the piston in cach direction during which fresh pre-compressed air or other gases
may be introduced into the cylinder for the purposes of scavenging exhaust gases and cooling
the cylinder after each comnbustion oocurs at opposite ends of the cylinder,

8086} in accordance with some embodiments of the invention, an frternal combustion
engine may include a piston being formed of an assembly of separate pieces, including a pair
of piston end disks, each having a first outer diameter, and wherein the center disk is
configured to cause a thermal gap between the pair of piston end disks, By way of example,
and as shown in Figs. 13 to 22, various embodiments of an engine according to this
disclosure may include a double-faced piston 50, The piston 50 may inchude a cylindrical
first piston portion 56 having a first diameter, a cylindrical second piston portion 34 of the
first diameter, and a cylindrical third piston portion 52 of a second diameter less than the first
diameter. The cylindrical third piston portion 52 may be located between the first piston

portion 56 and the second piston portion 54, and the first piston portion 56 may be configured
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such that prior to assembly, the first piston portion 56 is separate from the second piston
portion 52,

LHE In accordance with some embodiments, the hardness of the center disk differs
from the hardness of the end disks. In addition, or alternatively, the piston center disk may be
integrally formed with one of the pair of piston end disks.

[8088] Embodiments may also include a continuous, gapless piston ring circumscribing a
piston portion, where the piston ring is configured such that when heated the pision ring
deforms in an axial direction of the piston. Yariously shaped piston rings may be eraployed
consisient with embodiments of the invention. Such shapes may include 8 wave pattern or
sther meandering constructions that are cither symmetrical or non-symmetrical. As
ilhestrated by way of example only in Fig. 20, a continuous, gapless piston ring 64 may
circumscribe the third piston portion 52, where the piston ring 64 is configured such that
when heated, the piston ring deforms in an axial divection of the piston 58, The third piston
portion 32 may define a slot between the first piston portion 36 and the second piston portion
54, The siot defined between the first piston portion 36 and the second piston portion 34 may
also form a thermal gap that is not completely filled by the piston ring, and that therefore
facilitates heat tranafer away from the piston ring, thereby increasing its longevity. In some
embodiments prior o assembly, the thivd piston portion 532 may be integral with the first
piston portion 56, and the second piston portion 54 may be non-fotegral with the third piston
portion 52,

{089 As shown in Fig. 13, a groove in the outer peripheral wall of the piston 58 may be
defined by the assembly of the first, second, and third pision porticns, as described above, or
may be machined or otherwise mamifactured, e.g., using 3D additive manufacturing
processes. The groove may include a first edge and a second edge spaced from the first edge.
A piston ring 64 (Figs. 17-20) may be installed in the groove, and the piston ring may have a
shape that meanders within the groove, such that the shape of the piston ring differs from a
shape of the groove and such that the piston ring does not substantially fill the groove, The
piston ring 64 may be constructed of & material that whoen subjected to heat causes a shape of
the meanderings to change, thereby enabling the piston ring to expand in an axial direction of
the piston, between the edges of the groove. As best seen in Figs. 17, 19, and 20, the
meanderings of the piston ring 64 may be in the shape of 3 wave. Peaks of the wave
alternatively extend toward opposing edges of the groove. The piston ring 64 may be
constructed such that when subjected io heat, the piston ving tends to expand in an axial

direction of the piston rather than radially.
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[8694] As shown in Figs, 17-20, the pision ring 64 may bave an undulating axial cross
section and a circular radial cross section, The piston ring 64 may include a plurality of
staggered, flat abutment surface portions 68 on axially opposite faces, The flat abutment
surface portions 68 may be configured to seat alternately on opposite edges of the groove, A
gap between the first and second edges of the groove of the piston 56 may allow for axially-
directed expansion and contraction of the piston ring 64 while maindaining a circular radial
cross section of the piston ring having a substantially constant outer diameter 70 that remains
in full contact with an inner peripheral wall of the eylinder 12 at sl times,

{8691} In a plan view of the piston ring 64, as can be clearly seen in Fig, 19, the piston
ring 64 is round, in order to fit tightly against a cylinder wall 66. In one exemplary
embodiment, each side of the piston ring 64 may be provided with six evenly peripherally
distributed flat abutment surface portions 68 for abutting the piston ring 64 against the
adjacent piston portion, i.e., the first piston portion 56 and the second piston portion 54, The
abutment surface portions 68 of one side of the piston ring 64 may be angularly shified with
respect 1o the abutment surface portions 68 of the other side of the piston ring 54, such that
each abutment surface portion 68 of one side of the piston ring 64 is equally distanced {rom
the two adiacent abuiment surface portions 68 of the other side of the piston ring 64,

{80921 As can be seen in Fig. 18, which is a side view of the piston ring 64, a curved ring
wall 69 may be formed between two adjacent abutment surface portions 68 of both sides of
the pision ring 64,

{8093} Depending on construction and materials employed, in some embodiments the
above described structure of the pision ring 64 may have several advantages. The pision ring
64 is peripherally continuous, in contrast to traditional piston rings, thus substantially
eliminating compression losses during the operation of the engine due to leakage of
compressed gas from one side of the piston ring {0 an opposite side thereof. As a result of the
reduction in compression losses, a single piston ring 64 may be used, rather than two or three
piston rings, as known o the art. {(although multiple rings consistent with this disclosure may
Be employed on 3 single piston consisient with this disclosure.} The reduction in the number
of piston rings may result in a significant reduction in {riction losses caused by the shding
contact between each piston ring and the cylinder wall 66. The reduction in friction losses
turn may result in improvements in the efficiency of the engine 10, The abutment surface
portions 68 on both sides of the pision ring 64 may also ensure that the piston ring 64 will
remain directed in an orientation substantially perpendicular to the longitudinal axis A, which

in turn may result in the ring peripheral surface 70 remaining parallel to the cylinder wall 66
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and in a continuous contact therewith., As the piston ring 64 according to varicus exemplary
embodiments of this disclosure is heated during operation and tends to expand, the ring
peripheral surface 70 will remain in full contact with the cvlinder wall 66, and may exert
substantially consistent pressure thereon, Hapansion and contraction of the piston ring 64
may result in an increased curvature and axially-directed expansion of the curved ring walls
69, thereby absorbing the expansion without disturbing the constant radial profile of the
piston ring 64,

[6694] The engine 10 according o the various exemplary embodiments of this disclosure
may facilifate a nearly continuous scavenging of hot exhaust gases from the engine while
continucusly supplying fresh air for combustion. The nearly continuously introduced fresh
pre-comypressed air may decrease the temperature within the cylinder and increase the engine
efficiency and engine service life.

{B995] To expedite the foregoing portion of the disclosure, various combinations of
slements are described together. It is to be understood, that aspects of the invention in there
broadest sense are not limited to the particular combinations previcusly disclosed. Rather,
embodiments of the invention, consisient with this disclosure, and as illustrated by way of
exarnple only in the Figures, may include one or more of the following, either alone or in
combination with any one or more other of the following, or in combination with the
previously disclosed features:

e an internal combustion engine.

s acylinder defining at least one combustion chamber in the engine block,

s apiston in the cylinder, the piston being configured to travel in a first stroke from one
end of the cylinder to an opposite end of the cylinder, and being sized relative o the
cylinder to enable an expansion stroke portion of the first siroke wherein the piston
travels under gas expansion pressure, and a momentum stroke portion of the first
stroke for the remainder of the first siroke following the expansion stroke portion.

s at least one piston rod portion connected to the piston and extending from a location
within the at least one combustion chamber {0 an area external to the cylinder,

s at least one recess in the piston rod portion, the af least one recess forming a
passageway configured to communicate gas flow between the at teast one combustion
chamber and the area external to the evlinder.

s wherein the af least one recess is configured such that when the piston is in the

momentum stroke portion of the first stroke following the expansion stroke portion of
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the first stroke, the at least one recess is configured to continuously communicate gas
flow between the at least one combustion chamber and the area external to the
cylinder.

¢ wherein the at least one recess forming the passageway renders the at least one piston
rod portion at least partially hollow.

» wherein the passageway includes a groove in the at least one piston rod portion.

e wherein the passageway is configured to introduce combustion gas into the at least
one combustion chamber from a location outside the cylinder.

¢ wherein the piston is double-faced and wherein the at least one piston rod portion
includes a pair of piston rod portions, each piston rod portion extending from an
opposing face of the double-faced piston.

e wherein the at least one recess includes a channel extending internal to the at least one
piston rod portion.

#  wherein the pair of piston rod portions are integrally formed,

e wherein the pair of piston rod portions are indirectly connected to each other through
the double-faced piston.

s wherein the at least one recess includes at least two recesses, each extending through
a different piston rod portion.

s further including at least one port in the at least one piston rod portion and in fluid
conumunication with the passageway.

& wherein the at least one port includes multiple eloungated slots,

e wherein the at least one port includes multiple holes in the piston rod.

e wherein the passageway includes a plurality of grooves formed in an outer peripheral
surface of the at least one piston rod portion.

o wherein the at least one recess in the piston rod portion includes a rod section of
reduced diameter,

s wherein the at least one combustion chamber inchudes a first combustion chamber
defined between a first end of the piston and a {irst end of the cylinder, and a second
combustion chamber defined between a second end of the piston and a second end of
the cylinder.

s wherein the cylinder is closed at each opposite end by a cylinder bead.

# wherein the at least one piston rod portion includes a first piston rod portion extending

from the fivst end of the piston through the cylinder head at the first end of the
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cylinder, and a second piston rod portion extending from the second end of the pision
through the cylinder head at the second end of the cylinder,

*  wherein the cylinder head at each end of the cylinder includes an intake manifold,
wherein the passageway in the first piston rod portion is configured to communicate
gas flow between the first combustion chamber and the intake wanifold af the first
end of the cylinder, and the passageway in the second piston rod portion is configurad
to communicate gas flow between the second combustion charnber and the intake
manifold at the second end of the cylinder.

+ wherein a peripheral wall of the cylinder between the first and second ends of the
cylinder includes at least one exhaust port.

e wherein the at least one exhaust port includes a plursiity of exhaust ports spaced
around the circumference of the cyvlinder, and wherein the plurality of exhaust ports
are in fluid commundcation with an exhanst manifokd.

s wherein substaniially the entire expansion stroke portion of the frst siroke on the first
combustion chamber side of the piston coincides with gas flow between the second
combustion chamber and the intake manifold at the second end of the cylinder.

s wherein substantially the entire momentum stroke portion of the first stroke on the
first combustion chamber side of the piston colneides with compression of gases in
the second combustion chamber.

s whergin the piston is further configured to travel in a second stroke from the second
end of the cylinder to the first end of the cylinder, and being sized relative 1o the
eylinder to enable an expansion stroke portion of the second stroke wherein the piston
travels under gas expansion pressure, and a momentum siroke portion of the second
strodie for the remainder of the second stroke following the expansion stroke portion,

# wherein substantially the entire expansion stroke portion of the second stroke on the
second combustion chamber side of the piston coincides with gas flow between the
first combustion chamber and the intake manifold at the first end of the oylinder.

¢ wherein substantially the entire momenturm stroke portion of the second siroke on the
second combustion chamber side of the piston coincides with compression of gases in
the first combustion chamber.

s 7 double-faced piston slidably mounted within the cylinder and configured to move in
a first stroke from the first end of the cylinder to the second end of the cylinder,

wherein the double-faced piston and the cylinder are configured such that the first
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stroke includes an expansion stroke portion during which chemical energy from
combustion in the first combustion chamber is converted into mechanical power of
the piston, and a momentum stroke portion during which the piston continues to move
1o the second end of the eyliunder and gases are exchanged belween the first
combustion chamber and a location outside the cylinder,

s wherein the cylinder and the double-faced piston are sized such that a total distance
the piston travels during the first siroke is substantially greater than a distance the
piston travels during the expansion stroke portion of the first stroke.

e wherein the cylinder and the double-faced piston ave sized such that the total distance
the piston travels during the first stroke exceeds the distance the piston travels during
the expansion stroke portion of the first stroke by at least the length of the piston from
one face to the opposite face.

s wherein the cylinder and the double-faced piston are sized such that the expansion
stroke portion of the first steoke on a first side of the piston as the piston moves from
the first end of the cylinder to the second end of the cylinder coincides with at least
oue of a scavenging phase and a gas boost phase on a second side of the piston.

s wherein the cvlinder and the double-faced piston are sized such that the momentum
stroke portion of the first stroke on a {irst side of the piston as the piston moves from
the first end of the cylinder to the second end of the cylinder coincides with g
compression phase in the second combustion chamber on a second side of the piston.

» wherein the double-faced piston is configured to move in a secoud stroke from the
second end of the eylinder to the first end of the cylinder, and wherein the cylinder
and the double-faced pision are sized such that the second stroke includes an
expansion stroke portion during which chemical energy from combustion in the
second combustion chamber is converted into mechanical power of the piston, and a
momentum stroke portion during which the piston continues to move {0 the first end
of the cylinder and gases are exchanged between the second combustion chamber and
a location cutside the cylinder.,

¢ wherein the cylinder and the piston are sized such that a total distance the piston
travels during the second stroke is substantially greater than a distance the piston

travels during the expansion portion of the second stroke.
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» wherein the total distance the piston travels during the second stroke exceeds the
distance the piston travels during the expansion siroke portion of the second siroke by
at least the length of the piston from one face to the opposite face.

¢ wherein the expansion stroke portion of the second siroke on a second side of the
piston as the piston moves from the second end of the cylinder to the tirst end of the
cylinder coincides with at least one of a scavenging phase and a gas boost phase on a
first side of the piston.

e wherein the momentum portion of the second stroke on a second side of the piston as
the piston moves from the second end of the cylinder o the first end of the cylinder
coincides with a compression phase in the first combustion chamber on g fivst side of
the piston.

s g first piston rod portion connected to a first face of the double-faced piston and
extending from a location within the first combustion chamber to a first location
outside the cylinder.

s asecond piston rod portion connected to a second face of the double-faced piston and
extending from a location within the second combustion chamber 1o a second location
outside the cylinder.

s af least one recess in the first piston rod portion, the at least one recess forming a
passageway configured to communicate gas flow between the first combustion
chamber and the first location cutside the cylinder.

s gt least one recess in the second piston rod portion, the at least one recess forming a
passageway configured to communicate gas flow between the second combustion
chamber and the second location outside the cylinder.

s af least one port in a peripheral side wall of the cylinder, the at least one port being
configured fo communicate gas flow between the first combustion chamber and
outside the cylinder when the piston is on the second combustion chamber side of the
at least one port, and being configured to communicate gas flow between the second
combustion chamber and outside the cylinder when the piston is on the first
combustion chamber side of the at least one port

e wherein the passageways in the first and second piston rod portions ave configured to
intake gases into the first and second combustion chambers, respectively, and the at
least one port in a peripheral side wall of the cylinder is configured to exhaust gases

from the first and second combustion chambers, respectively.
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wherein each of the first stroke and the second stroke includes an expansion siroke
portion during which chemical energy from combustion in one of the first combustion
chamber and the second combustion chamber is converted into mechanical power of
the piston, and a momentum stroke portion during which the piston continues to move
toward a respective end of the cylinder and gases are exchanged between one of the
first combustion chamber and the second combustion chamber and a location outside
the cylinder.

wherein the cylinder and the piston are sized such that a total distance the piston
travels in each of the first and second strokes exceeds by at least a length of the piston
g distance traveled by the piston during compression of gases on one side of the
pision.

whersin the cylinder and the piston are sized such that an expansion stroke portion of
the first stroke on a first side of the piston as the piston moves from the first end of the
cvlinder to the second end of the cylinder coincides with at least one of a scavenging
phase and a gas boost phase on a second side of the piston.

wherein the cylinder and the piston are sized such that a momentum stroke portion of
the first stroke on a first side of the piston as the piston moves from the first end of the
eylinder to the second end of the eylinder coincides with compression of gases in the
second combustion chamber on a second side of the piston.

at least one port in a peripheral side wall of the cylinder, the at least one port being
configured to communicate gas flow betwesn the first combustion chamber and
outside the cylinder when the piston is on the second combustion chamber side of the
at least one port, and being configured to communicate gas flow between the seocond
combustion chamber and outside the eylinder when the piston is on the first
combustion chamber side of the at least ove port.

wherein the passageways in the first and second piston rod portions are configured to
intake gases into the first and second combustion chambers, respectively, and the at
least one port in a peripheral side wall of the cylinder is configured to exhaust gases
from the first and second combustion chambers, respectively.

wherein the first passageway and the second passagewsy are configured (o prevent
gases from being exchanged between the cylinder and a location outside the cylinder

via a path that crosses the first face and the second face,
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wherein the first passageway and the second passageway render the first and second
piston rod portions at least partiaily hollow.

wherein at least one of the first and second passageways includes a groove in the
respective first and second pision rod portions,

wherein the first and second passageways are configured to introduce combustion gas
into the first and second combustion chambers, respectively, from a location ouiside
the cylinder.

wherein the first and second passageways include elongated channels extending
internal to the first and second piston rod portions.

wherein the first and second piston rod portions are integrally formed.

wherein the first and second piston rod portions are indirectly connected to each other
through the double-faced piston,

further including at least one port in the first piston rod portion in Huid
communication with the first passageway and at least one port in the second piston
rod portion in fluid conmwnunication with the second passageway.

wherein the at least one port in the first and second piston rod portions includes
muliiple elongaled slots.

wherein the at least one port in the first and second piston rod portions includes
mmtltiple holes oy the piston rod portions.

wherein at least one of the first and second passageways io the first and second piston
rod partions includes a plurality of grooves formed in an outer peripheral surface of
the respective pision rod portion.

wherein at least one of the first and second recesses in the first and second piston rod
portions inciudes 8 piston rod section of reduced diameter.

wherein the first passageway in the first piston rod portion and the second passageway
in the second piston rod portion are configured to intake gases into the first and
second combustion chambers, respectively.

a first piston rod portion extending from a first face of the double-faced piston
through the first combustion chamber and through the first cylinder head.

a {irst recess in the first piston rod portion defining 8 first passageway for
communicating gas between the first combustion chamber and & first location external

o the cviinder.
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e asecond piston rod portion extending from a second face of the piston through the
second combustion chamber and through the second cylinder head,

& g second recess in the second piston rod portion defining a second passageway for
comymunicating gas between the second combustion chamber and a second location
external to the cylinder.

s gt least one port in a peripheral wall of the cylinder, for alternatively communicating
gases between at least one region external to the cylinder and at Ieast one of the first
combustion chamber and the second combustion chamber,

s wherein the double-faced piston, the first piston rod portion, and the at least one port
are contfigured such that the double-faced piston passes the at least one port as the
piston moves from the first position toward the second position before an opening of
the first recess enters the first combustion chamber to thereby permit gas flow
between the first combustion chamber and the first recess in the first piston rod
portion,

e wherein the double-faced piston, the second piston rod portion, and the at least one
port are configured such that the double-faced piston passes the at least one port as the
piston moves from the second position toward the first position before an opening of
the second recess enters the second combustion chamber to thereby permit gas flow
between the second combustion chamber and the second recess in the second piston
rod portion.

s wherein the first recess in the first piston rod portion and the secondd recess in the
second piston rod portion are configored as inlets for the intake of gases, and the at
least one port in the peripheral wall is configured as an outlet for the exbaust of gases.

& further including at least one additional recess in the first piston rod portion and at
feast one additional recess in the second piston rod portion,

¢ wherein the double-faced piston, the first piston rod portion, and the at least one port
in the peripheral oylinder wall are configured such that when the double-faced piston
is located between the first cylinder head and the gt least one port in the peripheral
wall, an opening of the first recess is outside the cylinder and the double-faced piston
blocks gas flow between the first combustion chamber and the at least one port, and
wherein the double-faced piston, the second piston rod portion, and the at least oue
pott in the peripheral cylinder wall are configured such that when the double-faced

piston is located between the second cylinder head and the at least one port in the

o2
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peripheral wall, an opening of the second recess is outside the cylinder and the
double~faced piston blocks gas flow between the second combustion chamber and the
gt least one port in the peripheral wall.

¢ wherein the recesses in the first piston rod portion and the second piston rod portion
include a bore through a respective core of each of the first piston rod portion and the
second piston rod portion.

e wherein the openings of the recesses in the first piston rod portion and the second
piston rod portions include a curvilinear port in a respective outer wall of each
respective piston rod portion,

s wherein the openings of the recesses in the first piston rod portion and the second
piston rod portions include an elongated slot in a respective outer wall of each
respective piston rod portion.

e wherein the recesses in the first and second piston rad portions are defined by regions
of reduced diameter.

« wherein the at least one port includes an exhaust port focated in an axially ceniral
region of the cylinder peripheral wall,

» wherein during compression and combustion of gases in one of the first and second
combustion chambers, the piston acts as an exhaust valve preventing the flow of
exhaust gases out of the one of the combustion chambers while enabling the flow of
exhaust gases out of the other of the combustion chambers.

e an exhaust port located in a peripheral wall of the cylinder at a generally central
region of the cylinder between the first cylinder head and the second cylinder head.

s gt least one combustion gas inlet in a location other than the peripheral cylinder wall,
wherein the combustion gas inlet and the exhaust port are configured o cooperate
such that combustion gases introduced through the Inlet are evacuated from the
cyvtinder through the exhaust port in the peripheral wall.

s wherein the double~faced piston has an axial length from one face of the piston to an
opposite face of the piston that is less than or equal to 1/2 of a distance from at least
one of the first cylinder head and the second cylinder head to the exhaust port.

o further including a first piston rod portion extending from a first face of the double-
faced piston through the first combustion chamber and through the first cylinder head,
and wherein the at least ove combustion gas inlet is located in the {irst piston rod

portio.
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+ further incloding a second piston rod portion extending from a second face of the
doubie-faced piston through the second combustion chamber and through the second
cylinder head, and wherein the at least one combustion gas inlet is located in the
second piston rod portion.

# wherein the at least one combustion gas inlet includes a first passageway in fluid
comnmunication with a first intake manifold located adjacent the fivst cylinder head
and a second passageway in fluid communication with g second intake manitold
located adjacent the second cylinder head.

e g first elongated channe! in the first piston rod portion configured {0 serve as an intake
inlet for gas from a location external to the cylinder, through the first end of the frst
combustion chamber 1o a location within the first combustion chamber.

¢ & second elongated channel in the second piston rod portion configured {0 serve as an
intake inlet for gas from a location external to the cylinder, through the second end of
the second combustion chamber {0 3 location within the second combustion chamber,

s wherein a length of the double-faced piston, a length of the cylinder, a focation of the
exhaust outlet, and & location of a channel access opening in each of the first and
second piston rod portions are arranged such that when the piston is in a combustion
stage in the first combustion chamber, the piston blocks the exhaust cutlet from
communicating with the first combustion chamber and the channel access opening in
the first piston rod portion is outside of the first combuastion chamber, while
simultaneously the exhaust outlet is in fluid communication with the second
combustion chamber, and the access opening of the second channel is within the
second combustion chamber.

e wherein a spacing between a channel access opening In the first piston rod portion and
the first face of the piston and the location of the exhaust outlet are configured such
that scavenging of combustion gases from the first combustion chamber occurs
through the exhaust outlet when & channel access opening in the first piston rod
portion is located within the first combustion chamber and the piston is in a position
on the second combustion chamber side of the exhaust outlet.

+ wherein a spacing between a channel access opening io the first piston rod portion and
the first face of the piston and the location of the exhaust outlet are configured such
that gas boost in the first combustion chamber follows scavenging of combustion

gases from the first combustion chamber as pre-charged air continues 1o be introduced

Lo
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through the channel access opening in the first piston rod portion into the first
combusiion chamber,

# wherein a spacing between a channel access opening in the second piston rod portion
and the second face of the piston and the location of the exhaust outlet are configured
such that compression of gases within the second combustion chamber ocours when
the piston is in a position past the exhaust outlet toward the second end of the second
combustion chamber and the channel access opening in the second piston rod portion
is outside of the second combustion chamber.

s wherein a spacing between a channel access opening in the second piston rod portion
and the second face of the piston and the location of the exhaust outlet are configured
such that scavenging of combustion gases from the second combustion chamber
accurs through the exhaust outlet when the channel access opening in the second
piston rod portion is in the second combustion charber and the piston is in a pesition
past the exhaust outlet toward the first end of the first combustion chamber.

e wherein a spacing between a channel access opening in the second piston rod portion
and the second face of the piston and the location of the exhaust outlet is configured
such that gas boost in the second combustion chamber follows scavengiog of
combustion gases from the second combustion chamber as pre-charged air continues
1o be introduced through the channel access opening in the second piston rod portion
into the second combustion chamber.

s wherein a spacing between a channel access opening in the first piston rod portion and
the first face of the piston and the location of the exhaust cutlet is configured such that
compression of gases within the first combustion chamber ocours when the piston s
in a position past the exhaust toward the first end of the first combustion chamber and
the access opening in the first piston rod portion is ocutside of the first combustion
chamber.

# wherein a compression ratio of the engine is a function of at least one of a closest
spacing between a channel access opening in the first piston rod portion and the first
face of the double-faced piston, and the closest spacing between a channel access
opening in the second piston rod portion and the second face of the double-face
piston.

s A piston for an internal combustion engine, the piston incheding a cylindrical first

piston portion having a first diameter, a cylindrical second piston portion of the first

3
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diameter, a cylindrical third piston portion of a second diameter less than the first
diameter, and located between the first piston portion and the second piston portion,
and wherein the first piston portion is configured such that prior {o asserubly, the first
piston portion is separate from the second piston portion, a continuous, gapless piston
ring circumscribing the third piston portion, where the piston ring is configured such
that when heated the piston ring deforms in an axial direction of the piston,

# wherein the third piston portion defines a slot between the first piston portion and the
second piston portion.

e wherein, priot to assembly, the third piston portion is integral with the first piston
portion, and the second piston portion is non-integral with the third piston portion,

2 g groove in the outer peripheral wall of the piston the groove having a first edge and a
second edge spaced from the first edge.

s a piston ring in the groove, the pision ring having a shape that meanders within the
groove, such that the shape of the piston ring differs from a shape of the groove and
such that the piston ring does not substantially fill the groove, and wherein the piston
ving is constructed of @ material that when subjected to heat causes a shape of the
meanderings to change, thereby enabling the piston ring to expand in an axial
direction of the piston, betwesn the edges of the groove.

s wherein the meanderings are in the shape of a wave.

e wherein peaks of the wave alternatively extend toward opposing edges of the groove,

s wherein the piston ring is constructed such that when subjected to heat, the piston ring
tends to expand in an axial divection of the piston rather than radially.

¢ wherein the piston ring has an undulating axial cross section and a circular radial
cross section.

s wherein the piston ring includes a plurality of staggered, flat abutment surface
portions on axially opposite faces.

e wherein the flat abutment surface portions are configured to seat alternately on
oppostie edges of the groove.

s wherein a gap between the first and second edges of the groove allows for axiaily-
directed expansion and contraction of the piston ring while maintaining a circular
radial cross section of the piston ring having a substantially constant outer diameter.

+ wherein the piston ring is formed with an undulating axial cross section inclading a

plurality of staggered, flat abutment surface portions on axially opposite faces thereof,
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the flat abutment surface portions being configured 1o seat alternately on the first and
second edges of the groove with portions of the piston ring in between the flat
abutment surtace portions being spaced from the edges of the groove.

=  a piston formed of an assembly of separate pieces including a pair of piston end disks
each having a first outer diameter, a piston center disk having a second outer diameter
smaller than the first outer diameter, and wherein the center disk is configured to
cause a thermal gap between the pair of piston end disks.

e further including the piston center disk having a hardness that is different from the
piston end disks,

¢ wherein the piston center disk is integrally formed with one of the pair of piston end

disks,

(8696} Various alterations and modifications may be made to the disclosed exemplary
embodiments without departing from the spirit or scope of the disclosure as embodied in the
following claims. For example, the burned gases produced by the engine 10 may be used for
driving a turbo charges. The compressed air intreduced into the cylinder may be pressurized
by an external compressor that is driven by the reciprocating piston rod portions extending
from opposite ends of the cylinder, Other variations may include imparting a swirt effect to
the gases introduced into the cvlinder by changing the angle of the inlet ports and of the

outlet ports so that gases are not directed radially into or out of the cylinder,

il
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WHAT IS CLAIMED IN:

1. An internal combustion engine, comprising:

an engine block;
a cylinder defining at least one combustion chamber in the engine block;

a piston in the cylinder, the piston being configured 1o travel in a first stroke
from one end of the cyvlinder t¢ an opposite end of the cyvlinder, and being sized relative fo the
cytinder to enable an expansion stroke portion of the first stroke wherein the piston travels
under gas expansion pressurg, and a momentum stroke portion of the first stroke for the

remainder of the first stroke following the expansion stroke portion;

at least one piston rod portion connected to the piston and extending from a
focation within the at least one combustion chamber to an area external to the

cylinder,

at least one recess in the piston rod portion, the af least one recess forming a
passageway configured to communicate gas flow between the at least one combustion

chamber and the area external to the cylinder, and

wherein the at least one recess is configured such that when the piston is in the
momentum siroke portion of the first stroke following the expansion stroke portion of the
first stroke, the at least one recess is configured to continuously communicate gas flow

between the at least one combustion chamber and the arca external to the cylinder.

2 The internal combustion engine according to ¢laim 1, wherein the at least one
recess forming the passageway renders the st least one piston rod portion at least partially

holow.

3. The internal combustion engine according to claim 1, wherein the passageway

includes a groove in the at least one pision rod portion.
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4. The internal combustion engine according to clalm 1, wherein the passageway
is configured to introduce combustion gas into the at least one combustion chamber from a

focation outside the cvlinder.

3, The infernal combustion engine according to claim 1, wherein the piston is
double-faced and wherein the at least one piston rod portion includes a pair of piston rod

portions, each piston rod portion extending from an opposing face of the double-faced piston.

6. The internal combustion engine according to claim 1, wherein the at least one

recess includes a channel exiending internal (o the at least one piston rod portion,

7. The internal corbustion engine according to claim 5, wherein the pair of

pision rod portions are integrally formed.

8. The internal combustion engine according to ¢laim 7, wherein the pair of

piston rod portions are indirectly connected o each other through the double-faced piston,

Q. The internal combustion engine according to claim I, wherein the at least one

recess includes at feast two recesses, each extending through a different piston rod portion.

10, The isternal combustion engine according to claim 1, further including at least
one port in the at least one piston rod portion and in fluld communication with the

PAISBgEWaY.

1. The internal combustion engine according to claim 10, wherein the at least one

port includes multiple elongated slots.

12, The internal combustion engine according to claim 10, wherein the at least ong

port includes multiple holes in the piston rod.

(s}
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13, The internal combustion engine according to claim 10, wherein the
passageway includes a plurality of grooves formed in an outer peripheral surface of the at

least one piston rod portion.

i4.  The internal combustion engine according to clatm 10, wherein the al least one

recess in the piston rod portion includes a rod section of reduced diameter,

15, The internal combustion engine according to claim 1, wherein the at least one
combustion chamber includes a first combustion chamber defined between a first end of the
piston and a first end of the cylinder, and a second combustion chamber defined between a

second end of the piston and a second end of the cylinder.

16, The internal combustion engine according to claim 13, whereln the cylinder is

closed at each opposite end by a cylinder head.

17, The internal combustion engine according to clalms 16, wherein the at least one
piston rod portion includes a fivst piston rod portion extending from the first end of the piston
through the cylinder head at the first end of the cylinder, and a second piston rod portion
extending from the second end of the piston through the oylinder head at the second end of

the cviinder.

18, The internal combustion engine according to clalm 17, wherein the cylinder
head at each end of the eylinder inclades an intake manifold, wherein the passageway in the
first piston rod portion is configured to communicate gas flow between the first combustion
chamber and the intake manifold at the first end of the cylinder, and the passageway in the
second piston rod portion is configured to communicate gas flow between the second

combustion chamber and the intake manifoid at the second end of the cylinder,
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19, The internal combustion engine according to claim 18, wherein a peripheral
wall of the cylinder between the first and second ends of the cylinder includes at least one

exhaust port.

28, The internal combustion engine according to claim 19, wherein the at least one
exhaust port includes a phurality of exhaust ports spaced around the circumference of the
cylinder, and wherein the plurality of exhaust ports are in fluid communication with an

exhaust manifold.

21, The internal combustion engine according to claim 18, wherein substantially
the entire expansion stroke portion of the first stroke on the first combustion chamber side of
the piston coincides with gas flow between the second combustion chamber and the intake

mantfold at the second end of the cylinder,

22.  The internal combustion engine according to claim 18, wherein substantially
the entire momenium stroke portion of the first stroke on the first combustion chamber side

of the piston coincides with compression of gases in the second combustion chamber.

23, The internal combustion engine according to claim 1§, wherein the piston is
further configured to travel in a second stroke from the second end of the cylinder to the first
end of the cylinder, and being sized relative to the cylinder to enable an expansion stroke
portion of the second stroke wherein the piston travels under gas expansion pressure, and a
momentum stroke portion of the second stroke for the remainder of the second stroke

following the expansion stroke portion.

24.  The internal combustion engine according to claim 23, wherein subsiantially
the entire expansion stroke portion of the second stroke on the second combustion chamber
side of the piston coincides with gas flow between the first combustion chamber and the

intake manifold at the first end of the cylinder.
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25, The internal combustion engiue according to claim 23, wherein substantially
the entire momentum stroke portion of the second stroke on the second combustion chamber

side of the piston coincides with compression of gases in the first combustion chamber,

40



WO 2017/009717 PCT/IB2016/001189

117




PCT/IB2016/001189

WO 2017/009717

2117

STRED

i

it “‘"\w}

i

\
W.um ,.

7

4 \.\.\.\.\.\j i

-Jagi

=
i~

N

Ve

gl

oy

3

it

il 0

~
e
s
H
7
%
H
:
7




WO 2017/009717 PCT/IB2016/001189

3/17

Ll ‘

it ks

i

g



WO 2017/009717 PCT/IB2016/001189

4/17

B

R

o

s O

Vi

RaE




PCT/IB2016/001189

WO 2017/009717

517

R
e
&

PEREENER

TN

5

N

L

—



WO 2017/009717 PCT/IB2016/001189

6/17

o>
LD
Lo }
\\
M:\&
"Q:S'vw‘fw“'f
=
Pl -
PR w2
R
S
ﬁ LR :
e (o
L FATE0
B > s “ab
z R

N s
%

LU
[

: mi
LR




WO 2017/009717 PCT/IB2016/001189

717

SRS DRA0 A 1

§\ o SN
Sy

S

L]ig‘\“\‘é‘ ! \ ]
L




WO 2017/009717 PCT/IB2016/001189

817

o S N_WM\\
s




WO 2017/009717

9/17

sy

P

T T o

PCT/IB2016/001189




PCT/IB2016/001189

WO 2017/009717

10/17

1%
f
:
4
\N
7
£
y
S ;
.............. 5
%
;
5
.................... o
7
=3



WO 2017/009717 PCT/IB2016/001189

17

L

VO o
FE RS R R
HEA




WO 2017/009717 PCT/IB2016/001189

1217

£




WO 2017/009717 PCT/IB2016/001189

13117

3

L.

\Am-““"‘m“w‘ TN AN AL

S
3 \”‘.\._\ .
N




WO 2017/009717 PCT/IB2016/001189

14117




WO 2017/009717

(=]
(S

N 3
ey )

ROY Ao
L F S

Sl

!

15/17

{jz

PCT/IB2016/001189

gy

Ly
LI

e




PCT/IB2016/001189

WO 2017/009717

16/17




PCT/IB2016/001189

WO 2017/009717

17117




INTERNATIONAL SEARCH REPORT

International application No.
PCT/IB 16/01189

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - F02B 71/00 (2016.01)
CPC - F01B 11/001 FO2B 71/00 FO1L 21/02

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

CPC: F01B11/001 FO2B71/00 FO1L21/02
IPC(8). F028B 71/00 (2016.01)

Minimum documentation searched (classification system followed by classification symbols)

below

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
CPC: FO1B11/00 FO1L21/04; IPC(8): FO2B 71/04 F02B 11/00 (2016.01); USPC: 123/46R 123/46A 417/340; keyword limited, terms

Electronic data base consulted during the international search (name of
PatBase; Google (Web, Patent, Scholar); terms used: free piston rod
conduit duct reduced smaller less diameter radius area gas vapor air

data base and, where practicable, search terms used)
shaft stem groove recess momentum stroke hollow bored passage
exhaust egress outlet wall cylinder periphery

C. DOCUMENTS CONSIDERED TO BE RELEVANT

col. 6, In. 31-39

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 5,351,659 A (CHAO) 4 October 1994 (04.10.1994), entire document, especially FIG. 1-1A, 5 | 1-13, 15-18, 21-25
- -8; Abstract, col. 2, In. 24-31, col. 2,In. 59-col. 3,In.22 | e
A 14, 19-20
A US 6,164,250 A (BAILEY et al.) 26 December 2000 (26.12.2000), entire document, especially 14
FIG. 1
A US 4,307,997 A (RICHARDS et al.) 29 December 1981 (29.12.1981), entire document, 14
especially FIG. 2; col. 3, In. 24-34
A US 2,028,331 A (JANICKE) 21 January 1936 (21.01.1936), entire document, especially FIG. 1 19-20
A US 4,803,960 A (KOPPEN) 14 February 1989 (14.02.1989), entire document, especially FIG. 1; | 19-20

D Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“Q” document referring to an oral disclosure, use, exhibition or other
means .

“P” document published prior to the international filing date but later than

the priority date claimed

“T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying tﬁe invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

28 November 2016

Date of mailing of the international search report

08DEC 2016

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (January 2015)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - wo-search-report

