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FIG. 1

(57) Abstract: Internal combustion engine apparatuses, sys-
tems and methods. The internal combustion engine system
includes a cylinder block including a cylinder bore and a
piston movably positioned in the cylinder bore. The piston
is configured to slide in an axial direction within the cylin-
der bore. The piston includes a piston crown and a turbu-
lence induction protuberance extending in an axial direction
from the piston crown. The turbulence induction protuber-
ance is positioned radially intermediate an axial center of
the piston and a circumferential portion of the piston. The
turbulence induction protuberance is configured to cause
turbulence in a propagating flame propagating from a cent-
ral region of the cylinder bore to cause the propagating
flame to extend to a circumferential portion of the cylinder
bore.
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POWER CYLINDER APPARATUS FOR REDUCING UNBURNT HYDROCARBON
EMISSIONS

TECHNICAL FIELD

[0001] The present disclosure relates to internal combustion engine components and

systems for reducing unburnt hydrocarbon emissions.
BACKGROUND

[0002] Power production in an internal combustion engine is achieved through the
combustion of fuel inside the cylinder of the engine. The fuel inserted into the combustion
chamber may be ignited under compression or via spark depending upon the fuel involved.
The fuel may include one or more fuels and may be liquid and/or gaseous fuels. Combustible
fuels used for such power production include, but are not limited to, one or more of diesel

fuel, gasoline, natural gas and alcohol (ethanol) fuels.

[0003] Power production and the efficiency of an internal combustion engine are
impacted by the quantity and rate of combustion of the fuel. If, for example, the fuel provided
to the cylinders or combustion chambers of the internal combustion engine is not completely
consumed or combusted during the combustion process, some of the unburnt fuel is to be
exhausted in a form of unburnt hydrocarbon emissions from the engine during the exhaust
process. The unburnt hydrocarbons represents a loss of combustion efficiency and power of

the engine.

[0004] Various government emissions regulations prescribe the amount of unburnt
hydrocarbons that are acceptable for release into the atmosphere. Accordingly, in order to
comply with such regulations, exhaust systems coupled to an internal combustion engine
include various exhaust aftertreatment systems configured to treat and/or eliminate the
unburnt hydrocarbons. Such aftertreatment systems may include various catalysts such as

diesel oxidation catalyst, three way catalysts, or other exhaust treatment components.

[0005] Accordingly, operating an internal combustion engine that releases unburnt
hydrocarbons is disadvantageous in view of the associated components implemented to treat

the exhaust and in view of the reduced power and efficiency of the engine.
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SUMMARY

[0006] Various embodiments disclosed herein provide internal combustion engine
apparatuses, systems, and methods for turbulence induction to accelerate and increase

combustion efficiency and reduce unburned hydrocarbon emissions.

[0007] A first set of embodiments provides an internal combustion engine system
including a cylinder block including a cylinder bore and a piston movably positioned in the
cylinder bore. The piston is slidable in an axial direction within the cylinder bore. The piston
includes a piston crown. The piston crown includes a turbulence induction protuberance
extending in an axial direction from the piston crown. The turbulence induction protuberance
is positioned radially intermediate an axial center of the piston and a circumferential portion
of the piston. The turbulence induction protuberance is configured to cause turbulence in a
propagating flame propagating from a central region of the cylinder bore to enhance the

ability of the propagating flame to extend to a circumferential portion of the cylinder bore.

[0008] A second set of embodiments provides an internal combustion engine system
including a cylinder block including a plurality of cylinder bores and a plurality of pistons.
Each cylinder bore in the plurality of cylinder bores includes a piston from the plurality of
pistons. The piston is slidable in an axial direction within the respective cylinder bore. The
piston includes a piston crown. The piston crown includes a turbulence induction
protuberance extending in an axial direction from the piston crown. The turbulence induction
protuberance is positioned radially intermediate an axial center of the piston and a
circumferential portion of the piston. The turbulence induction protuberance is configured to
cause turbulence in a propagating flame propagating from a central region of the respective
cylinder bore so as to enhance the ability of the propagating flame to extend to a
circumferential portion of the respective cylinder bore.

[0009] A third set of embodiments provides an internal combustion engine system
subassembly including a cylinder block defining a cylinder bore. A piston is slidable in an
axial direction within the cylinder bore. The piston includes a piston crown. The piston

crown includes a turbulence induction protuberance extending in an axial direction from the
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piston crown. The turbulence induction protuberance is positioned radially intermediate an
axial center of the piston and a circumferential portion of the piston. The turbulence
induction protuberance configured to cause turbulence in a propagating flame propagating
from a central region of the cylinder bore so as to enhance the ability of the propagating flame
to extend to a circumferential portion of the cylinder bore.

[0010] A fourth set of embodiments provides a method including causing a first fuel and
intake air to enter the intake system of an internal combustion engine, drawing the first fuel
and intake air into a cylinder bore of the internal combustion engine, injecting a second fuel
into the cylinder bore so as to initiate ignition of a propagating flame, sliding a piston
movably positioned in the cylinder bore in an axial direction within the cylinder bore, and
interrupting propagation of the propagating flame via a turbulence induction protuberance.
The turbulence induction protuberance extends in the axial direction from a piston crown of
the piston. The turbulence induction protuberance is positioned radially intermediate an axial
center of the piston and a circumferential portion of the piston. Interrupting propagation of the
propagating flame with the turbulence induction protuberance is configured to cause a
turbulence in the propagating flame. The turbulence in the propagating flame enhances the

ability of the propagating flame to extend to a circumferential portion of the cylinder bore.

[0011] The inventors have appreciated that described embodiments provide systems and
methods that accelerate and increase fuel combustion in the combustion chamber or cylinder
of an engine thereby leading to reduced hydrocarbon emissions and improving combustion
efficiency. The inventors have also appreciated that described embodiments provide systems
and methods that may permit an engine system architecture that excludes a diesel oxidation

catalysts, yet operates within regulated limits for hydrocarbon emissions.

[0012] It should be appreciated that all combinations of the foregoing concepts and
additional concepts discussed in greater detail below (provided that such concepts are not
mutually inconsistent) are contemplated as being part of the inventive subject matter disclosed
herein. In particular, all combinations of claimed subject matter appearing at the end of this

disclosure are contemplated as being part of the inventive subject matter disclosed herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The skilled artisan will understand that the drawings primarily are for illustrative
purposes and are not intended to limit the scope of the subject matter described herein. The
drawings are not necessarily to scale; in some instances, various aspects of the subject matter
disclosed herein may be shown exaggerated or enlarged in the drawings to facilitate an
understanding of different features. In the drawings, like reference characters generally refer

to like features (e.g., functionally similar and/or structurally similar elements).

[0014] Figure 1 is a side cross-sectional view of a dual fuel engine including a turbulence

induction apparatus in accordance with an embodiment.

[0015] Figures 2A-2H are progressive views of a half cylinder during combustion and at

various crank angles.

[0016] Figure 3 is a perspective view of a cylinder and piston portion including turbulence

induction features in accordance with an embodiment.

[0017] Figures 4A-4H are progressive views of the cylinder and piston portion of Figure 3

during combustion and at various crank angles.

[0018] Figure 5 is a perspective view of a cylinder and piston portion including a

turbulence induction feature on the piston crown in accordance with an embodiment.

[0019] Figure 6 is a side view of the cylinder and piston portion of Figure 5 that illustrates

three variations in design of the turbulence induction feature.

[0020] Figures 7A-7H are progressive views of the cylinder and piston portion of Figure 5

during combustion and at various crank angles.

[0021] Figures 8 A-8F are comparative views of cylinder and gas flow patterns during

combustion.

[0022] Figures 9A and 9B are graphs showing methane hydrocarbon (MHC) emissions

non-methane hydrocarbon (NMHC) emissions for the cylinder systems of Figures 2, 3, and 5.

[0023] Figure 10 is a graph showing the cumulative heat release of the cylinder system of

Figures 2, 3 and 5.
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[0024]  Figure 11 is a perspective view of a cylinder and piston portion including a

turbulence induction feature on the piston crown in accordance with an embodiment.

[0025] Figure 12 is a perspective view of a cylinder and piston portion including

turbulence induction features in accordance with an embodiment.

[0026] Figure 13A is a perspective views of the piston of Figures 2A-2H; Figure 13B is a
perspective view of the piston of Figure 5; and Figure 13C is a perspective view of a piston

according to another embodiment.

[0027] The features and advantages of the inventive concepts disclosed herein will
become more apparent from the detailed description set forth below when taken in

conjunction with the drawings.
DETAILED DESCRIPTION

[0028] Following below are more detailed descriptions of various concepts related to, and
embodiments of, inventive internal combustion engine systems and methods of operating
internal combustion engine systems. It should be appreciated that various concepts
introduced above and discussed in greater detail below may be implemented in any of
numerous ways, as the disclosed concepts are not limited to any particular manner of
implementation. Examples of specific implementations and applications are provided

primarily for illustrative purposes.

[0029] Figure 1 is a side cross-sectional view of a portion of a dual fuel engine including
a turbulence induction apparatus in accordance with an embodiment. An internal combustion
engine system portion 100 is shown. The internal combustion engine system portion 100
includes a cylinder block 112, forming a cylinder bore 113 and housing a piston 101. The
piston 101 is configured for axial displacement in the cylinder bore 113. The cylinder block
112 includes a cylinder head 102 coupled thereto. The piston 101 is coupled to a connecting
rod 109 which is coupled to a crankshaft. The crankshaft is turned as the piston 101 is

displaced under force from combustion in a combustion chamber 103.

[0030] The internal combustion engine system portion 100 represented in Figure 1 is

configured for dual-fuel operation. Accordingly, the internal combustion engine system
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portion 100 receives both air 108 and natural gas via an intake valve 104. The mixture is
introduced into the combustion chamber 103. The internal combustion engine system portion
100 injects diesel fuel 106 into the mixture of air 108 and natural gas 107. The compression
of the intake air 108 and natural gas from a natural gas control valve 107 causes the diesel
fuel 106 to ignite or combust upon injection. The combustion causes the piston 101 to be
displaced. As described further herein, at least one of the piston crown 114 of the piston 101
and the cylinder head 102 includes one or more features that accelerate and/or increase
combustion of the natural gas to reduce hydrocarbon emissions and improve combustion

efficiency, by inducing turbulence in the combustion process.

[0031] Figures 2A-2H are progressive views of a half of a cylinder during combustion and
at various crank angles in a conventional arrangement. Each of the figures 2A through 2H
illustrate the in-cylinder process of dual fuel (e.g. diesel/natural gas) combustion. Figures 2A
through 2H are an outline of half of a cylinder system 200 of an internal combustion engine at
varying crank angles of the crankshaft, which angles correspond to axial displacement of a
piston of the engine within a cylinder bore of the cylinder system 200. In particular, the
outline represents a lower surface of a cylinder head portion 202, a sidewall surface of a
cylinder liner 204 positioned against a circumferential wall portion of the cylinder system
200, and an upper surface of a piston 201. The sidewall surface of the cylinder liner 204 is
cylindrically shaped and corresponds to the shape of the circumferential wall portion of the
cylinder system 200. The piston 201 includes an angled “ski jump” portion 208, a curved
piston bowl portion 211, a fuel target portion 212, and a flat crown 210. The angled “ski
jump” portion 208 is a substantially conical surface extending from a center for the cylinder
system 200 to the curved piston bowl portion 211. The curved piston bowl portion 211 has a
generally concave curved shape and is positioned between the “ski jump” portion 208 and the
fuel target portion 212. The ski jump portion 208, the curved piston bowl portion 211, and
the fuel target portion 212 are positioned axially below the crown 210. As fuel, such as diesel
fuel is sprayed into a piston cylinder at the fuel target portion 212, the fuel target portion 212
splits the fuel spray such that a portion rolls downward into the curved piston bowl portion

211 and toward the center of the cylinder (i.e. radially inward) while another portion moves
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ahead of the target (i.e. radially outward) . The fuel target portion 212 is the projected
target for fuel injected into the cylinder system 200 as shown in Figure 2A.

[0032] Figure 2A shows the piston at the top dead center position with the crank angle at
approximately 0 degrees. At the top dead center position illustrated in Figure 2A, a fuel such
as diesel fuel 205 is injected into the cylinder system 200. The cylinder system 200 contains a
mixture of a second fuel, natural gas, and air in a combustion chamber 203 of the cylinder
system 200. The compression of air and natural gas contained in the cylinder system 200
causes the diesel fuel 205 injected into the cylinder system 200 to ignite into a propagating
flame 206 as demonstrated in Figure 2B. In Figure 2B, the pressure increase generated by
combustion in the combustion chamber 203 of the cylinder system 200 moves the piston 201
axially downward away from the cylinder head portion 202 such that the volume of the
combustion chamber 203 between the piston 201 (specifically the head of the piston) and the
cylinder head portion 202 increases. In Figure 2B, the crank angle of the crankshaft
connected to the piston has increased to approximately 5 degrees. Figures 2C-2H illustrate
continued expansion of the propagating flame 206 within the cylinder system 200 as the
piston continues to move downward. The piston displacement in Figures 2C-2H corresponds
to the following crank angles: approximately 20, 30, 40, 50, and 60 degrees respectively. The
cylinder system 200 of Figures 2A-2H show a cylinder embodiment that does not include a
turbulence induction protuberance as discussed further herein. As shown in Figures 2F-2H,
the expansion of the propagating flame 206 fails to reach and consequently combust a
boundary hydrocarbon layer 207 of the air and natural gas positioned along a circumferential
wall portion of the cylinder liner 204. Accordingly, a portion of the hydrocarbons drawn into
the cylinder system 200 remain unburnt and unused, which decreases engine efficiency and

increases unburned hydrocarbon exhaust emissions.

[0033] Figure 3 is a perspective view of a schematic of a cylinder and piston portion
including turbulence induction features in accordance with another embodiment. Figure 3
shows the profile of a piston 301 of the cylinder system 300. The piston 301 includes an
angled “ski-jump” portion 308, a curved piston bowl portion 311, a fuel target portion 312, a
piston turbulence induction protuberance 321, and a peripheral piston flat portion 310. The

angled “ski jump” portion 308 is a substantially conical surface extending from a center for
-7
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the cylinder system 300 to the curved piston bowl portion 311. The curved piston bowl
portion 311 has a generally concave curved shape and is positioned between the “ski jump”
portion 308 and the fuel target portion 312. The piston turbulence induction protuberance 321
has a step profile as discussed further herein. The piston turbulence induction protuberance
321 extends from the piston crown 301 in an axial direction (e.g. along the axis of
displacement of the piston in the cylinder bore). The piston turbulence induction
protuberance 321 is positioned radially from the intermediate axial center 323 of the cylinder
system 300 and a cylindrical wall 304 of at least one of a cylinder liner positioned in a
cylinder bore of the cylinder system 300 or the circumferential wall of the cylinder bore of the
cylinder system 300. Accordingly, the piston turbulence induction protuberance 321 is
configured to cause turbulence in a propagating flame propagating from an axial center 323 of
the cylinder system 300. The turbulence causes the propagating flame to extend to a
circumferential portion of the cylinder bore, cylindrical wall 304, as further demonstrated in
Figures 4A-4H. The fuel target portion 312 is the location on the piston 301 at which the fuel
injected from the center of the cylinder system 300 into the combustion chamber is aimed at.
The injected fuel, which includes, but is not limited to, a diesel injection, is generally sprayed
into the combustion chamber 303 at an angle such that the diesel injection is substantially
orthogonal to at least a portion of the fuel target portion 312. In the illustrated embodiments,
the piston turbulence induction protuberance 321 extends directly from the fuel target portion
312 of the piston 301. While inventive embodiments disclosed herein are demonstrated by
way of example with a piston including features such as a fuel target portion, a ski jump
portion, and a curved piston bowl portion, inventive embodiments are not limited to pistons
including such features. Similarly, example inventive embodiments disclosed herein may be
implemented with pistons operational with various non-diesel fuels including, but not limited
to, natural gas, gasoline, ethanol or pistons operable with other combustible fuels. Various
inventive embodiments may be provided with a piston including other features in the piston

crown including, but not limited to, valve pockets.

[0034] The cylinder system 300 also includes a cylinder head portion 302. The cylinder
head portion 302 includes a cylinder head turbulence induction protuberance 322. The

cylinder head turbulence induction protuberance 322 also has a stepped profile. The cylinder
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head turbulence induction protuberance 322 is positioned between the cylindrical wall 304
and the piston turbulence induction protuberance 321. In example embodiments, the cylinder
head turbulence induction protuberance 322 may be implemented on the cylinder head portion
302 without the piston turbulence induction protuberance 321. The cylinder head turbulence
induction protuberance 322 also extends in an axial direction, but extends in a direction
opposite the piston turbulence induction protuberance 321. The cylinder head turbulence
induction protuberance 322 extends in an axial direction from the cylinder head portion 302
(e.g. toward the piston crown 301). Accordingly, the cylinder system 300 includes a series of
turbulence induction protuberances. The piston turbulence induction protuberance 321 and
the cylinder head turbulence induction protuberance 322 are generally composed of the same
material as the component from, which they extend (e.g. piston crown 301, cylinder head
portion 302), but they may be composed of a material distinct from those surfaces, in
accordance with example embodiments. As demonstrated further, the piston turbulence
induction protuberance 321 and the cylinder head turbulence induction protuberance 322 may
each include rounded step edges in some embodiments and pointed edges in some
embodiments. The stepped profile may include two axial extending side walls connected by a

radial extending top wall in accordance with example embodiments.

10035] Figures 4A-4H are progressive views of the cylinder and piston portion of Figure 3
during combustion and at various crank angles. Each of the figures 4A through 4H illustrate
the in-cylinder process of dual fuel (e.g. diesel/natural gas) combustion. While various
inventive embodiments disclosed herein are discussed with respect dual-fuel engines, the
inventive embodiments disclosed herein are not limited thereto and may be implemented with
single fuel engines, spark ignited engines, or dual-fuel engines operating with fuels other than
diesel and natural gas. Figures 4A-4H are side views of cylinder system 300 during fuel
injection and combustion. In contrast to the cylinder system 200 of Figures 2A-2H, the

cylinder system 300 include turbulence induction protuberances 321 and 322.

[0036] Figure 4A illustrates the cylinder system 300 at top dead center, with the crank
angle at approximately 0 degrees and during a diesel fuel injection 405. At the time of the
diesel fuel injection 405, the cylinder system 300 contains a mixture of a second fuel

including, but not limited to, natural gas, and air in the combustion chamber 303. The
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compression of the air and the natural gas contained in the cylinder system 300 cause ignition
of the diesel fuel injection 405 upon injection and to produce a propagating flame 306. This
is shown in Figure 4B, which illustrates the cylinder system at approximately a 10 degree
crank angle. As demonstrated in Figure 4C, the propagating flame 306 propagates toward the
fuel target portion 312, generating an increase in pressure which in turn forces unburned
gas/air mixture in the cylinder ahead of the propagating flame 306 towards the cylinder wall
304. The flow within the combustion chamber 303 created by the forcing of unburned gas/air
mixture towards the cylinder wall 304 is interrupted by the piston turbulence induction
protuberance 321 and cylinder head turbulence induction protuberance 322, generating a
rotational tumbling motion and turbulence in the region of the combustion chamber 303
located axially between the piston turbulence induction protuberance and cylinder wall 304
In Figure 4D, the propagating flame expands to the piston turbulence induction protuberance
321, which causes the propagating flame 306 to tumble thereby further inducing turbulence
into the flow of the propagating flame 306. The tumbling propagating flame 306 continues to
expand in Figure 4E, tumbling into the cylinder head turbulence induction protuberance 322,
which as shown in Figure 4F causes the propagating flame 406 to tumble. As demonstrated in
Figures 4G and 4H, the propagating flame 306 continues to propagate turbulently extending
all the way to the cylindrical wall 304 so that boundary layer portions 307 of the air and
natural gas in the combustion chamber 303 are consumed by the propagating flame 306.
Accordingly, through the combustion cycle the cylinder system 300 consumes more of the
hydrocarbons than cylinder system 200 and at a faster or accelerated pace. Accordingly, the
cylinder system 300 is more efficient and with fewer unburned hydrocarbon emissions than
the cylinder system 200, as the quantity of unburnt hydrocarbons are reduced by the
transformation of the propagating flame caused by the turbulence induction protuberances 321
and 322.

[0037] Figure 5 is a perspective view of a cylinder and piston portion including a
turbulence induction feature on the piston in accordance with another embodiment. A
cylinder system 500 is similar to cylinder system 300, but cylinder system 500 does not
include a cylinder head turbulence induction protuberance. The cylinder system 500 includes

only a single turbulence induction protuberance, a piston turbulence induction protuberance
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521, which extends from a piston 501. The piston 501 includes an angled “ski-jump”
portion 508, a curved piston bowl portion 511, a fuel target portion 512, the piston turbulence
induction protuberance 521, and a piston crown 510. The angled “ski jump” portion 508 is a
substantially conical surface extending from a center for the cylinder system 500 to the curved
piston bowl portion 511. The curved piston bowl portion 511 has a generally concave curved
shape and is positioned between the ““ski jump” portion 308 and the fuel target portion 512.
The cylinder system 500 also includes a cylinder head portion 502.

[0038] Figure 6 is a side view of the cylinder and piston portion of Figure 5. The cylinder
system 500 is shown in Figure 6 with examples of variations in the size of the piston
turbulence induction protuberance 521. As demonstrated in Figure 6, the piston turbulence
induction protuberance 521 may be modified by increasing the width, the depth, and/or its
distance from the axial center 523 to a circumferential portion 504 of the cylinder system 500.
In example embodiments, the piston turbulence induction protuberance 521 is positioned at
or over 70% of the radial distance from the axial center 523 to the circumferential portion 504
of the cylinder system 500. In example embodiments, the piston turbulence induction
protuberance 521 is positioned in the range of at least one of 60%-90%, 70% - 80%, and 70%
to 75% of the radial distance from the axial center 523 to the circumferential portion 504 of
the cylinder system 500. In example embodiments, the piston turbulence induction
protuberance 521 is positioned at least one of 60%, 65%, 70%, 71%, 72%, 73%, 74%, 75%
80%, 85%, and 90% of the radial distance from the axial center 523 to the circumferential
portion 504 of the cylinder system 500. In example embodiments, the piston turbulence
induction protuberance 521 has a height in the range of 3-7 mm. In example embodiments,
the piston turbulence induction protuberance 521 has a height in the range of 4-6 mm (with

respect to the peripheral piston flat portion)

[0039] Figures 7A-7H are progressive views of the cylinder and piston portion of Figure 5
during combustion and at various crank angles. The piston displacements in Figures 7A-7H
correspond to the following crank angles: approximately 0, 5, 10, 15, 20, 30, 40, and 50
degrees respectively. Figure 7A illustrates the cylinder system 500 at top dead center with the
crank angle at approximately 0 degrees and during a diesel fuel injection 505. At the time of

the diesel fuel injection 503, the cylinder system 500 contains a mixture of a second fuel
211 -
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including, but not limited to, natural gas, and air in the combustion chamber 503. The
compression of the air and the natural gas contained in the cylinder system 500 cause ignition
of the diesel fuel injection 505 upon injection to produce a propagating flame 506 shown in
Figure 7B. The propagating flame 506 extends to the fuel target portion 512 in Figures 7C-
7D. The propagating flame 506 contacts the piston turbulence induction protuberance 521 as
shown in Figure 7E. The piston turbulence induction protuberance 521 causes the
propagating flame 506 to tumble thereby inducing turbulence into the flow of the propagating
flame 506. Figures 7F-7H show the extension of the propagating flame 506 induced to flow
turbulently into the cylindrical wall 504 so that consumption of the boundary layer portion
507 of the air and natural gas by the propagating flame 506 in the combustion chamber 503 is
increased and/or accelerated. Consumption of the boundary layer portion 507 reduces

hydrocarbon emissions and improves combustion efficiency.

[0040] Figures 8A-8F are comparative views of cylinder combustion and gas flow
patterns during combustion. Figures 8A and 8B show the cylinder system 200 at the crank
angle of approximately 30 degrees. Figures 8 A shows combustion and Figure 8B shows the
gas flow pattern. Figures 8C and 8D show cylinder system 300 at the crank angle of
approximately 30 degrees. Figures 8C shows combustion and Figure 8D shows the gas flow
pattern. Figures 8E and 8F show the cylinder system 500 at the crank angle of approximately
30 degrees. Figures 8E shows combustion and Figure 8F shows the gas flow pattern. As
demonstrated in the examples, each of the cylinder systems 300 and 500, which include at
least one turbulence induction protuberance (e.g. 321, 322, 521), generate a tumble in the
propagating flame, which accelerates and/or increases the consumption of the boundary layer
portion of the fuel and air in the respective combustion chambers with respect to the cylinder
system 200. Accordingly, Figures 8 A-8F demonstrate how a system with one or more
turbulence induction protuberance improves combustion efficiency and reduces hydrocarbon
emissions. As shown in Figures 8C and 8D, the cylinder system 300 with a series of
turbulence induction protuberances has a counterclockwise flow, and the cylinder system 500

with a single turbulence induction protuberance has a clockwise flow.

[0041] Figures 9A and 9B are graphs showing methane hydrocarbon (MHC) emissions

and non-methane hydrocarbon (NMHC) emissions for the cylinder systems of Figures 2, 3,
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and 5. A curve 901 shows the MHC emissions of cylinder system 200. A curve 902 shows
the MHC emissions of cylinder system 300. A curve 903 shows the MHC emissions of
cylinder system 500. A curve 911 shows the NMHC emissions of cylinder system 200. A
curve 912 shows the NMHC emissions of cylinder system 300. A curve 913 shows the
NMHC emissions of cylinder system 500. Figures 9A-9B further demonstrate the
effectiveness of the turbulence induction protuberances 321, 322, and 521 in reducing

hydrocarbon emissions.

[0042] Figure 10 is a graph showing the heat release of the cylinder system of Figures 2
and 3. Figure 10 shows the normalized cumulative heat release with respect to the crank
angle for the cylinder system 200, the cylinder system 300 and the cylinder system 500. A
curve 1001 shows the cumulative heat release of the cylinder system 200. A curve 1002
shows the cumulative heat release of the cylinder system 300. A curve 1003 shows the
cumulative heat release of the cylinder system 500. As demonstrated by Figure 10, the
cylinder system 300 including the turbulence induction protuberances 321 and 322 has a
greater release of heat than the cylinder system 200. The greater release of heat of the
cylinder system 300 represents a more complete combustion of the fuel within the engine and
corresponds to greater combustion efficiency as more fuel is burned. Similarly, the greater
release of heat of the cylinder system 500 represents a more complete combustion of the fuel

within the engine and corresponds to greater combustion efficiency as more fuel is burned

[0043] Figure 11 is a perspective view of a cylinder and piston portion including a
turbulence induction feature on the piston crown in accordance with yet another embodiment.
In a manner similar to cylinder systems 300 and 500, cylinder system 1100 includes a piston
1101 that includes an angled “ski-jump” portion 1108, a curved piston bowl portion 1111, a
fuel target portion 1112, and a piston turbulence induction protuberance 1121. However, in
contrast to cylinder system 300, the piston turbulence induction protuberance 1121 extends

into a peripheral piston bowl 1110 rather than a piston flat.

[0044] Figure 12 is a perspective view of a cylinder and piston portion including
turbulence induction features in accordance with an embodiment. In a manner similar to

cylinder systems 300, 500, and 1100, cylinder system 1200 includes a piston 1201 that
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includes an angled ski-jump portion 1208, a curved piston bowl portion 1211, a fuel target
portion 1212, and a piston turbulence induction protuberance 1221. The cylinder system 1200
also includes a peripheral step 1222 that extends from the cylinder head portion 1201 and
extends outward to the circumferential portion of the cylinder system 1200. While the
turbulence induction protuberances have been illustrated with cylinder systems that include an
angled ski-jump portion, coupled to a curved piston bowl portion, and a fuel target portion,

inventive embodiments may include other piston crown geometries.

[0045] Figures 13A -13C are perspective views of the piston of Figures 2A-2H, and 5, as
well as another embodiment, respectively. As described in connection with Figures 2A-2H
the piston 201 includes then angled “ski jump” portion 208, the curved piston bowl portion
211, the fuel target portion 212, and the flat crown 210. The piston 201 may also include
other piston features, including but not limited to piston ring grooves 213. As discussed
herein, the piston 501, shown in part in Figures 5-7H, includes the piston turbulence induction
protuberance 521, which extends from the piston crown 510. The piston 501 also includes
the angled “ski-jump” portion 508, the curved piston bowl portion 511, the fuel target portion
512, and piston ring grooves 513.

[0046] Figure 13C illustrates an embodiment of a piston 1301 including a piston
turbulence induction protuberance 1321, but having a geometry commonly referred to as a
“Mexican hat” that is distinct from pistons 501 and 201, namely a bowl portion 1311. As
shown in Figure 13C a turbulence induction protuberance may be implemented with various
piston geometries in accordance with inventive embodiments. The piston turbulence
induction protuberance 1321 extends from a piston crown 1310 of the piston 1301, which also

includes piston ring grooves 1313.

[0047] For the purpose of this disclosure, the term “coupled” means the joining of two
members directly or indirectly to one another. Such joining may be stationary or moveable in
nature. Such joining may be achieved with the two members or the two members and any
additional intermediate members being integrally formed as a single unitary body with one

another or with the two members or the two members and any additional intermediate
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members being attached to one another. Such joining may be permanent in nature or may be

removable or releasable in nature.

[0048] It should be noted that the orientation of various elements may differ according to
other exemplary embodiments, and that such variations are intended to be encompassed by
the present disclosure. It is recognized that features of the disclosed embodiments can be

incorporated into other disclosed embodiments.

[0049] It is important to note that the constructions and arrangements of apparatuses or
the components thereof as shown in the various exemplary embodiments are illustrative only.
Although only a few embodiments have been described in detail in this disclosure, those
skilled in the art who review this disclosure will readily appreciate that many modifications
are possible (e.g., variations in sizes, dimensions, structures, shapes and proportions of the
various elements, values of parameters, mounting arrangements, use of materials, colors,
orientations, etc.) without materially departing from the novel teachings and advantages of the
subject matter disclosed. For example, elements shown as integrally formed may be
constructed of multiple parts or elements, the position of elements may be reversed or
otherwise varied, and the nature or number of discrete elements or positions may be altered or
varied. The order or sequence of any process or method steps may be varied or re-sequenced
according to alternative embodiments. Other substitutions, modifications, changes and
omissions may also be made in the design, operating conditions and arrangement of the

various exemplary embodiments without departing from the scope of the present disclosure.

[0050] While various inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other mechanisms and/or
structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications is deemed to be
within the scope of the inventive embodiments described herein. More generally, those
skilled in the art will readily appreciate that, unless otherwise noted, any parameters,
dimensions, materials, and configurations described herein are meant to be exemplary and
that the actual parameters, dimensions, materials, and/or configurations will depend upon the

specific application or applications for which the inventive teachings is/are used. Those
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skilled in the art will recognize, or be able to ascertain using no more than routine
experimentation, many equivalents to the specific inventive embodiments described herein. It
is, therefore, to be understood that the foregoing embodiments are presented by way of
example only and that, within the scope of the appended claims and equivalents thereto,
inventive embodiments may be practiced otherwise than as specifically described and
claimed. Inventive embodiments of the present disclosure are directed to each individual
feature, system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or methods, if
such features, systems, articles, materials, kits, and/or methods are not mutually inconsistent,

is included within the inventive scope of the present disclosure.

[0051] Also, the technology described herein may be embodied as a method, of which at
least one example has been provided. The acts performed as part of the method may be
ordered in any suitable way unless otherwise specifically noted. Accordingly, embodiments
may be constructed in which acts are performed in an order different than illustrated, which
may include performing some acts simultaneously, even though shown as sequential acts in

tllustrative embodiments.

[0052] Non-limiting examples of various embodiments are disclosed herein. Features
from one embodiments disclosed herein may be combined with features of another

embodiment disclosed herein as someone of ordinary skill in the art would understand.

[0053] The claims should not be read as limited to the described order or elements unless
stated to that effect. It should be understood that various changes in form and detail may be
made by one of ordinary skill in the art without departing from the spirit and scope of the
appended claims. All embodiments that come within the spirit and scope of the following

claims and equivalents thereto are claimed.
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CLAIMS

1. An internal combustion engine system comprising:
a cylinder block including a cylinder bore; and
a piston movably positioned in the cylinder bore, the piston slidable in an axial
direction within the cylinder bore, the piston including a piston crown, the piston
crown including a turbulence induction protuberance extending in an axial direction
from the piston crown, the turbulence induction protuberance positioned radially

intermediate an axial center of the piston and a circumferential portion of the piston.

2. The system of claim 1, wherein the turbulence induction protuberance is configured to
cause turbulence in a propagating flame propagating from a central region of the cylinder bore

so as to cause the propagating flame to extend to a circumferential portion of the cylinder

bore.

3. The system of claim 1, wherein the turbulence induction protuberance has a step
profile.

4. The system of claim 1, wherein the turbulence induction protuberance includes a first

side wall extending in the axial direction, a second side wall extending in the axial direction,
and an upper wall extending in a radial direction and connecting the first side wall to the

second side wall.
5. The system of claim 1, wherein the turbulence induction protuberance is positioned
60% -90% of a radial distance from the axial center of the piston to the circumferential

portion of the piston.

6. The system of claim 1, wherein the turbulence induction protuberance has a height in

the range of 4 mm to 6 mm.
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7. The system of claim 2, further comprising a cylinder head including a cylinder head
turbulence induction protuberance positioned radially intermediate an axial center of the

cylinder bore and the circumferential portion of the cylinder bore.

8. The system of claim 7, wherein the cylinder head turbulence induction protuberance is
radially intermediate the turbulence induction protuberance extending from the piston crown

and the circumferential portion of the cylinder bore.

9. The system of claim 1, further comprising a dual fuel fuel injection system coupled to
the cylinder block.
10.  The system of claim 1, wherein the turbulence induction protuberance is positioned

between a fuel target of the piston crown and a piston flat of the piston crown.

11. The system of claim 1, wherein the piston crown includes a curved piston bowl
portion.
12.  The system of claim 11, wherein the piston crown includes an angled ski jump portion

extending from the axial center to the curved piston bowl portion.

13.  Aninternal combustion engine system comprising:

a cylinder block including a plurality of cylinder bores; and

a plurality of pistons, each cylinder bore in the plurality of cylinder bores including a
piston from the plurality of pistons, the piston slidable in an axial direction within the
respective cylinder bore, the piston including a piston crown, the piston crown including a
turbulence induction protuberance extending in an axial direction from the piston crown, the
turbulence induction protuberance positioned radially intermediate an axial center of the

piston and a circumferential portion of the piston.
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14, The system of claim 13, wherein the turbulence induction protuberance is configured
to cause turbulence in a propagating flame propagating from a central region of the respective
cylinder bore so as to cause the propagating flame to extend to a circumferential portion of the

respective cylinder bore.

15. The system of claim 13, wherein the turbulence induction protuberance has a step
profile.
16. The system of claim 14 or 15, wherein the turbulence induction protuberance is

positioned between peripheral piston flat portion and a fuel target of the piston, the fuel target

extending from a curved piston bowl portion.

17.  The system of claim 16, wherein the piston includes an angled ski jump portion

extending from the axial center to the curved piston bowl portion.

18. An internal combustion engine system subassembly, comprising:

a cylinder block defining a cylinder bore; and

a piston slidable in an axial direction within the cylinder bore, the piston including a
piston crown, the piston crown including a turbulence induction protuberance extending in an
axial direction from the piston crown, the turbulence induction protuberance positioned

radially intermediate an axial center of the piston and a circumferential portion of the piston.

19.  The internal combustion engine system subassembly of claim 18, wherein the
turbulence induction protuberance is configured to cause turbulence in a propagating flame
propagating from a central region of the cylinder bore so as to cause the propagating flame to

extend to a circumferential portion of the cylinder bore.

20. The internal combustion engine system subassembly of claim 19, wherein the

turbulence induction protuberance has a step profile.
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21. The internal combustion engine system subassembly of claim 19, wherein the
turbulence induction protuberance is positioned 70% -80% of the radial distance from the

axial center of the piston to the circumferential portion of the piston.

22. A method, comprising:

causing a first fuel and intake air to enter the intake system of an internal combustion
engine;

drawing the first fuel and intake air into a cylinder bore of the internal combustion
engine;

injecting a second fuel into the cylinder bore so as to initiate ignition of a propagating
flame;

sliding a piston movably positioned in the cylinder bore in an axial direction within
the cylinder bore; and

interrupting propagation of the propagating flame via a turbulence induction
protuberance extending in the axial direction from a piston crown of the piston so as to cause
a turbulence in the propagating flame, the turbulence induction protuberance positioned

radially intermediate an axial center of the piston and a circumferential portion of the piston.

23.  The method of claim 22, wherein the turbulence caused by the turbulence induction
protuberance causes the propagating flame to extend to a circumferential portion of the

cylinder bore.

24.  The method of claim 23, wherein the turbulence induction protuberance has a step

profile.

25,  The method of claim 23, further comprising interrupting propagation of the
propagating flame via a cylinder head turbulence induction protuberance extending from a
cylinder head coupled to the cylinder block, the cylinder head turbulence induction
protuberance positioned radially intermediate an axial center of the cylinder bore and the

circumferential portion of the cylinder bore .
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