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PISTON CROWN BOWLS DEFINING COMBUSTION CHAMBER CONSTRUCTIONS
IN OPPOSED-PISTON ENGINES

PRIQRITY

{0001]  This application is a continugtion-in-pant of US patent application 13/066,589,
filed 04/18/2011, which claims prionty to: US provisional application 61/343,308, filed
04/27/2010; US provisional application §1/385,845, filed 05/18/2010; and US provisional
application 61/401,598, filed 08/16/2010.

[0002] This application is a continuation-in-part of PCT application US2012/038081,
filed 05/16/2012, which claims priority to US provisional application 8§1/519,194, filed
DB18/2011.

RELATED APPLICATIONS

[6003] This application contains material related to that of US patent application
13/136,854, filed 08/15/2011 and published as US 2012/0073541 an 03/28/2012 and US
patent application 13/136,955, filed 08/15/2011 and published as US 2012/0073526 on
03/28/2012.

BACKGROUND

[0004] The fielid is combustion chambers for inlernal combustion engines. In
particular, the field includes constructions for opposed-piston engines in which a
combustion chamber is defined between crown bowls of pistons disposed in opposition
it the bore of a ported cvlinder.

[0005] Per FIG. 1, a prior art opposed-piston engine includes at least one cylinder 10
with g bore 12 and longitudinally-displaced intake and exhaust ports 14 and 16
machined or formed therein. in some aspects the construction of the cylinder 10 includes
a cylinder liner {or sleeve} that defines the bore. Fuel injectors 17 are secured in injector
ports (ports where injectors are positioned)} that open through the side surface of the
cylinder. Two pistons 20, 22 with closed end regions {"crowns”} 20c, 22¢ are disposed in
the bore with end surfaces 20e, 22e of the crowns facing each other. For convenience,
the piston 20 is denominated as the “intake” piston because of its proximity to the intake
port 14, Similarly, the piston 22 is denominated as the "gxhaust” piston because of s
proximity fo the exhaust port 16,

[0008] Operation of an opposed-piston engine with one or more pored cylinders
{cylinders with one or more of intake and exhaust ports formed therein) such as the
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cylinder 10 is well understood. in this regard, in response to combustion the opposed
pistons move away from respective top dead center {TDC) positions where they are at
their innermost positions in the cylinder 10. While moving from TDC, the pistons keep
their associated ports closed until they approach respective bottom dead center (BDC)
positions where they are al thelr outermost positions 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. In other configurations, timing
offsets can be implemented by placing intake and exhaust ports at different distances
from the longitudinal center of the cylinder.

[0007] In many opposed-piston constructions, a phase offsetl 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 inn a
sequence in which the exhaust port 16 opens as the exhaust piston 22 moves through
BOC while the intake port 14 is still closed so that combustion gasses start {o 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 exhaust gasses oul of the cylinder through the exhaust port
18. As seen in FIG. 1, after further movement of the pistons, the exhausi 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 #t passes through ramped openings of the
intake port 14. With reference to FIG. 1, the switling motion {or simply, “swirl™) 30 is a
generally helical movement of charge air that circulates around the cylinder's fongitudinal
axis and moves longitudinailly 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 i the cylinder is compressed between the end surfaces 20e, 22e
of the crowns 20c and 22¢. As the pistons near thelr respective TDC locations in the
cylinder bore, fusl 40 is injected into the compressed charge air, between the end
swfaces 20e, 22e of the pistons. In some aspects, the fuel 8 injected directly through
the side of the cylinder, into the bore, via the injeciors 17 (“direct side injection”). As
injection continues, the swirling mixiure of air and fuel is increasingly comprassed in a
combustion chamber 32 defined between the end surfaces 20e and 22e as the pistons
20 and 22 move through their respective TDC locations. When the mixture reaches an
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ignition temperature, the fuel ignites i the combustion chamber, driving the pistons

apart toward their respective BDC locations.

[0008] Turbulence is a desirable fealure of charge air motion as fuel injection begins.
Turbulence encourages the mixing of charge air with fuel for more complete combustion.
The geometries of the intake port openings and the cylinder of an opposed-piston engine
provide a very effective platform for generation of an appropriate swirtling motion of the
charge air that promotes both removal of exhaust gasses {scavenging) and charge air
furbulence. 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, swirtt pushes the flame
toward the cylinder bore, causing heat loss o the (relatively) cooter oylinder wall. The
higher velocity vectors of swirl occur near the cylinder wall, which provides the worst
scenario for heat losses: high temperature gas with high velocity that transfers heat {o
the cylinder wall and lowers the thermal efficiency of the engine. Accordingly, in such
opposed-piston engines, i is desirable o maintain charge air turbulence as injection
starts while mitigating the undesirable effects produced by swirl.

{0009] In cerlgin opposed-piston combustion chamber constructions, turbulence is
produced by squish flow from the periphery of the combustion chamber in a radial
direction of the cylinder toward the oylinder's axis. Squish flow is generated by
movement of compressed air from a relatively high-pressure region at the peripheries of
the piston end suifaces {0 a lower-pressure region in a bowl formed n at least one
piston end surface. Squish flow promotes charge air furbulence in the combustion
chamber. For example, US patent 6,170,443 discloses a cylinder with a pair of opposed
pistons having complementary end surface constructions. A circular concave depression
formed in one end sutface is symmetrical with respect {o the axis of its piston and rises
{0 a plateau in ifs 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
pistons approach TDC, they define a generally toroidally-shaped combustion chamber
centered on the longitudinal axis of the cylinder. The combustion chamber is surrounded
by a circumferential squish band defined between 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
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center.” See the '443 patent at column 18, fines 25-27. Fuel is injected into the foridal
combustion chambaer in a radial direction of the bore

[0010] Increasing the twbulence of charge air in the combustion chamber increases
the effectivenass of airfiuel mixing. Domination of charge air motion by swirl or squish
flow alone does achieve a certain level of turbulence. Nevertheless, #t is desirable {o
create additional elements of charge air motion as injection commences in order fo
produce even more turbulence of the charge air, which promotes more uriform mixing
than can be obtaned with swirl and/or squish, and to mitigate the effecis of swirl thereby
{o reduce the cariage of the heat of combustion to the cylinder wall, one such additional
companent is tumble. i this regard, tumble is a rotating movement of charge air that
circulates in a direction that is Wansverse o the longitudinal axis of the cylinder.
Preferably, the tumbling motion is a circulation of charge air that circulates around a

diameter of the cylinder bore.

{0011]  An exemplary combustion chamber construction for an opposed-piston engine
that generates a tumbling component of charge air motion is described and illustrated in
U8 2011/0271932. The engine includes at least one cylinder with longitudinally-
separated exhaust and intake porls, and & pair of pistons disposed in opposition for
reciprocating in a bore of the cylinder. As the pistons move toward TDC, a combustion
chamber having an elongated ellipscidal shape is formed in the bore, between the end
surfaces of the pistons. The shapes of the end surfaces generate squish Hows of charge
air having complementary directions that are skewed with respect {o a major axis of the
combustion chamber. inferaction of the end surface shapes with squish and swirl
components of the charge air motion causes genergtion of one or more tumbling
motions in the combustion chamber,

[0012]  Preferably, the end surface structures of the opposed pistons are identical in
shape such that each end surface has g circumferential area centered on the
fongitudinal axis of the piston, and a bow! within the circumferential area that defines a
concave surface with a first portion curving inwardly from a plane containing the
circumferential contact area toward the interior of the piston and a second portion
curving outwardly from the interior of the piston from the plane containing the
circumferential contact area. The pistons are rotstionally oriented to place
complementary curved surfaces of the bowils in opposition in order fo maximize the
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squish surface areas of the squish zone. These features result in a combustion chamber

having the general shape of an elongated ellipsod.

[0013] It has become apparent that a combustion chamber construction for an
opposed-piston engine which is specified only as having the general shape of an
elongated ellipsoid does not take into accournt features and dimensions of that "general
shape” that can be varied individually, or collectively, in order to increase engine design
flexibility and enable achievement of specific goals and requirements for opposed-piston
engine performance. Accordingly, there is a need in the field of opposed-piston engine
configuration for a sysiematic volumetric model with which 1o define combustion
chamber constructions by characterization of {eatures and dimensional relalionships of
combustion chamber elements.

SUMMARY

[0014] The three-dimensional shape of the combustion chamber formed between the
crowns of two opposed pistons whose end surfaces include bowis has previously been
described as ellipsoidal or football-shaped. In this specification, the three-dimensional
combustion chamber shape is described in ferms of a two-timensional cross-section
{hat includes shape parameters defining a main volume of the combustion chamber. The
main volume of the combustion chamber includes a central region that is closest to the
axis of the cylinder which contfains the pistons; in some aspects, a portion of the central
region is substantially spherical. The two-dimensional cross-section defines a three-
dimensional combustion chamber shape that allows the production of tumble due io
squish flows direcled fangentially to the combustion chamber. Other paraliel cross-
sections have a similar shape with the exception of a near-injector region where a ridge
height approaches zero and a timing edge and squish regions merge to form horizontal
squish regions. Desirably, a full three-dimensional piston end surface can be constructed
by specifying shape and dimensional parameters of the combustion chamber as a
function of the distance along a fuel injection axis.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 is a side sectional partially schemalic 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".
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[0018] FIG. 2 is a side sectional partially schematic drawing of the cylinder of FIG. 1
with the prior art opposed pisions near respective top dead center locations where flat
end surfaces of the pistons define a prior art combustion chamber, and is appropriately
fabeled “Prior Art".

{00171 FiG. 3 is a representational schemalic drawing showing a oross-section of a
combustion chamber defined between the end surfaces of a pair of opposed pistons
near their respective TDC locations in a cylinder bore,

[0018] FIG. 4A is an perspective elevation view of one piston of a pair of pistons in
which identical end surfaces of the pair of pistons are formed to define a combustion
chamber construction in an opposed-piston engine, FIG. 4B is a side sectional view of
the piston of FiG. 4A, taken along 4B-4RB.

[0019] FIG. 5 is a view of the end surface of the piston of FIG. 4A

[0020] FIG. 8 is a side sectional drawing of a cylinder iiner in which a pair of apposed
pistans having the construction Hustrated in FIGS. 4A and 4B are disposed.

[0021] FIG. 7 is a diamelrical cross-section of the cylinder liner of FIG. 6 showing an
end view of one of the opposed pistons of FIG. 8 near g {op dead center position.

[0022] FIGS. 8A, 8B, and 8C are side sectional drawings corresponding to section
lines 8A-8A, 8B-8B, and 8C-8C, of FIG. 5 and showing central, intermediate, and near-
injector regions, respectively, of a combustion chamber formed between a pair of
opposed pisions having the construction illustrated in FIGS. 4A and 4B.

[0023] FiG. 8 is an end view of a piston crown with a8 bowl shape for forming an
ellipsoidally-shaped combustion chamber of an opposed-piston engine.

[0024] FIG. 10 is an end view of a piston crown with a bowl for forming a combustion
chamber of an opposed-piston engineg, in which the bowl shape has reduced volume
near the injectors and reduced volume in the central region of the combustion chamber.

[0025] FIGS. 11A and 118 are enlarged, partial sectionatl views of a piston crown in
an alevation view that is orthogonat to 4B-48 in FIG. 4A.

DETAILED DESCRIPTION

[0026] in the combustion chamber consbructions (o be described, an internsl
combustion engine includes at least one cylinder with longitudinally-separated exhaust
and intake ports; see, for example, the cylinder 10 illustrated in FIGS. 1 and 2. A pair of

8
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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 piston crowns as the
pistons move toward fop dead center positions. A circumferential area on each piston
crown defines a periphery on each of the end surfaces. The combustion chamber
fncludes a cavity defined between the end surfaces, and has at least one opening
fhrough which fuel is injected (hereinafter an “injection port™) that is disposed at least

generally in a radial direction of the cylinder and opens into the cavity.

{0027] During operation of the internal combustion engine, as the pistons approach
TDC, squish zones direct flows of compressed air {called “squish flows") info the
combustion chamber in complementary directions that are skewed with respect fo a
diametrical direction of the bore. This process is referred to as "generating squish”, The
partions of the end surfaces that generate squish are referred to as squish surfaces, and
channels defined between the sqguish surfaces are referred to as squish channels.
Squish flow is deflected or redirected by one or more curved surfaces in & combustion
chamber cavily into at least one tumble motion that circulates in the cavity.

[0028] In the following descriptions, "fuel” is any fuel that can be used in an opposed-
piston engine. The fuel may be a relalively homogensous 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 compression of an alrffuel
mixture, however it may be desirable to provide additional mechanisms, such as glow
plugs, to assist compression ignition. The descriptions contempiate injection of fuel into
a compressed gas in a combustion chamber. The gas is preferably pressurized ambiant
air; however, it may include other companents such as exhaust gases or other diluents.

in any such case, the gas is referred {0 as “charge air.”

{0029] FIG. 3 schematically represents a cross-section taken through the longitudinal
center of the combustion chamber of an opposed-piston engine in a plane that
orthogonally intersects a major axis Y of the combustion chamber, in some aspecis, the
major axis of the combustion chamber is also the axis of fuel injection into the
combustion chamber. in FIG. 3, RB is the bore radius, RT is the timing edge radius, His
the unrounded ridge height, RL is the ridge round radius, and R is the radius of the main
volume of the combustion chamber. Specifying each of these combustion chamber
paramelers as 3 function of distance along the axis () will describe the three
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dimensional construction of a bowl formed in the end surface of gach of the opposed

pistons.

[0030] Combustion chamber construction; FIGS. 4A, 4B and 57 ilusirate a
combustion chamber construction that is defined by complementary end surface

structures of the crowns of a pair of pistons disposed in a ported cylinder of an opposed-
piston engine. The combustion chamber construction includes squish surface areas that
provide a squish flow into the combustion chamber. ldentical bowls are formed in the
end surfaces of the opposed pistons, and the pistons are rotationally onented to place
complementary curved surfaces of the bowls in opposition in order 1o maximize the
squish surface areas of the squish zone. As will be appreciated, the end suiface
structures are described parameirically by the elements of FIG. 3.

[0031] The end surface structure of each piston has a pariphery surrounding a howt
defining a concave surface. The concave surface includes a first poriion 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 oubwardly in part from
{he plane. A convex surface opposite the bowl cwrves away from the periphery and
protrudes outwardly from the plane. The convex surface mseets the sscond portion of the
concave surface o form a ridge therewith. The end surface structure is provided on both
pistons and the pistons are disposed in the bore of a porled cylinder with their end
surfaces oriented 1o place complementary curved surfaces of the end surface structures
in opposition in order to define a combustion chamber. The combustion chamber space
defined between these two end surfaces has a generally symmelrical geometry {0
reinforce and sustain fumble motion.

[0032] The structures of the piston end susfaces that define the combustion chamber
construction are essentially identical to each other; accordingly, the piston 80 shown in
FIGS. 44, 4B and 5 represents both the intake piston and exthaust piston. The crown of
the piston 80 has end and side swifaces 82 and 83. The end and side surfaces 82 and
83 meet at a periphery 84 centered on the longitudinal axis 87 of the piston 80. Typically,
although not necessarily, the periphery 84 is bordered by a circumferential area 85, In
some aspects, the circumferential area has a generally annular shape except where
notches 84 are formed. A bowl 86 is formed within the periphery. With reference 1o a
plane that is orthogonal to the longitudinal axis 87 of the piston and that contacts the
periphery 84, the bowl 86 has a concave surface 88 with a first portion 80 curving
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inwardly from the plane, toward the interior of the piston 80, and a second portion 92
curving outwardly from the interior of the piston through the plane. The end surface 82
further includes a convex surface 85 within the periphery that curves outwardly from the
plane. The convex surface 95 meets the second portion 92 of the concave surface 88 {o
form g ridge 96 that protrudes outwardly from the end surface 82. Al least one noich 24
exiends through the periphery into the bowl 86, preferably two aligned nolches 94 are

provided.

[0033] Referring now to FIGS. 8 and 7, a cylinder 10 includes a liner (or slesve} 11
Two opposed pistons 80 having end surfaces shaped as per FIGS. 4A, 4B and 5 are
disposed in a odinder bore defined by the liner 1. The pistons 80 are rotationally
griented in the borg so as to align the end surfaces in complament; that is o say, the
concave surface portion 90 of one piston 80 faces the convex surface 95 of the other
piston. When the pistons 80 are near BDC, charge air is forced through an intake port
into the cylinder, as exhaust products fiow out of the cylinder through the exhaust port
For purposes of scavenging and airffuel mixing, the charge air is caused o swirl as #
enters the cylinder. As the pistons 80 move from BDC toward TDC, the intake and
exhaust ports close and the swirling charge air is increasingly compressed between the
end surfaces 82. As the pistons 80 approach TDC, compressed air flows from the
peripheries of the end surfaces through squish channels 99. These squish airflows enter
a combustion chamber 100 having a cavily defined between the end surface bowls, Al
the same time, compressed charge air continues to swirl. As the pistons 80 move
through their respective TDC focations, the opposing concave-convex surfaces 80, 85
mesh with one another o give the combustion chamber cavily iis elongated shape.
Opposing pairs of notches 94 in the end surfaces 8¢ define injection ports 103 that open
into the combustion chamber 100 at opposing pole positions of the combustion chamber.
As per FIG. 7, the combustion chamber has an slongated shape with & major axis Y that
extends between the opposing pole positions. In other words, the injection ports 103 are
gligned along the major axis Y.

[0034] Interactions between the end suwifaces 82 and charge air are fllusirated and
described in related US 2011/0271932. In this regard, squish flows into the combustion
chamber alfect and are affected by swirl. With regard to FIG. 6, as the pistons move
foward TDC, squish regions (between opposing concave-convex surface palrs 90, 95
produce iocally high pressure that directs squish flows of charge air into the combustion
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chamber 100. In this regard, at the start of injection, when the pistons are near their
respective TDC locations, the concave-convex surface pairs 50, 95 generate squish
flows 141, 142 into the combustion chamber 100. These squish flows are oppositely-
directed, parallel, and skewed with respect to the major axis Y. This spatial relationship
causes generation of a tumbling motion 143 when the squish flows encounter the
outwardly-directed end surface porions 92. The tumbling motion is a circulating motion
of charge air in the combustion chamber that is at least generally fransverse to the
longitudinal axis of the cylinder; in the case of the tumbling motion 143, the circulation is
also generally around the major axis Y. When swirl is added {o charge air motion, the
swirting motion, depending on its inlensity, interacts with the squish flows {0 generate 3
more intense tumbling motion around the major axis Y than do the squish flows alone. In
addition, the swirlbplus-squish interactions with the end surfaces of the pistons in the
combustion chamber 100 produce additional tumbling motion about an axis that is
orthogonal (o the major axis. Thus, at the start of injection, the turbulent moation of the
charge air in the combustion chamber 100 includes a swirl component, incoming squish

flows, and tumble components about orthogonatl tumble axes.

[0035] With reference to FIG. 7, fuel 148 is injected into the tumbling air in the
combustion chamber space 100 by opposed injectors 150. According to the illusirated
construction, the combustion chamber is essenfially centered with respect {o the
longitudingl axis 123 of the oylinder {which is collinear with the pistons’ longitudinal
axes). When the pistons are near TDC, pairs of aligned notches 94 define at least two
injection ports, one at each end of the combustion chamber cavity 100, aligned with the
major axis Y thereof, and fuel is injected from two oppasing injectors 150 through the

fnjection ports,

{0036] In some aspects, it is desirable {o inject opposing spray patterns of fuel into
the turbulent charge siv motion genersted i the combustion chamber 100, where the
opposing sprays meet in a central region of the combustion chamber and form a cloud of
fuel that is well mixed with the compressed charge air due to the tuwrbulence. With
reference to FIG. 7, the view is a sectional one at or near the longiudinal midpoint of the
cylinder liner 11, locking directly into the cylinder bore 21 foward a crown end surface 82
disposed in the bore at a position where it and the unseen crown end surface define the
combustion chamber 100, According to the illustrated construction, the combustion
chamber 100 is essentially centered longitudinally with respect to the cvlinders

10
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longitudinal axis 123. Fuel injectors 150 are posiioned with their nozzle tips 151
disposed at injector ports 1685, Each injector nozzie fip has onhe or more holes through
which fuel 148 is injected through a respective injector port, into the combustion
chamber 100. Preferably, each injector tip 151 sprays fuel 148 in a diverging patiern that
is gligned with and travels through an #jection port 103 along the major axis Y of the
combustion chamber, into the central region 104 of the combustion chamber. Preferably,
opposing spray patterns of fuel are injected into the twbulent air motion in the
combustion chamber 100, In some aspects, the opposing spray patterns meet in the
central region 104 of the combustion chamber and form a cloud of fuel vapor that is
mixed with charge air having a complex turbuient motion that includes swirl, squish, and
tumble components. Preferably, but not necessarily, the fuel injectors 150 are disposed
such that their axes A are in glignment with each other and a diametrical direction of the
bore 21. This causes the injector tips 151 to be oriented in opposition along a diameter
of the oylinder that is glighed with the major axis Y.

{0037] General Combustion Chamber Description: With reference to FIGS. 3, 4A, 48,
and 5, the combustion chamber formed between identical crown end surfaces is

described volumetrically by assigning respective values to the parameters RB, RT, H,
RL, and R as a function of distance along the combustion chamber's major axis Y. The
set of paramaetric values directly describes the construction of a three-dimensional crown
end surface with a periphery, a bowi, and a ridge as exemplified by the end surface B2 of
the piston 80. Since a combustion chamber is defined between the end surfaces of
opposed pistons described by the values of RB, RT, R, H, and RL, the same set of
parametric values describes the combustion chamber.

{D038] The first parameter, RB, has a value corresponding o the distance from the
major axis Y of the combustion chamber 1o the periphery 84, {aken along a line segment
of a chord of the cylinder bore in which the ospposed pistons are disposed for movement.
The RB line segment is orthogonal to the major axis Y. RB is a known function of Y
since the overall piston must be circular to fit in the cylinder. In those aspects where the
periphery 84 is bordered by a flat circumferential area, the second parameter, RY, is
measured between the major axis Y and the inner edge 85e of the flat circumferential
area. RT is also typically a known function of Y since the flat circumferential area is
fypically an annular region (with the exception of the near-notch regions), although this is
not required. The third parameter, R, is the radius of the main volume of a combustion

11
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chamber. A variation of R is typically specified as a function of distance along the major
axis Y from the longitudinal center of the oylinder (where Y=0}. In some aspects, R
varies as a decreasing function of distance from the longitudinal center of the cylinder,
which concentrates the combustion volume in the center of the cylinder, near s axis,
and reduces heat fransfer {0 the cylinder liner. An unrounded height, H, of the ridge 96 is
specified as a function of distance along the major axis Y from the longitudinal center of
the cylinder. In some aspects, H is specified as a decreasing function of distance from
the longitudinal center of the cylinder. As the value of H decreases at a given cross~
section, the lengths of the squish channels 99 decrease, and the cross-section of the
combustion chamber becomes less-circular. As the value of M increases fowards R, the
cross~section of the combustion chamber becomes more circular, but this can create a
piston ridge 86 that is difficult to manufacture and cool. These effects can be mitigated
through specification of the ridge round radius, RL as a function of distance along the
major axis Y from the fongitudinal center of the cylinder. In some aspects, RL varies as a
changing function of distance along the major axis Y. In this regard, larger RL values at
a given cross-section reduce the circularity of the combustion chamber and decrease the
length of the squish channels 98, Iy some crown constructions, RL is applied to a three-
dimensional curve at the intersection of a pair of three-dimensional surfaces, resulting in
an eiliptical round in two-dimensional cross-sections of the crown. However, for
simplicity cireular rounds are used in the description of the crown shape represented by
a sequence of two-dimansional cross-sections.

{0039] FIGS. 8A, 8B, and 8C are side sectional drawings corresponding fo section
fines 8A-BA, 8B-8B, and 8C-8C, of FIG. § and showing central, intermediate, and near-
fnjector regions, respeciively, of a combustion chamber according o FIG. 8 formed
between the crowns of & pair of opposed pistons having the construction ilustrated in
FIGS. 4A and 4B, FIG. BA corresponds to a plane that is orthogonatl to the major axis Y
of, and that bisects, the combustion chamber; in some aspects the plane containg the
longitudinal axis of the cylinder. in this example, Y=0 and RB, RT, R, and H are al
maximum values. FIG. 8B corresponds 1o a plane that is orthogonal to the major axis Y
and intersects the combustion chamber at a value Y=y, that is greater than zero, but
fess than the radius of the cylinder bore. FIG. BC corresponds to a plane that s
orthogonal to the major axis Y and intersects the combustion chamber near an injection
port 103, at a value Y=y, thal approaches the radius of the cylinder bore. As per these
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figures, both R and H decrease in value from the longitudinal center of the cylinder in a

direction along the major axis Y.

[0040] In the construction illustrated by FIGS. 8A-8C, representative values of the
parameters depend entirely on the bore size. For example, presume a cylinder bore size
of 88.425 mm for a representative opposed-piston engine. in this case, RB is (88425
mmi2){cos{ 7 *Y/88.425 mim) so that RB has a maximum value at Y=0 in FIG. 8A and
consecutively smaller values at Y=yt and Y=y2 in FIGS. 88 and 8C,
respectively, Presuming that the annular border abutting the periphery 84 is 3 mm wide,
fhen RT is (92.425 mm/27cos{ 7 *Y/R2.425 mm). Representative values for the other
parameters nclude, typically, a value of around & mm for RL near the position shown in
FIG. BA

[0041] FIG. 9 illustrates a piston crown with a bowl 88 formed in the end surface 82
having a shape that forms an ellipscidal combustion chamber. By adjusiing the
parameters described in the previgus paragraph, volume is removed from the bowl
shape of FIG. 8 near the injector notches 94, primarily by decreasing R but with
modifications made to H and RL as wsll, and volume is added in the central region 104
of the combustion chamber, primarily by increasing R values in the region midway
between the injector nolches, with modificalions made to H and RL. The resulting bowl
shape is that shown in FIGS. 4A, 4B, and 5. The parameters can aiso be adjusted {o
produce a piston crown bowl 86 having a shape as seen in FIG. 10, which has a lower
iotal clearance volume 0 increase the compression ratic while maintaining a similar
geometrical shape. The bowl shape shown in FIG. 10 has reduced volume near the

injector notches 94 and in the central region 104 of the combustion chamber.

{0042] Using the parameterized description disclosed and illustrated herein,
maodifications can be made to bowls formed in the crowns of opposad pistons for the
purpose of contradling the distribution of volume within a combustion chamber in an
opposed-piston engine. Refer to FIGS. 3 and 7 {0 understand an example of such
distribution. Depending on the total clearance volume reguired o achieve a desired
compression ratio and the local volume required for adequate air entrainment into the
fuel sprays 148 from the injectors 150 at the periphery of the cylinder, the volume of the
combustion chamber 100 can be concentrated in the central combustion chamber region
104 by decreasing R from a maximum value at Y=0 at a first rate that produces a
generally spherical space centered midway belween the injeclors 1580, and then
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reducing the rate of change of R to a second, lower rate that produces spaces on either
side of the central region 104 that taper along the major axis Y toward the injeciors 150.
Positioning a larger portion of the volume of the combustion chamber in the middle of the
cylinder in such a manner keeps the combusting mixiure further away from the cylinder
tiner thereby reducing heat ransfer losses.

{0043] With reference to FIG. 4B, the piston 80 is consiructed with an annular cooling
gallery 200 inside the crown of the piston 80, a top land 204, and one or more circular
ring-grooves under the land 204. it is desirable o limit the lemperature of the ring
grooves so as to reduce or eliminate coking of lubricating oil in the grooves, which can
lead to ring jacking and subseguent ring andfor bore scuffing. One way to limit the ring
groove temperature is o place as much of the cooling capacity of the gallery 200 as
close to the fop land 204 as possible. The construction of a highly contoured piston bow!
such as is described and #lustrated in this specification can be adapted {o achieve this
phjective. In this regard, with reference to FIGS. 4B, 11A, and 118, the combustion
chamber radius R can be changed in value from a central combustion region of the bowl
86 along an axis or a diameter extending between the notches 94 in such a manner as
fo reduce volume of the bowl near the nofches. For example, in the case of two
dismetrically-opposed fuel injectors, R changes value along an injector centarline 225 so
as to enabile the piston coocling gallery 200 to extend info an interior corner portion of the
crown between the end surface 82 and the fop land 204, For example, in FIG. 11A the
value of R in bowl space near the periphery 84 of the end surface 82 fransitions along
the injector centerline In value toward a notch 84 at a first rate that provides more
combustion chamber volume near the notch than the lower rate shown in FIG. 11B. In
this regard, as per FIG, 118 the combustion chamber shape is modified so as fo reduce
the chamber volume near the injector notches 84, thereby enabling the cooling gallery
200 to extend further into the comer 207 between the end swrface 82 and the top land
204 so as o insulate the top ring-groove 208 fram the hot piston end surface 82. In
some aspects, the reduction in combustion chamber volume near the notches 94 can be
recoverad by increasing the value of R in the central combustion region of the bowi 86.

[0044] The combustion chamber constructions described hereinabove are intended
o be utilized in opposed-piston compression-ignition engines which impose swirl on the
charge of air forced inic the cylinder. Nevertheless, the combustion chamber

14



WO 2014/151916 PCT/US2014/026670

construction can be utifized in those opposed-piston comprassion-ignition engines that

do not swirl the charge air.

[00458] The pisions and associated cylinders described herein may be manufactured
by casting and/or machining metal materials. For example, the pistons may be
constituled of a skirt assembled to a crown on which an end surface with a shaped bowl
is formed. As a further example, but without excluding other materials, the crown may
comprise a high carbon steel such as 41-40 or 43-44, and the skirt may be formed using
4032-T6561 aluminum. In such cases, the cylinder preferably comprises a cast won
compaosition.

[0048] Although an invention has been described with reference o preferred
constructions, it should be understood that various modifications can be made without
departing from the spirit of the invention. Accordingly, the invention is limited only by the
foliowing claims.
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CLAIMS

1. An infermmal combusiion engine including at least one cylinder (10,11} with
longitudinally-separated exhaust and iniake ports (18,14) anid a pair of pistons (80,80}
disposed in opposition to one another in a bore of the cylinder, in which each piston has
a longitudinal axis (87} and a crown with & bowl, and a combustion chamber (100)
having a major axis {Y) is defined between opposing bowis of the pistons, each crown
tncluding:

a periphery (84);

& bowl {86} within the perphery defining a concave surface (88) with a first
portion {80} curving inwardly toward the interior of the piston from a plane that is
arthogonal to the longitudinal axis of the piston and that contacis the periphery, and a
second portion (82) curving outwardly from the interiar of the pision through the planeg;
and,

a convex surface (95) within the periphery curving outwardly from the plane and
meeting the second portion of the concave surdace to form a ridge (98); characterized in
that,

each ridge (98) has a height H which changes in value from the longiudinal
center of the cylinder in a direction along the major axis {Y); and,

the combustion chamber {100) has a central region {(104) with a generally
spherical space, with a radius R which changes in value from the longitudinal center of
the cylinder in a direction along the major axis {Y).

2. The internal combustion engine of claim 1, in which the opposing pistons are ariented
in the bore such that the combustion chamber is defined belween the opposing bowls
when the pistons are near respective top dead center (TDC) positions in the bore.

3. The internal combustion engine of claim 1, in which injection ports (84) are provided
inte the combustion chamber {100) at positions on the major axis {Y}.

4. The internal combustion engine of claim 1, in which injector ports {185) are provided

[

in the cylinder (10,11} at positions on the major axis {Y}.

;
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8. The internal combustion engine of claim 1, in which the opposing pistons are oriented
in the bore such that the convex surface (95} of each crown defines a squish zone with
the second portion (80) of the concave surface of the other crown when the pistons are
near respective top dead center (TDC) positions in the bore.

8. The internal combustion engine of claim 5, in which apposing congave and convex
sufface portions (80,85} in each squish zone cause squish flow into the combustion
chamber (100) when the pistons are near respective TOC positions in the bore.

7. The internal combustion engine of claim 8, in which a pair of opposing injector ports
{185} is provided through a side of the cylinder, in alignment with the major axis {Y).

8. The internal combustion engine of claim 7, in which each ridge (98) has a rounded
configuration having a radius RL.,

8. The internal combustion engine of claim 1, in which each ridge (88) has a rounded
configuration having a radius RL which changes in value from the longitudinal center of

the cylinder in a direction along the major axis (Y.

10. The intemal combustion engine of clam 3, each cown further including a
circuntferantial area (85} extending from the periphery toward the longitudinal axds (87).

11. The internal combustion engine of claim 10, wherein each circumferential area has a
generally annular shape with noiches to define the injection ports.
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12. A piston {80} having a crown for defining a combustion chamber (100} with the crown
{80} of an opposing piston, i which the crown has a periphery (84) centered on the
fongitudinal axis of the piston; comprising:

a bowl {88} within the periphery, the bow! defining a concave surface (88) with a
first porfion {90} curving inwardly toward the interior of the piston from a plane that is
orthogonal to the longitudinal axis (87} of the piston and thal contacts the periphery, and
a second portion {82) curving outwardly from the interior of the piston through the plane;
and,

a convex surface {958) within the periphery curving outwardly from the plane and
meeting the second potion (92) of the concave surface o form a ridge (98Y
Characterized in that,

the ridge {96) has a height H that decreases from a maximum at a midpoint of a
major axis (Y} of the combustion chamber in & direction along the major axis toward the
periphery {84).

13. The piston of claim 12, in which opposing noiches (84,84) are provided in the
periphery at respective positions on the major axis of the combustion chamber.

4. The piston of claim 13, in which the ridge {96} has a rounded configuration having a
radius RL.

15, The piston of claim 12, in which the ridge has a rounded configuration having a
radius RL.

16. The piston of claim 13, further including a circumferential area (85) extending from
the periphery (84} toward the longitudinal axis (87).

17. The piston of claim 18, wherein the circumferential area has a generally annular
shape except where the notches are positioned.

18
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18. The piston of claim 17, in which a radius R which changes in value from a central
combustion region {104) of the bowl (88) along an axis extending between the nolches
to reduce volume of the bowl near the notches and a piston cooling gallery (200}
exiends into an interior portion of the crown between an end surface {82) of the crown
and a {op land (204) on the crown.

18. An intermnal combustion engine including at least one cylinder (10,11} with
longitudinally-separated exhaust and intake ports and a pair of pistons {80,80) disposed
in opposition to one anocther in a bore of the cylinder, in which each piston has a
jongitudinal axis {87) and a crown with a bowl (86), and a combustion chamber (100}
having a major axis {Y) and opposing injecior ports {84,84) aligned on the axis is defined
between opposing bowls (86,86) of the pistons, characterized in that

the combustion chamber includes central region (104} centered on the major axis
(Y} midway between the injsctor porls (94,94) and spaces on sither side of the central
region that taper glong the major axis {Y) toward the injector ports.

28. The internal combustion engine of claim 18, in which each crown includes:

a periphery (84};

a bowl (88) within the periphery defining a concave surface {88) with a first
portion (80} curving ihwardly toward the interior of the piston from a plane that is
prihogonal o the longitudingl axis (87) of the piston and that contacts the periphery, and
a second portion {82} curving outwardly from the interior of the piston through the plane;
and,

a convex surface (95} within the penphery curving outwardly from the plane and
meeting the second portion {92} of the concave surface to form a ridge {98); wherein,

each ridge (86) has a height H which decreases in value from the longitudinal
center of the cylinder in a divection along the major axis {Y); and,

the ceniral region (104} includes a spherical space with a radius R which
decreases in value from the longitudinal center of the cylinder in a direction along the
miajor axis {Y).

21. The internal combustion engine of claim 20, in which each ridge {98} has a rounded
configuration having a radius RL which changes in value from the longitudinal center of

the cylinder in a direction along the major axis (Y}
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