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Description

BACKGROUND

[0001] The field is combustion chambers for internal
combustion engines. In particular, the field includes con-
structions for opposed-piston engines in which a com-
bustion chamber is defined between end surfaces of pis-
tons disposed in opposition in the bore of a ported cylin-
der. More particularly, the field includes opposed-piston
engines with combustion chamber constructions that
produce a tumbling motion in charge air admitted into the
cylinder between the piston end surfaces.
[0002] Per FIG. 1, an opposed-piston engine includes
at least one cylinder 10 with a bore 12 and longitudinally-
displaced intake and exhaust ports 14 and 16 machined
or formed therein. One or more fuel injectors 17 are se-
cured in injector ports (ports where injectors are posi-
tioned) that open through the side surface of the cylinder.
Two pistons 20, 22 according to the prior art are disposed
in the bore 12 with their end surfaces 20e, 22e in oppo-
sition to each other. For convenience, the piston 20 is
denominated as the "intake" piston because of its prox-
imity to the intake port 14. Similarly, the piston 22 is de-
nominated as the "exhaust" piston because of its prox-
imity to the exhaust port 16.
[0003] Operation of an opposed-piston engine with
one or more ported cylinders (cylinders with one or more
of intake and exhaust ports formed therein) such as the
cylinder 10 is well understood. In this regard, in response
to combustion the opposed pistons move away from re-
spective top dead center (TDC) positions where they are
at their innermost positions in the cylinder 10. While mov-
ing from TDC, the pistons keep their associated ports
closed until they approach respective bottom dead center
(BDC) positions where they are at their outermost posi-
tions in the cylinder. The pistons may move in phase so
that the intake and exhaust ports 14, 16 open and close
in unison. Alternatively, one piston may lead the other in
phase, in which case the intake and exhaust ports have
different opening and closing times.
[0004] In many opposed piston constructions, a phase
offset is introduced into the piston movements. As shown
in FIG. 1, for example, the exhaust piston leads the intake
piston and the phase offset causes the pistons to move
around their BDC positions in a sequence in which the
exhaust port 16 opens as the exhaust piston 22 moves
through BDC while the intake port 14 is still closed so
that combustion gasses start to flow out of the exhaust
port 16. As the pistons continue moving away from each
other, the intake piston 20 moves through BDC causing
the intake port 14 to open while the exhaust port 16 is
still open. A charge of pressurized air is forced into the
cylinder 10 through the open intake port 14, driving ex-
haust gasses out of the cylinder through the exhaust port
16. As seen in FIG. 1, after further movement of the pis-
tons, the exhaust port 16 closes before the intake port
14 while the intake piston 20 continues to move away

from BDC. Typically, the charge of fresh air is swirled as
it passes through ramped openings of the intake port 14.
With reference to FIG. 1, the swirling motion (or simply,
"swirl") 30 is a generally helical movement of charge air
that circulates around the cylinder’s longitudinal axis and
moves longitudinally through the bore of the cylinder 10.
Per FIG. 2, as the pistons 20, 22 continue moving toward
TDC, the intake port 14 is closed and the swirling charge
air remaining in the cylinder is compressed between the
end surfaces 20e and 22e. As the pistons near their re-
spective TDC locations in the cylinder bore, fuel 40 is
injected into the compressed charge air 30, between the
end surfaces 20e, 22e of the pistons. As injection con-
tinues, the swirling mixture of air and fuel is increasingly
compressed in a combustion chamber 32 defined be-
tween the end surfaces 20e and 22e as the pistons 20
and 22 move through their respective TDC locations.
When the mixture reaches an ignition temperature, the
fuel ignites in the combustion chamber, driving the pis-
tons apart toward their respective BDC locations.
[0005] Turbulence is a desirable feature of charge air
motion as fuel injection begins. Turbulence encourages
the mixing of charge air with fuel for more complete and
more uniform ignition than would otherwise occur. The
geometries of the intake port openings and the cylinder
of an opposed-piston engine provide a very effective plat-
form for generation of a strong swirling motion of the
charge air that promotes both removal of exhaust gasses
(scavenging) and charge air turbulence. However,
charge air motion that is dominated by swirl can produce
undesirable effects during combustion. For example,
during combustion in a cylindrical combustion chamber
defined between flat piston end surfaces, swirl pushes
the flame toward the cylinder bore, causing heat loss to
the (relatively) cooler cylinder wall. The higher velocity
vectors of swirl occur near the cylinder wall, which pro-
vides the worst scenario for heat losses: high tempera-
ture gas with velocity that transfers heat to the cylinder
wall and lowers the thermal efficiency of the engine. The
peripheries of the piston end surfaces also receive a rel-
atively high heat load, which causes formation of a solid
residue of oil coke that remains in the piston/cylinder in-
terface when lubricating oil breaks down at high engine
temperatures. Accordingly, in such opposed-piston en-
gines, it is desirable to maintain charge air turbulence as
injection starts while mitigating the undesirable effects
produced by swirl.
[0006] In certain opposed-piston combustion chamber
constructions, turbulence is produced by squish flow from
the periphery of the combustion chamber in a radial di-
rection of the cylinder toward the cylinder’s axis. Squish
flow is generated by movement of compressed air from
a relatively high-pressure region at the peripheries of the
piston end surfaces to a lower-pressure region generated
by a bowl formed in at least one piston end surface.
Squish flow promotes charge air turbulence in the com-
bustion chamber. For example, US patent 6,170,443 dis-
closes a cylinder with a pair of opposed pistons having
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complementary end surface constructions. A circular
concave depression formed in one end surface is sym-
metrical with respect to the axis of its piston and rises to
a point in its center. The periphery of the opposing end
surface has a convex shape in the center of which a semi-
toroidal (half donut-shaped) trench is formed. As the pis-
tons approach TDC, they define a generally toroidally-
shaped combustion chamber centered on the longitudi-
nal axis of the cylinder. The combustion chamber is sur-
rounded by a circumferential squish band defined be-
tween the concave and convex surface shapes. As the
pistons approach TDC, the squish band generates an
inwardly-directed squish flow into the toroidal trench and
creates "a swirl of high intensity near top dead center."
See the ’443 patent at column 19, lines 25-27. Fuel is
injected into the toridal combustion chamber in a radial
direction of the bore.
[0007] Increasing the turbulence of charge air in the
combustion chamber increases the effectiveness of
air/fuel mixing. Domination of charge air motion by swirl
or squish flow alone does achieve a certain level of tur-
bulence. Nevertheless, it is desirable to create additional
elements of charge air motion as injection commences
in order to produce even more turbulence of the charge
air, thereby to achieve better air/fuel mixing than can be
obtained with swirl or squish alone.
[0008] US 2,699,156 discloses an opposed-piston in-
ternal combustion engine, wherein each piston bowl of
a cylinder presents a substantially semi-hemispherical
shape.

SUMMARY

[0009] According to a first aspect of the invention, an
internal combustion engine includes at least one cylinder
with longitudinally-separated exhaust and intake ports,
and a pair of pistons disposed in opposition to one an-
other in a bore of the cylinder, in which a combustion
chamber is defined between opposing end surfaces of
the pistons, and the end surface of each of the pistons
has a circumferential area defining a periphery of the end
surface and a bowl within the periphery, the bowl defining
a concave surface with a first portion curving inwardly
from a plane containing the circumferential area toward
the interior of the piston and a second portion curving
outwardly from the interior of the piston through the plane
containing the circumferential area;
characterized in that: each bowl has a generally semi-
ellipsoidal shape; and, the opposing pistons are oriented
in the bore such that a combustion chamber having an
elongated ellipsoidal shape is defined between the bowls
when the pistons are near respective top dead center
(TDC) positions in the bore.
[0010] According to a second aspect of the invention,
a method is provided for operating the internal combus-
tion according to the first aspect of the invention charac-
terized by:

forming a combustion chamber having an elongated
ellipsoidal shape between the end surfaces of the
pistons as the pistons move toward respective top
dead center positions, providing squish flows of
charge air into the combustion chamber in directions
that are skewed with respect to the major axis of the
elongated ellipsoidal shape, generating at least one
tumbling motion of charge air in the combustion
chamber in response to the squish flows and swirling
charge air, and injecting fuel into the combustion
chamber.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]

FIG. 1 is a side sectional partially schematic drawing
of a cylinder of an opposed-piston engine with prior
art opposed pistons near respective bottom dead
center locations, and is appropriately labeled "Prior
Art".

FIG. 2 is a side sectional partially schematic drawing
of the cylinder of FIG. 1 with the prior art opposed
pistons near respective top dead center locations
where flat end surfaces of the pistons define a prior
art combustion chamber, and is appropriately la-
beled "Prior Art".

FIG. 3 is a side schematic view of a pair of opposed
pistons in which the end surfaces of the pistons de-
fine a first combustion chamber construction.

FIG. 4 is an end view of one of the pistons of FIG. 3
showing an end surface with a bowl formed therein.

FIGS. 5 and 6 are elevational perspective views of
respective pistons of a pair of pistons in which the
end surfaces of the pair of pistons are formed to de-
fine a second combustion chamber construction.

FIGS. 7-9 are side sectional drawings showing an
operational sequence of an opposed-piston engine
including a pair of pistons according to FIGS. 5 and 6.

FIG. 9A is an enlarged view of a portion of FIG. 9
showing in greater detail the second combustion
chamber construction.

FIG. 10 is an end view of the piston of FIG. 5 showing
a piston end surface with a bowl formed therein and
a pattern of fuel injection.

FIG. 11 is an elevational perspective view of a piston
of a pair of pistons in which identical end surfaces
of the pair of pistons are formed to define a third
combustion chamber construction.
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FIGS. 12-14 are side sectional drawings showing an
operational sequence of an opposed-piston engine
including a pair of pistons according to FIG. 11.

FIG. 15A is an enlarged view of a portion of FIG. 14
showing in greater detail the third combustion cham-
ber construction.

FIG. 15B is the enlarged view of FIG. 15A showing
squish and tumble air flows in the third combustion
chamber construction

FIG. 16 is an end view of one of the pistons of FIG.
11 showing an end surface with a bowl formed there-
in and a pattern of fuel injection.

FIGS. 17A and 17B are schematic illustrations of the
piston end surface view of FIG. 16 showing interac-
tion between the end surface and squish flow, with-
out swirl (FIG. 17A), and with swirl (FIG. 17B).

DETAILED DESCRIPTION OF THE PREFERRED 
CONSTRUCTIONS

[0012] In the combustion chamber constructions to be
described, an internal combustion engine includes at
least one cylinder with longitudinally-separated exhaust
and intake ports; see, for example, the cylinder 10 illus-
trated in FIGS. 1 and 2. A pair of pistons is disposed in
opposition in a bore of the cylinder and a combustion
chamber structure is defined between the opposing end
surfaces of the pistons as the pistons move toward top
dead center positions. A circumferential area defines a
periphery on each of the end surfaces. The combustion
chamber includes a cavity defined between the end sur-
faces, and has at least one opening through which fuel
is injected (hereinafter an "injection port") that extends
at least generally in radial direction of the cylinder and
opens into the cavity.
[0013] During operation of the internal combustion en-
gine, as the pistons approach TDC, one or more squish
zones direct flows of compressed air (called "squish
flows") into the combustion chamber in at least one di-
rection that is skewed with respect to a diametrical direc-
tion of the bore. This process is referred to as "generating
squish". The portions of the end surfaces that generate
squish are referred to as squish surfaces, and channels
defined between the squish surfaces are referred to as
squish channels. Squish flow is deflected or redirected
by one or more curved surfaces in a combustion chamber
cavity into at least one tumble motion that circulates in
the cavity.
[0014] In the following descriptions, "fuel" is any fuel
that can be used in an opposed-piston engine. The fuel
may be a relatively homogeneous composition, or a
blend. For example, the fuel may be diesel fuel or any
other fuel ignitable by compression ignition. Further, the
descriptions contemplate ignition resulting from com-

pression of an air/fuel mixture; however it may be desir-
able to provide additional mechanisms, such as glow
plugs, to assist compression ignition. The descriptions
contemplate injection of fuel into a compressed gas in a
combustion chamber when opposed pistons are at or
near TDC locations. The gas is preferably pressurized
ambient air; however, it may include other components
such as exhaust gases or other diluents. In any such
case, the gas is referred to as "charge air."
[0015] First combustion chamber construction: FIG. 3
is a schematic diagram of a pair of opposed pistons with
end surfaces that define a first combustion chamber con-
struction as the pistons approach respective TDC loca-
tions. The cylinder in which the pistons are disposed is
represented by an axis with which the axes of the pistons
are collinear. The combustion chamber includes one pis-
ton end surface shaped to produce a tumbling motion
that curves across the cylinder’s axis. This construction
includes a squish zone in which a curved cavity between
the end surfaces redirects air flowing toward the center
of the squish zone into a tumbling motion. The cavity is
defined by a bowl formed in a portion of the end surface
of one of the pistons; preferably, but not necessarily, that
piston is the intake piston. A flat peripheral portion of the
end surface surrounds the bowl. An injection port opens
into the bowl, through the peripheral portion. Preferably,
but not necessarily, the injection port is oriented in a di-
rection radial to the piston. The opposing piston (prefer-
ably, the exhaust piston) has a flat, essentially planar end
surface. Air is compressed between the flat portions of
the piston end surfaces, creating a high velocity squish
flow of compressed air moving into the bowl in a radial
direction of the cylinder. A portion of the squish flow is
deflected or redirected from the radial direction, along
the curved surface of the bowl, to generate a tumble flow
in the combustion chamber that circulates across the axis
of the cylinder. Preferably, fuel is injected in the same
direction as the tumble motion so that the fuel can be
conveyed by the tumbling air movement. If the charge
air is initially swirled when entering the cylinder through
an intake port (not shown), the motion of the charge air
in the combustion chamber includes elements of swirl,
squish, and tumble.
[0016] In FIG. 3, the intake piston 105 and the exhaust
piston 106 are at or near respective TDC positions in a
cylinder with an axis 135. As per FIG. 4, the intake piston
105 has an end surface 110 in which an irregularly-
shaped, non-circular bowl 120 is formed. In some as-
pects, the bowl 120 has the shape of a clam shell. The
bowl 120 is offset towards a periphery portion of the end
surface 110 in which a notch 130 constituting an injection
port is formed. The bowl 120 is substantially surrounded
by a large flat peripheral surface area 140 of varying
width. The bowl has a concave surface 121 curving in-
wardly from a plane containing the surface area 140, to-
ward the interior of the piston 105. The concave surface
is asymmetrical. More particularly, as seen in FIG. 3, the
concave surface 121 has a hook-like shape in cross sec-
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tion that transitions from a first level near the notch 130,
to a second level, deeper into the piston than the first
level, near the center of the piston, and then doubles
back through an undercut portion 122 that curves back
in the direction of the notch 130 to a lip 123. The end
surface 111 of the exhaust piston 106 is essentially pla-
nar, with no bowl.
[0017] With further reference to FIG. 3, with the pistons
105 and 106 approaching their respective TDC locations,
air in the cylinder is compressed in the shrinking space
between the end surfaces 110 and 111 and is entrained
in a radial squish flow toward the axis 135 of the cylinder.
As radially-moving squish flow enters the bowl 120, it
encounters the curved bowl surface 121. The curved
bowl surface 121 redirects radially-moving squish flow
into a direction that is skewed with respect to the radial
direction. As the now-skewed squish flow crosses the
cylinder axis 135, it encounters the sharp backward curve
of the undercut portion 122 and curves back toward the
lip 123 which imparts a tumbling motion 136 in which the
air circulates transversely across the axis 135. Fuel is
injected into the tumbling air by way of the notch 130. It
is desirable that the squish gap (d), that is, the distance
between the flat areas of the piston end surfaces at TDC,
be very small; for example, we have designed the end
surfaces for a squish gap 0.2mm to 0.5mm. A very small
squish gap forces the compressed air into the bowl 120
at very high velocity and energy levels to create the de-
sired tumble at the beginning of, and during, injection.
[0018] Second combustion chamber construction:
FIGS. 5-9, 9A, and 10 illustrate a second combustion
chamber construction in which the squish surface areas
are increased with respect to those of the first construc-
tion so as to provide a relatively greater squish flow ve-
locity and create a relatively stronger squish flow motion
in order to facilitate more complete mixing of fuel and gas
than the first construction. The cavity is defined between
bowls with concave surfaces that are formed in the op-
posing piston end surfaces. In this regard, a bowl with a
protruding side is formed in the end surface of each of
the opposed pistons, and the pistons are rotationally ori-
ented in the cylinder to place complementarily con-
cave/convex surfaces of the bowls in opposition to one
another. The complementary concave/convex surface
portions define squish channels that are skewed in dif-
ferent directions with respect to a diametrical direction of
the cylinder. Preferably, although not necessarily, the
combustion chamber cavity defined between these two
end surfaces is an elongated, irregularly-shaped cylinder
that tapers toward each end. The closed, continuously-
curved geometry of the combustion chamber and the op-
positely-skewed squish flows create and sustain a tumble
motion that circulates across the cylinder axis. We have
calculated that this combustion chamber structure can
provide up to a 3.5 times higher tumble ratio than the first
construction.
[0019] In the second construction, an injection port is
positioned along the periphery of the combustion cham-

ber, and is oriented generally transversely to a combus-
tion chamber major axis, allowing for a wide spray ar-
rangement that can be produced by an injector nozzle
with a large number of holes. Preferably, the injection
port is oriented at least generally radially or perpendicu-
larly to the major axis.
[0020] In FIG. 5, the intake piston 180 has an end sur-
face 182 with a flat circumferential area 184 centered on
the longitudinal axis of the piston 180. The flat circum-
ferential area 184 defines a periphery of the end surface
182. A bowl 186 is formed within the periphery: The bowl
186 has a concave surface 188 with a first portion 190
curving inwardly from a plane containing the flat periph-
eral area 184 and toward the interior of the piston 180,
and a second portion 192 curving outwardly from the in-
terior of the piston through the plane containing the flat
peripheral area 184. A notch 194 extends radially through
the periphery into the bowl 186. The end surface 182
further includes a convex surface 195 within the periph-
ery that curves outwardly from the plane containing the
flat circumferential area 184. The convex surface 195
meets the second portion 192 of the concave surface
188 to form a ridge 196 that protrudes outwardly from
the end surface 182.
[0021] As per FIG. 6, the exhaust piston 200 has an
end surface 202 with a flat circumferential area 204 cen-
tered on the longitudinal axis of the piston 200. The flat
circumferential area 204 defines a periphery of the end
surface 202. A bowl 206 is formed within the periphery.
The bowl 206 is offset from the longitudinal axis of the
piston 200. The bowl 206 has a concave surface 208 with
a first portion 210 curving inwardly from a plane contain-
ing the flat circumferential area 204 toward the interior
of the piston 200, and a second portion 212 curving out-
wardly from the interior of the piston through the plane
containing the flat circumferential area 204. The end sur-
face 202 further includes a convex surface 215 within the
periphery that curves outwardly from the plane containing
the flat circumferential area 204. The convex surface 215
meets the second portion 212 of the concave surface
208 to form a ridge 216 that protrudes outwardly from
the end surface 202. A notch 214 extends through the
periphery and the ridge 216 into the bowl 206.
[0022] The ridge 196 seen in FIG. 5 is substantially
higher with respect to the end surface 182 of the intake
piston than the ridge 216 seen in FIG. 6 is to the end
surface 202 of the exhaust piston. The ridge 196 is also
more centrally located with respect to the central axis of
the piston 180 than the ridge 216 is to the axis of the
piston 200. These asymmetries give the squish zone and
the combustion chamber of the second construction
somewhat asymmetrical shapes.
[0023] Referring now to FIG. 7, the two pistons 180
and 200 are shown at or near respective BDC locations
within a cylinder 220. The pistons are rotationally oriented
in the bore of the cylinder 220 so as to align the notches
194, 214 with one another. Air is directed through the
intake port 224 into the cylinder 220 as exhaust products
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flow out of the cylinder through the exhaust port 226. As
the pistons move from BDC toward TDC as per FIG. 8,
the ports are closed and the air in the cylinder is increas-
ingly compressed between the end surfaces 182 and
202. With reference to FIGS. 8, 9, and 9A, as the pistons
approach TDC, compressed air is squished between the
convex surface 195 of the ridge 196 and the concave
surface portion 210, and is also squished between the
convex surface 215 of the ridge 216 and the concave
surface portion 190. The squished air flows into combus-
tion chamber space 240 defined between the end sur-
faces 182 and 202 where it is deflected by the concave
surface portions 192 and 212 into a tumble motion 228.
As is evident from FIGS. 9 and 9A, when the pistons 180
and 200 move through their respective TDC locations,
the surfaces 196 and 216 mesh with the opposing con-
cave surface portions 210 and 190 give the combustion
chamber space 240 the shape of an irregular cylinder.
[0024] As seen in FIGS. 9A and 10, the injection port
defined by the notches 194 and 214 is positioned along
the periphery of the combustion chamber space 240 and
is oriented generally radially to the pistons or transversely
to a combustion chamber "major axis" 242, allowing for
a wide spray plume 248 produced by an injector nozzle
250. Preferably, the injection port is oriented radially with
respect to the pistons 180 and 200 or perpendicularly to
the major axis 242. The fuel 248 injected into the com-
bustion chamber space 240 by the injector nozzle 250 is
deflected by the concave surface portion 192 into mixture
with the tumbling air, thus keeping the air/fuel mixture
well within the combustion chamber space 240 and away
from the cylinder wall.
[0025] Third combustion chamber construction: FIGS.
11-14, 15A, 15B, and 16 illustrate a third combustion
chamber construction defined by complementary end
surface structures of opposed pistons disposed in a
ported cylinder of an opposed piston engine. The third
combustion chamber construction is bordered by squish
surface areas that are larger than the squish areas of
both the first and second constructions so as to provide
a relatively greater squish flow velocity and create a rel-
atively stronger squish flow motion than do the first and
second constructions. Identical generally symmetrical
bowls are formed in the end surfaces of the opposed
pistons, and the pistons are rotationally oriented to place
complementary curved surfaces of the bowls in opposi-
tion in order to maximize the squish surface areas of the
squish zone.
[0026] The end surface structure of each piston has a
periphery surrounding a bowl defining a concave surface.
The concave surface includes a first portion curving away
from a plane containing the periphery surface toward the
interior of the piston and a second portion curving away
from the first portion and protruding outwardly in part from
the plane. A convex surface opposite the bowl curves
away from the periphery and protrudes outwardly from
the plane. The convex surface meets the second portion
of the concave surface to form a ridge therewith. Prefer-

ably, but not necessarily, the bowl has a semi-ellipsoidal
shape. The end surface structure is provided on both
pistons and the pistons are disposed in the bore of a
ported cylinder with their end surfaces oriented to place
complementary curved surfaces of the end surface struc-
tures in opposition in order to define a combustion cham-
ber. Preferably, but not necessarily, the combustion
chamber space defined between these two end surfaces
is, or is very close to, an elongated ellipsoidal cylinder,
providing a generally symmetrical geometry to reinforce
and sustain the tumble motion. It is estimated that this
combustion chamber structure provides a tumble ratio
double that of the second construction. In the third con-
struction, it is desirable that at least one injection port be
positioned on the major axis of the combustion chamber.
[0027] The structures of the piston end surfaces that
define the third construction are essentially identical to
each other; accordingly, the piston 280 shown in FIG. 11
represents both the intake piston and exhaust piston. The
piston 280 has an end surface 282. A flat circumferential
area 284 centered on the longitudinal axis of the piston
280 defines a periphery of the end surface 282. A bowl
286 is formed within the periphery. The bowl 286 has a
concave surface 288 with a first portion 290 curving in-
wardly from a plane containing the flat circumferential
area 284, toward the interior of the piston 280, and a
second portion 292 curving outwardly from the interior of
the piston through the plane. The end surface 282 further
includes a convex surface 295 within the periphery that
curves outwardly from the plane. The convex surface 295
meets the second portion 292 of the concave surface
288 to form a ridge 296 that protrudes outwardly from
the end surface 282. At least one notch 294 extends
through the periphery into the bowl 286; preferably two
aligned notches 294 are provided.
[0028] Referring now to FIG. 12-14, the two pistons
280 having end surfaces shaped as per FIG. 11 are
shown at or near respective BDC locations within the
ported cylinder 220. The pistons are rotationally oriented
in the bore of the cylinder 220 so as to align the end
surfaces in complement; that is to say, the concave sur-
face portion 290 of one piston 280 faces the convex sur-
face 295 of the other piston. Charge air is forced through
the intake port 224 into the cylinder, as exhaust products
flow out of the cylinder through the exhaust port 226. For
purposes of scavenging and air/fuel mixing, the charge
air is caused to swirl as it passes through the intake port
224. As the pistons 280 move from BDC toward TDC as
per FIG. 13, the intake and exhaust ports 224 and 226
close and the swirling charge air is increasingly com-
pressed between the end surfaces 282. With reference
to FIGS. 15A and 15B, as the pistons 280 approach TDC,
compressed air flows from the peripheries of the end sur-
faces through squish channels 299 defined between the
concave-convex surface pairs 290, 295. These squish
airflows flow into a combustion chamber 300 having a
cavity defined between the end surface bowls. At the
same time, compressed charge air nearer the longitudi-
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nal axis of the cylinder continues to swirl. As the pistons
280 move through their respective TDC locations, the
opposing concave-convex surfaces 290, 295 mesh with
one another to give the combustion chamber cavity an
elongated, generally ellipsoidal shape. Opposing pairs
of notches 294 (see FIG. 11) in the end surfaces 282
define injection ports 303 (see FIG. 15A) that open into
the combustion chamber 300 at opposing pole positions
of the ellipsoidal shape. As per FIG. 16, the elongated,
ellipsoidal shape has a major axis 302 that extends be-
tween the opposing pole positions. In other words, the
injection ports 303 are aligned along the major axis 302.
[0029] Interactions between the end surfaces 282 and
charge air are illustrated in FIGS. 17A and 17B. FIG. 17A
shows squish flows into the combustion chamber 300
without charge air swirl; FIG. 17B illustrates how the
squish flows affect and are affected by swirl. As the pis-
tons move toward TDC, squish regions (between oppos-
ing concave-convex surface pairs 290, 295) produce lo-
cally high pressure that directs squish flows of charge air
into the central region of the combustion chamber 300.
In this regard, with reference to FIGS. 15A, 15B and 17A,
at the start of injection, when the pistons are near their
respective TDC locations, the concave-convex surface
pairs 290, 295 generate squish flows 341, 342 into the
combustion chamber 300. As illustrated in FIG. 15B,
these squish flows are oppositely-directed, parallel, and
skewed with respect to the major axis 302. This spatial
relationship causes generation of a tumbling motion 343
when the squish flows encounter the outwardly-directed
end surface portions 292. In this regard, a tumbling mo-
tion is a circulating motion of charge air in the combustion
chamber that is at least generally transverse to the lon-
gitudinal axis of the cylinder; in the case of the tumbling
motion 343, the circulation is generally around the major
axis 302. As per FIG. 17B, when swirl 347 is added to
charge air motion, the swirling motion, depending on its
intensity, counteracts or overcomes squish flow in the
combustion chamber regions 348, and enhances the
squish flow at the interface between the combustion
chamber regions 349. These swirl-plus-squish interac-
tions generate a more intense tumbling motion around
the major axis 302 than do the squish flows alone. Mod-
eling indicates that as the intensity of the initial swirl is
increased, the intensity of this tumbling motion produced
near TDC also increases. In addition, the swirl-plus-
squish interactions with the end surfaces of the pistons
in the combustion chamber 300 produce a second tum-
bling motion about an axis that is orthogonal to the major
axis. For example, such an axis corresponds to, or is
generally parallel to, the equatorial diameter of the elon-
gated ellipsoidal shape. Thus, at the start of injection, the
turbulent motion of the charge air in the combustion
chamber 300 includes a swirl component, incoming
squish flows, and tumble components about orthogonal
tumble axes
[0030] With reference to FIGS. 15A, 15B, and 16, fuel
248 is injected into the tumbling air in the combustion

chamber space 300 by opposed injectors 250. According
to the third construction, the combustion chamber is es-
sentially centered with respect to the longitudinal axes
of the cylinder and the pistons. When the pistons are near
TDC, at least one pair of aligned notches 294 defines at
least one injection port 303 opening into the combustion
chamber cavity 300. The at least one injection port 303
is located at or near one end of the combustion chamber,
aligned with the major axis 302 thereof, so that the fuel
plume 248 is confined between and guided by the op-
posing concave surface portions 292. Preferably, two in-
jection ports-are provided at each end of the combustion
chamber cavity 300, aligned with the major axis thereof,
and fuel is injected from two opposing injectors 250
through the injection ports.
[0031] In some aspects, it is desirable to inject at least
one spray of fuel into a combustion chamber having an
elongated ellipsoidal shape. It is preferable, however, to
inject a pair of opposing sprays of fuel into the turbulent
charge air motion generated in the combustion chamber
by swirl-plus-squish interactions, where the opposing
sprays meet in the combustion chamber and form a cloud
of fuel that is well mixed with the compressed charge air
due to the turbulence. With reference to FIG. 16, the view
is a sectional one at or near the longitudinal midpoint of
the cylinder 220, looking directly into the cylinder’s bore
221 toward a piston end surface 282 disposed in the bore
at a position where it and the unseen piston end surface
define the combustion chamber 300. The cylinder’s axis
is indicated by reference numeral 223. According to the
third construction, the combustion chamber 300 is es-
sentially centered longitudinally with respect to the cyl-
inder’s axis 223. Fuel injectors 250 are positioned with
their nozzle tips 251 disposed at injector ports 265. Each
injector nozzle tip has one or more holes through which
fuel 248 is injected through a respective injector port, into
the combustion chamber 300. Preferably, each injector
tip 251 sprays fuel 248 in a diverging pattern that is
aligned with and travels through an injection port 303
along the major axis 302 of the ellipsoidal combustion
chamber 300, into the central portion of the combustion
chamber 300. Preferably, opposing spray patterns of fuel
are injected into the turbulent air motion in the combustion
chamber 300. In some aspects, the opposing spray pat-
terns meet at or near the center of the combustion cham-
ber and form a cloud of fuel droplets that are mixed with
charge air having a complex turbulent motion that in-
cludes swirl, squish, and tumble components. Preferably,
but not necessarily, the fuel injectors 250 are disposed
such that their axes A are in alignment with each other
and a diametrical direction of the bore 221. This causes
the injector tips to be oriented in opposition along a di-
ameter of the cylinder 220 that is aligned with the major
axis 302.
[0032] The combustion chamber constructions illus-
trated and described hereinabove are intended to be uti-
lized in opposed-piston combustion-ignition engines
which impose swirl on the charge of air forced into the
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cylinder. Nevertheless, the combustion chamber con-
struction can be utilized in those opposed-piston com-
bustion-ignition engines that do not swirl the charge air.
[0033] The pistons and associated cylinder are man-
ufactured by casting and/or machining metal materials.
For example, the pistons may be constituted of a skirt
assembled to a crown on which a piston end surface is
formed. As a further example, but without excluding other
materials, the crown may comprise a high carbon steel
such as 41-40 or 43-40, and the skirt may be formed
using 4032-T651 aluminum. In such cases, the cylinder
preferably comprises a cast iron composition.

Claims

1. An internal combustion engine including at least one
cylinder (220) with longitudinally-separated exhaust
(226) and intake (224) ports, and a pair of pistons
(280) disposed in opposition to one another in a bore
of the cylinder, in which a combustion chamber is
defined between opposing end surfaces (282) of the
pistons, and the end surface (282) of each of the
pistons has a circumferential area (284) defining a
periphery of the end surface and a bowl (286) within
the periphery, the bowl defining a concave surface
(286) with a first portion (290) curving inwardly from
a plane containing the circumferential area toward
the interior of the piston and a second portion (292)
curving outwardly from the interior of the piston
through the plane containing the circumferential ar-
ea; characterized in that:

each bowl (286) has a generally semi-ellipsoidal
shape; and,
the opposing pistons are oriented in the bore
such that a combustion chamber (300) having
an elongated ellipsoidal shape is defined be-
tween the bowls when the pistons are near re-
spective top dead center (TDC) positions in the
bore.

2. The internal combustion engine of claim 1, in which
at least one injector port (265) is provided in the cyl-
inder at a position on a major axis (302) of the com-
bustion chamber.

3. The internal combustion engine of claim 1, in which
each end surface further includes a convex surface
(295) within the periphery and curving outwardly
from the plane containing the circumferential area
(284), and the convex surface (295) meets the sec-
ond portion (292) of the concave surface (286) to
form a ridge (296).

4. The internal combustion engine of claim 3, in which
the opposing pistons (280) are oriented in the bore
such that the convex surface (295) of each piston

end surface (282) defines a squish zone with the
second portion (292) of the concave surface (286)
of the other piston (280) when the pistons (280) are
near respective top dead center (TDC) positions in
the bore.

5. The internal combustion engine of claim 4, in which
opposing concave (286) and convex (295) surface
portions in each squish zone cause squish flow to-
ward a cavity defined between the bowls (286) when
the (280) are near respective TDC positions in the
bore.

6. The internal combustion engine of claim 5, in which
at least one injector port is provided in the cylinder
at a position on a major axis of the cavity.

7. A method for operating the internal combustion en-
gine of claim 1, characterized by:

forming a combustion chamber (300) having an
elongated ellipsoidal shape between the end
surfaces (282) of the pistons (280) as the pistons
move toward respective top dead center posi-
tions in the bore,
providing squish flows (341, 342) of charge air
into the combustion chamber in directions that
are skewed with respect to the major axis (302)
of the elongated ellipsoidal shape,
generating at least one tumbling motion (343)
of charge air in the combustion chamber in re-
sponse to the squish flows (341, 342) and swirl-
ing charge air (347), and
injecting fuel (248) into the combustion cham-
ber.

8. The method of claim 7, in which injecting a charge
of fuel into the combustion chamber includes inject-
ing the fuel along the major axis (302).

9. The method of claim 7, in which injecting a charge
of fuel into the combustion chamber includes inject-
ing opposing sprays of fuel along the major axis
(302).

Patentansprüche

1. Ein Verbrennungsmotor mit zumindest einem Zylin-
der (220) mit in Längsrichtung getrennten Auslass-
(226) und Einlass-(224)-Anschlüssen und einem
Paar von Kolben (280), die entgegengesetzt zuein-
ander in einer Bohrung des Zylinders angeordnet
sind, in der eine Verbrennungskammer zwischen ge-
genüberliegenden Endflächen (282) der Kolben de-
finiert ist und die Endfläche (282) von jedem der Kol-
ben einen Umfangsbereich (284) hat, der eine Peri-
pherie der Endfläche definiert, und eine Schale (286)
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in der Peripherie, wobei die Schale eine konkave
Oberfläche (286) definiert mit einem ersten Teil
(290), der sich von einer Ebene, die den Umfangs-
bereich enthält, hin zu dem Inneren des Kolbens
nach innen wölbt, und einem zweiten Teil (292), der
sich von dem Inneren des Kolbens durch die Ebene,
die den Umfangsbereich enthält, nach außen wölbt;
dadurch gekennzeichnet, dass
jede Schale (286) eine im Allgemeinen halb-ellipsen-
förmige Form hat; und die gegenüberliegenden Kol-
ben in der Bohrung derart ausgerichtet sind, dass
eine Verbrennungskammer (300) mit einer längli-
chen ellipsenförmigen Form zwischen den Schalen
definiert wird, wenn die Kolben in der Nähe von je-
weiligen "oberer Totpunkt (TDC - top dead center)"-
Positionen in der Bohrung sind.

2. Der Verbrennungsmotor gemäß Anspruch 1, wobei
zumindest ein Einspritzanschluss (265) in dem Zy-
linder an einer Position auf einer Hauptachse (302)
der Verbrennungskammer vorgesehen ist.

3. Der Verbrennungsmotor gemäß Anspruch 1, wobei
jede Endfläche weiter eine konvexe Oberfläche
(295) in der Peripherie umfasst und sich von der Ebe-
ne, die den Umfangsbereich (284) enthält, nach au-
ßen wölbt, und die konvexe Oberfläche (295) auf
den zweiten Teil (292) der konkaven Oberfläche
(286) trifft, um eine Kante (296) zu bilden.

4. Der Verbrennungsmotor gemäß Anspruch 3, wobei
die gegenüberliegenden Kolben (280) in der Boh-
rung derart ausgerichtet sind, dass die konvexe
Oberfläche (295) jeder Kolbenendfläche (282) eine
Quetschzone mit dem zweiten Teil (292) der konka-
ven Oberfläche (286) des anderen Kolbens (280)
definiert, wenn die Kolben (280) in der Nähe von
jeweiligen "oberer Totpunkt (TDC - top dead cen-
ter)"-Positionen in der Bohrung sind.

5. Der Verbrennungsmotor gemäß Anspruch 4, wobei
gegenüberliegende konkave (286) und konvexe
(295) Oberflächenteile in jeder Quetschzone einen
Quetschfluss hin zu einem Hohlraum veranlassen,
der zwischen den Schalen (286) definiert ist, wenn
die Kolben (280) in der Nähe von jeweiligen TDC-
Positionen in der Bohrung sind.

6. Der Verbrennungsmotor gemäß Anspruch 5, wobei
zumindest ein Einspritzanschluss in dem Zylinder an
einer Position auf einer Hauptachse des Hohlraums
vorgesehen ist.

7. Ein Verfahren für einen Betrieb des Verbrennungs-
motors gemäß Anspruch 1, gekennzeichnet durch:

Bilden einer Verbrennungskammer (300) mit ei-
ner länglichen ellipsenförmigen Form zwischen

den Endflächen (282) der Kolben (280), wenn
sich die Kolben hin zu jeweiligen "oberer Tot-
punkt (TDC - top dead center)"-Positionen in der
Bohrung bewegen,
Vorsehen von Quetschflüssen (341, 342) von
Ladeluft in die Verbrennungskammer in Rich-
tungen, die schräg sind in Bezug auf die Haupt-
achse (302) der länglichen ellipsenförmigen
Form,
Erzeugen zumindest einer Taumelbewegung
(343) von Ladeluft in der Verbrennungskammer
in Reaktion auf die Quetschflüsse (341, 342)
und wirbelnder Ladeluft (347), und
Einspritzen von Kraftstoff (248) in die Verbren-
nungskammer.

8. Das Verfahren gemäß Anspruch 7, wobei das Ein-
spritzen einer Ladung von Kraftstoff in die Verbren-
nungskammer ein Einspritzen des Kraftstoffs ent-
lang der Hauptachse (302) umfasst.

9. Das Verfahren gemäß Anspruch 7, wobei das Ein-
spritzen einer Ladung von Kraftstoff in die Verbren-
nungskammer ein Einspritzen von entgegengesetz-
ten Sprays von Kraftstoff entlang der Hauptachse
(302) umfasst.

Revendications

1. Moteur à combustion interne comprenant au moins
un cylindre (220) avec des lumières d’échappement
(226) et d’admission (224) séparées longitudinale-
ment, et une paire de pistons (280) disposés en op-
position l’un par rapport à l’autre dans un alésage
du cylindre, dans lequel une chambre de combustion
est définie entre des surfaces d’extrémité opposées
(282) des pistons, et la surface d’extrémité (282) de
chacun des pistons comporte une zone circonféren-
tielle (284) définissant une périphérie de la surface
d’extrémité et un bol (286) à l’intérieur de la périphé-
rie, le bol définissant une surface concave (286) avec
une première partie (290) s’incurvant vers l’intérieur
à partir d’un plan contenant la zone circonférentielle,
vers l’intérieur du piston, et une deuxième partie
(292) s’incurvant vers l’extérieur à partir de l’intérieur
du piston, à travers le plan contenant la zone circon-
férentielle, caractérisé en ce que :

chaque bol (286) a une forme globalement semi-
ellipsoïdale ; et
les pistons opposés sont orientés dans l’alésage
de telle sorte qu’une chambre de combustion
(300) ayant une forme ellipsoïdale allongée soit
définie entre les bols lorsque les pistons sont
proches des positions de point mort haut (PMH)
respectives dans l’alésage.
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2. Moteur à combustion interne selon la revendication
1, dans lequel au moins une lumière d’injecteur (265)
est réalisée dans le cylindre dans une position sur
un axe principal (302) de la chambre de combustion.

3. Moteur à combustion interne selon la revendication
1, dans lequel chaque surface d’extrémité comprend
de plus une surface convexe (295) à l’intérieur de la
périphérie, et s’incurvant vers l’extérieur à partir du
plan contenant la zone circonférentielle (284), et la
surface convexe (295) rencontre la deuxième partie
(292) de la surface concave (286) de façon à former
une arête (296).

4. Moteur à combustion interne selon la revendication
3, dans lequel les pistons opposés (280) sont orien-
tés dans l’alésage de telle sorte que la surface con-
vexe (295) de chaque surface d’extrémité de piston
(282) définisse une zone de pression de fin de com-
pression avec la deuxième partie (292) de la surface
concave (286) de l’autre piston (280) lorsque les pis-
tons (280) sont proches de positions de point mort
haut (PMH) respectives dans l’alésage.

5. Moteur à combustion interne selon la revendication
4, dans lequel des parties de surface concave (286)
et convexe (295) opposées dans chaque zone de
pression de fin de compression provoquent un écou-
lement de pression de fin de compression vers une
cavité définie entre les bols (286) lorsque les pistons
(280) sont proches de positions de point mort haut
respectives dans l’alésage.

6. Moteur à combustion interne selon la revendication
5, dans lequel au moins une lumière d’injecteur est
réalisée dans le cylindre dans une position sur un
axe principal de la cavité.

7. Procédé pour faire fonctionner le moteur à combus-
tion interne selon la revendication 1, caractérisé
par :

la formation d’une chambre de combustion
(300) ayant une forme ellipsoïdale allongée en-
tre les surfaces d’extrémité (282) des pistons
(280) lorsque les pistons se déplacent vers des
positions de point mort haut respectives dans
l’alésage,
la délivrance d’écoulements de pression de fin
de compression (341, 342) d’air de charge dans
la chambre de combustion dans des directions
qui sont inclinées par rapport à l’axe principal
(302) de la forme ellipsoïdale allongée,
la génération d’au moins un mouvement de ren-
versement (343) d’air de charge dans la cham-
bre de combustion en réponse aux écoulements
de pression de fin de combustion (341, 342) et
à de l’air de charge tourbillonnant (347), et

l’injection de carburant (248) dans la chambre
de combustion.

8. Procédé selon la revendication 7, dans lequel l’in-
jection d’une charge de carburant dans la chambre
de combustion comprend l’injection du carburant le
long de l’axe principal (302).

9. Procédé selon la revendication 7, dans lequel l’in-
jection d’une charge de carburant dans la chambre
de combustion comprend l’injection de jets de car-
burant opposés le long de l’axe principal (302).
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