wo 2016/191047 A1 ]I NF 1 00 000 O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

1 December 2016 (01.12.2016)

WIPOIPCT

(10) International Publication Number

WO 2016/191047 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
F02P 13/00 (2006.01) F02P 9/00 (2006.01)
FO2P 15/08 (2006.01)

International Application Number:
PCT/US2016/030530

International Filing Date:
3 May 2016 (03.05.2016)

Filing Language: English
Publication Language: English
Priority Data:

14/723,616 28 May 2015 (28.05.2015) US

Applicant: CATERPILLAR INC. [US/US]; 100 N.E.
Adams St., Peoria, Illinois 61629 (US).

Inventor: KIM, Charlie; 11115 North Hazel Way, Dun-
lap, IL 61525 (US).

Agents: LUNDQUIST, Steve D. et al.; ¢/o Black Hills IP,
P.O. Box 2409, Minneapolis, Minnesota 55402 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: COMBUSTION PRE-CHAMBER AND METHOD FOR OPERATING SAME

R

Wy
04N v AN AN
\ A N
O] S,
[ o Y
M= SN
L [ 318 20
= s = =
2 ;
S 4 ,//
(L
- 112
FIG. 3

(57) Abstract: An internal combustion engine (104) includes a pre-cham-
ber assembly (207) including a wall (316) having an internal surface (308)
opposite an external surface (306), the internal surface (308) of the wall
(316) defining a combustion pre-chamber (310) and at least one orifice
(312) extending to an aperture through the external surface (306) of the
wall (316); a block (200) having an internal surface defining a bore (202)
therein; a piston (204) disposed within the bore (202) and configured for
reciprocal translation within the bore (202), the piston (204), the bore
(202), and the external surtace (306) of the wall (316) at least partly defin-
ing a main combustion chamber (208), and the combustion pre-chamber
(310) being in fluid communication with the main combustion chamber
(208) via the at least one orifice (312); an energy source (302) operatively
coupled to the combustion pre-chamber (310); and a controller (110) op-
eratively coupled to the energy source (302).
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Description

COMBUSTION PRE-CHAMBER AND METHOD FOR OPERATING SAME

Technical Field

This patent disclosure relates generally to reciprocating mternal
5  combustion engines and, more particularly, to a combustion pre-chamber for an

mternal combustion engine and a method for operating the same.

Backsround

Reciprocating internal combustion (IC) engines are known for

converting chemical energy from a fuel supply into mechamical shaft power. A
10 fuel-oxadizer muxture is received in a variable volume of an 1€ engine defined by

a piston translating within a cvlinder bore. The fuel-oxidizer mixture bums

mside the variable volume to convert chemical energy in the mixture info heat.

In tumn, expansion of the combustion products within the variable volume

performs work on the piston, which may be transterred to an output shaft of the
15 IC engme.

Some constituents 1 the exhaust stream from an IC engine, such
as, for example, nitrogen oxides (NGO« unburned hvdrocarbons (UHCs), and
particulate matter (PM}, may be subiject to government regulations.
Accordingly, operators may wish to control concentrations ot regulated exhaust

20 constituents released to the environment. The composition of exhaust
discharged from an IC engine may be affected by control of the combustion
process within the variable volume combustion chamber, exhaust aftertreatment
downstream of the combustion chamber, or combinations thercof,

Some IC engines employ an extermnally-powered ignition source

25  to itiate combustion of the fuel-oxidizer muxture within the variable volume.
For example, an IC engine may mclude a spark plug defining a spark gap
between an anode and a cathode, where the spark gap 1s in fluid communication
with the variable volume and n electrical communication with an electric
potential. Accordingly, applying the clectric potential across the spark gap may

30 cause an electnic spark to arc across the spark gap, thereby imitiating combustion

of the fuel-oxidizer mixture within the vanable volume.
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US Patent Application No. 2012/0060791 (“the " 791
publication”}. entitled "Laser Spark Plug and Prechamber Module for Same.”
purports to address the problem of ignition reliability using a laser spark plug.
The 791 publication describes a laser-based igmition system for an mtemal
combustion engine of a motor vehicle, where laser radiation generated by a
pumped light source is relayed via an optical fiber device to a laser device which
is integrated into a laser spark plug. The laser-based ignition system of the *791
publication may emit multiple laser pulses within an ignition cycle. However,
the "791 publication dogs not provide guidance regarding a specific operating
strategy for emploving nwiltiple laser pulses within an ignition cycle.

Accordingly, there 1s a need for improved ignition apparatus and
methods for reciprocating IC engimes to address the aforementioned problems
and/or other problems in the art.

It will be appreciated that this background description has been
created to aid the reader, and is not o be taken as a concession that any of the

mdicated problems were themselves known in the art.

Summary

According to an aspect of the disclosure, an mtemal combustion
engine comprises a pre-chamber assembly including a wall having an internal
surface opposite an external surface, the internal surface of the wall defining a
combustion pre-chamber and at least one orifice extending to an aperture
through the external surface of the wall; a block having an internal surface
defining a bore therein, a piston disposed within the bore and configured for
reciprocal translation within the bore, the piston, the bore, and the external
surface of the wall at least partly defining a main combustion chamber, and the
combustion pre-chamber being in fluid commumnication with the mam
combustion chamber via the at least one orifice; an energy source operatively
coupled to the combustion pre-chamber; and a controller operatively coupled to
the cnergy source. The controller i1s configured to effect a plurality of energy
pulses from the energy source within the combustion pre-chamber during one
cycle of the miston reciprocating within the bore, increase a concentration of at
least one of diatomic hydrogen (H2) and carbon monoxide (CO} within a

mixture of a fuel and an oxidizer disposed within the combustion pre-chamber in



WO 2016/191047 PCT/US2016/030530

V4]

10

20

[
(]

30

3

response to a first encrgy pulse of the plurality of energy pulses, and effect a
reaction progress between the fuel and the oxidizer disposed within the
combustion pre-chamber that is less than 50% of a complete reaction of the
mixture of the fuel and the oxadizer during a time between a beginning of the
first energy pulse and a beginning of a final energy pulse of the phurality of
energy pulses, the final energy pulse occurnng after the first energy pulse.

An aspect of the disclosure provides a method for operating an
mtemnal combustion engine. The internal combustion engine mchudes a pre-
chamber assembly including a wall having an internal surface opposite an
external surface, the intemal surface of the wall defining a combustion pre-
chamber and at least one orifice extending to an aperture through the extemal
surface of the wall; and a piston disposed within a bore and configured for
reciprocal translation within the bore, the piston, the bore, and the external
surface of the wall at least partly defining a main combustion chamber, and the
combustion pre~chamber being in fluid communication with the maimn
combustion chamber via the at least one ontfice. The method comprises
cffecting a plurality of energv pulses within the combustion pre~-chamber from
an energy source during one cyele of the piston reciprocating within the bore;
mereasing a concentration of at least one of diatomie hydrogen (H2) and carbon
monoxide (CO) within a mixture of a fuel and an oxidizer disposed within the
combustion pre-chamber in response 1o a first energy pulse of the plurality of
encrgy pulses; and effecting a reaction progress between the fuel and the
oxidizer disposed within the combustion pre-chamber that is less than 50% of a
complete reaction of the mixture of the fuel and the oxadizer during a time
between a beginning of the first cnergy pulse and a beginning of a final energy
pulse of the plurality of energy pulses, the final encrgy pulse occurnng after the
first energy pulse.

According to an aspect of the disclosure, an article of
manufacture comprises non-transitory machine-readable media encoding
mstructions thereon for causing a processor to effect a plurality of energy pulses
within a combustion pre-chamber of an mternal combustion engine during one
cycle of a piston reciprocating within a bore of the internal combustion enging;
merease a concentration of at least one of diatomic hydrogen (H2) and carbon

monoxide (CO) within a mixture of a fuel and an oxidizer disposed within the
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combustion pre-chamber m response (o a first encrgy pulse of the plurality of
energy pulses; and effect a reaction progress between the fuel and the oxadizer
disposcd within the combustion pre-chamber that s less than 50% of a complete

reaction of the mixture of the fucl and the oxadizer during a time between a

V4]

beginning of the first encrgy pulse and a begimning of a final energy pulse of the
plurality of energy pulses, the final energy pulse ocournng after the first energy

pulse.

Brief Descrniption of the Drawings

FIG. 1 shows a schematic view of a machine, according to an
10 aspect of the disclosure.
FIG. 2 shows a schematic cross-sectional view of an IC engine,
according to an aspect of the disclosure.
FI1G3. 3 shows a schematic cross-sectional view of a pre-chamber
assembly installed 1n an I engine, according to an aspect of the disclosure.
15 F1G. 4A shows a time trace of combustion pre-chamber
equivalence ratio versus time, according 1o an aspect of the disclosure.
FIG. 48 shows a time trace of ignition energy pulses versus time,
according to an aspect of the disclosure
FIG. 4C shows a time trace of a concentration of a combustion

20 mtermediate species, according 1o an aspect of the disclosure.

Detailed Description

Aspects of the disclosure will now be described in detail with
reference to the drawings, wherein like reference numbers refer to like clements
throughout, unless specified otherwisc.

25 FIG. 1 shows a schematic view of a maching 100, according to an
aspect of the disclosure. The machine 100 includes an imternal combustion (1C)
engine 104 that is operatively coupled to a load 106 via a shaft 108 The IC
engine 104 may be a reciprocating internal combustion engine, such as a
compression ignition engine or a spark ignition engine. for example. The load

30 106 may include an eleciric generator, a compressor, a pump, or combinations
thereof. Alternatively or additionally, the load 106 may include a work

implement, such as a dump bed, a shovel, a drill, a fork kft, a feller buncher, a
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conveyor, or any other implement known i the art for performing work on a
foad.
The machine 100 includes a controller 110 operatively coupled to

the IC engine 104 for control thereof. It will be appreciated that the controller

V4]

110 may effect open-loop or closed-loop control actions based on inputs from
operator input devices, sensors, operating maps stored therein, combinations
thercof, or any other control inputs known in the art.

The machine 100 can be an "over-the-road” vehicle suchas a
truck used in transportation or may be any other tvpe of machine that performs
10 some type of operation associated with an industry such as mining, construction,

farming, transportation, or any other industry known in the art. For example, the
machine 100 may be an off-highway truck, an on-highway track, a ratlway
locomotive, a maring vehicle, an carth-moving machine, such as a wheel loader,
excavator, dump truck, backhoe, motor grader, matenal handler, or the like. The
15 term "machine” can also refer o stationary equipment such as a generator that 1s
driven by the IC engine 104 to generate electnicity, a pump or compressor that is
driven by the 1C engine 104, or anv other stationary drive cquipment known in
the art. The specific but non-limiting machine 100 iustrated m FIG. 1is a
stationary generator set.
20 FIG. 2 shows a schematic cross-sectional view of an 1C engine
104, according to an aspect of the disclosure. The IC cugine 104 includes a
block 200 defining at least one evlinder bore 202 therein, at least one piston 204
disposed in sliding engagement with the cvlinder bore 202, a head 206 disposed

on the block 200, and a pre-chamber assembly 207, The cross section in FIG. 2

[
(]

15 taken along a plane including a longitudinal axis 112 centered within the bore
202.

The cvlinder bore 202, the piston 204, the head 206, and the pre-
chamber assembly 207 define, at least partly, a main combustion chamber 208,
A volume of the main combustion chamber 208 may vary with the location of
30 the piston 204 relative to the head 206, such that the volume of the main
combustion chamber 208 1s at a maximum when the piston 204 is located at
Bottom Dead Center (BDC) of its stroke, and the volume of the main
combustion chamber 208 1s at a mintmum when the piston 204 is located at Top

Dead Center {TDC) of #s stroke.



WO 2016/191047 PCT/US2016/030530

The IC engine 104 may operate according to a four-stroke cvele,
mcluding an intake stroke {(from TDC to BDC), a compression stroke (from
BDBC 1o TDC), an expansion stroke (from TDC to BDC), and an exbaust stroke

{from BDC to TDC). Altematively, the IC engine 104 may operate according to

V4]

atwo-stroke cycle, mcluding a compression/exhaust stroke (from BDC to TDC)
and an expansion/exhaust/intake stroke (from TDC to BBC). K will be
appreciated that the {C engine 104 may also operate according to any known

g but not

[y

modifications of the four-stroke cycle or the two-stroke cycle, includin
fmited to, the Miller Cyele, for example.

10 The piston 204 1s pivotally connected to a crankshaft (not shown)
via a connecting rod 210 for transmitting mechanical power therebetween.
Although only one piston 204 and cylinder bore 202 are shown i FIG. 2, 1t will
be appreciated that the 1€ engine 104 may be configured to include any number
of pistons and cyvlinder bores to suit a particular design or application.

13 The IC engine 104 reccives a flow of oxadizer from an mntake duct
212, Ome or more intake valves 214 effect selective thud commumication
between the mtake duct 212 and the main combustion chamber 208, The IC
engine 104 discharges a flow of exhaust to the exhaust system 215 via an
exhaust duct 216, One or more exhaast valves 218 effect selective fhad

20 communication between the main combustion chamber 208 and the exhaust duct
216. The mtake valves 214 and the exhaust valves 218 may be actuated by a
cam/push-rod/rocker arm assembiv (not shown), a solenoid actuator, a hydraulic
actuator, or by any other cyvlinder valve actuator known in the art to open or

close wntake or exhaust valves.

[
(]

The exhaust system 215 may include an exhanst aftertreatment
system 220 for trapping exhaust constituents, converting an exhaust constituent
from one composition to another composition, or both. The exhaust
aftertreatment system 220 may include a particulate filter, a nitrogen oxide
{(NOx) conversion module, an oxadation catalyst, an acoustic muffler,

30 combimations thergof, or any other exhaust aftertreatment device known in the
art.

Referring still to FiG. 2, the IC engine 104 may include a
trbocharger 230 having a turbine 232 operably coupled to a compressor 234 via

ashaft 236, The turbine 232 receives a flow of exhaust gas via the exhaust duct
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216 and extracts mechanical work from the exhaust gas by expansion of the
exhaust gas therethrough. The mechanical work exiracted from the turbine 232
from the flow of exhaust gas is transmitted to the compressor 234 via the shaft
236. The compressor 234 recetves a flow of oxidizer, such ag, for example,
ambient air, and performs work on the flow of oxidizer by compression thercof.
The flow of compressed oxidizer is discharged from the compressor 234 into the
mtake duct 212.

Additionally, the IC engine 104 may include an Exhaust Gas
Recirculation (EGR) loop 240 for conveying exhaust gas mto the oxidizer flow.
The EGR loop 240 may include an EGR conduit 242 in fluid communication
with the exhaust duct 216 upstream of the turbine 232, and n fluid
communication with the mtake duct 212 downstream of the compressor 234,
cffecting a so-called “high-pressure EGR loop.” Alternatively, it will be
appreciated that the {C engine 104 may also be equipped with a low-pressure
EGR loop, where the EGR conduit 242 1s in fluid communication with the
exhaust duct 216 downstream of the turbine 232, and i fluid communication
with the mtake duct 212 upstream of the compressor 234,

The EGR conduit 242 may incorporate an EGR conditioning
module 244 that effects cooling, filtering, or throttling of exhaust gases flowing
therethrough, combinations thereof, or any other exhaust gas processing known
to benetit the operation of the EGR loop 240, The EGR conduit 242 may fluidly
couple with the mtake duct 212 at a mixing device 246 configured to effect
mixing between the recireulated exhaust gas and the flow of oxadizer.

The IC engine 104 receives combustible fuel from a fuel supply
system 250. The fuel supply system 250 may include fuel storage, compressors,
pumps, valves, regulators, instrumentation, or any other clements known in the
art to be useful for supplyving a flow of fugl. The pre-chamber agsembly 207 is
disposed in direct fluid comuwmication with the main combustion chamber 208,
and may receive a flow of fuel from the fuel supply system 250 via a pre-
chamber fuel conduit 252 and a pre-chamber fuel injector 253, Accordingly, the
fuel supply system 250 may be in fluid communication with the main
combustion chamber 208 via the pre-chamber assernbly 207. A man fuel
mjector 254 may be disposed in fhiid communication with the mtake duct 212

gpstream of the mtake valve 214, or alternatively, the main fuel injector 254 may
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be disposed in direct fhud commumication with the main combustion chamber
208, Accordingly, main fuel imjector 254 may be in fluid communication with
the main combustion chamber 208 via a flow path that does not mclude the pre-

chamber assembly 207. The pre-chamber fuel injector 233 and the mam fuel

V4]

mjector 254 may each be operatively coupled to the controller 110, such that the

controller 110 13 configured o selectively effect fluid communication between

the fuel supply system 250 and the pre-chamber assembly 207 and the main
combustion chamber 208 via the pre-chamber fuel injector 253 and the main fuel
mjector 234, respectively.

10 The fuel supply systern 250 may include sources of different
combustible fuels. According to one aspect of the disclosure, the fuel supply
system 250 is configured to provide a first fuel to the pre-chamber assembly 207,
and a second fuel to the main combustion chamber 208, where the first fuel
differs from the second fucl in at least one of supply pressure, matter phase, and

15 chemical composition. Alternatively, the fuel supply system 250 may be
configured to debiver the same fuel 1o each of the pre-chamber assembly 207 and
the main combustion chamber 208,

The fuel supply system 250 may be configured to deliver a liqud
fuel, a gaseous fuel, or combinations thereof. Liguid fuels may include distillate

20 diesel, biodiesel, dimethyl ether, ethanol, methanol, seed oils, liquefied natoral

gas {(LNG), liquefied petroleum gas (LPG), Fischer-Tropsch denved fuel,

combinations thereof, or anv other combustible liquid known in the art. Gaseous
fuels may include natural gas, methane, propane, hydrogen, carbon monoxide,

biogas, syngas, combinations thereof, or any other combustible gas known in the

[
(]

art. It will be appreciated that a gasecous fuel may include mert constituents,
such as carbon dioxide, nitrogen, steam, combinations thereof, or any other mert
gas known in the art. According io an aspect of the disclosure, the fuel supply
system 230 is configured to deliver natural gas. According to another aspect of
the disclosure, the fuel supply syvstem 250 15 configured to deliver a combustible
30 gas comprising at least 50% methane by mole. According o vet another aspect
of the disclosure, the fuel supply system 250 is configured to deliver a fuel with
a sufficiently low cetane value, or a sufficiently high octane value, forusc ina
spark-igmition reciprocating IC engine, such as natural gas or gasoline, for

example.
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The pre-chamber fuel injector 253 1s configured to cffect selective
fluid communication between the fuel supply system 250 and the pre-chamber
assemblv 207. For example, the pre-chamber fuel injector 253 may assume one

of the following two configurations. According to a first configuration, the pre-

V4]

chamber fuel injector 253 blocks fluid commanication between the fuel supply

system 250 and the pre-chamber assembly 207 via the pre-chamber fuel conduit

252, According to a second configuration, the pre-chamber fuel injector 253

gffects fhnd communication between the fuel supply svstem 250 and the pre-

chamber assembly 207 via the pre-chamber fuel conduit 252,

10 The pre~chamber fucl injector 253 may include an actuator
configured to change the fhud configuration of the pre-chamber fuel injector 253
ander the control of the controller 110, The actuator for the pre-chamber fuel
mjector 253 may mehide a solenoid actuator, a hydraulic actuator, a preumatic
actuator, a mechanical actuator, such as, for example a cam actuator,

15 combinations thereof, or anv other fuel mjector actuator known in the art. The
controller 110 may control an amount of fuel delivered to the pre-chamber
assemblv 207 via the pre-chamber fuel injector 253 by controlling an opening
time duration of the pre-chamber fuel injector 233, an effective flow area of the
pre-chamber fuel injector 233, or combinations thereof.

20 Similarty, the main fuel injector 254 is configured to effect

selective fluid communication between the fucl supply system 250 and the main

cornbustion chamber 208, For example, the mamn fuel injector 254 may assume
one of the following two fluid configurations. According to a first configuration,

the main fuel injector 254 blocks fluid communication between the fuel supply

[
(]

system 230 and the intake duct 212, According to a second configuration, the
main fuel injector 254 effects fluid communication between the fuel supply
system 250 and the intake duct 212,

The main fuel tjector 254 may include an aciator configured to
change the fluid configuration of the mam fuel mjector 254 under the control of
30 the controller 110, The actuator for the main fuel injector 254 may include a
solenoid actuator, a hydraulic actuator, a pneumatic actuator, 3 mechanical
actuator, such as, for example a cam actuator, combinations thercof, or any other
fuel injector actuator known in the art. The controller 110 may control an

amount of fuel delivered to the main combustion chamber 208 via the main fuel
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mjector 254 by controlling an opening time duration of the main fuel injector
254, an effective flow area of the main fuel injector 254, or combinations
thercof.

The controiler 110 may be in data communication with a user
mterface for receiving control inputs from an operator of the machine 100.
Further, the controiler 110 may be in data communication with the IC engine
104 via one or more data connections for receiving sensor signals from the IC
engine 104, dehivering control inputs {o the IC engine 104, combinations thereof,
or for transmitting any data known in the art io be relevant to operation of the IC
engine 104, It will be appreciated that any data connections between the
controller 110 and any other element of the IC engine 104 may include wired
connections, wireless connections, combinations thergof, or any other data
communication means known in the art.

The controller 110 may be anvy purpose-built processor for
effecting control of the IC engine 104, the machine 100, or combinations thereof.
It will be appreciated that the controller 110 may be embodied in a single
housing, or a plurality of housings distnbuted throughout the machine 100
Further, the controller 110 may include power electronics, preprogrammed logic
circuits, data processing circuits, volatile memory, non-volatile memory,
software, firmware, combinations thereof, or any other controller structures
known in the art.

FIG. 3 1s a schematic cross-sectional view of a pre-chamber
assembly 207 mstalled i an IC engine 104, according to an aspect of the
disclosure. The pre-chamber assembly 207 includes a body 300 and an ignition
energy source 302, Optionally, the pre-chamber assembly 207 may include a
heating element 304, the pre-chamber fuel injector 253, or both.

An external surface 306 of the pre-chamber assembly 207 at least
partly defines the main combustion chamber 208, According 1o an aspect of the
disclosure, the external surface 306 may project beyond the head 206 into the
main combustion chamber 208, An miernal surface 308 of the pre-chamber
assembly 207 defines a combustion pre-chamber 310 and a plurality of outlet
orifices 312, and optionally defines a pre-chamber fuel supply conduit 314,

The cutlet orifices 312 extend through a wall 316 of the body 300

and effect fhuid communication between the combustion pre-chamber 310 and
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the mam combustion chamber 208, According to an aspect of the disclosure, a
transverse dimension 318 of one or more of the outlet orifices 312 is less than
25% of a transverse dimension 320 of the combustion pre~chamber 310,

According to another aspect of the disclosure, a transverse dimension 318 of one

V4]

or more of the outlet orifices 312 1s less than 15% of a transverse dimension 320
of the combustion pre-chamber 310 Accordingly, flaid fiow from the
combustion pre-chamber 310 to the main combustion chamber 208 via the
plurality of outlet orifices 312 1s accelerated by a reduction m flow area through
the plurality of outlet orifices 312 to form fluid jets projecting into the main
10 combustion chamber 208,
According to an aspect of the disclosure, the ignition energy
source 302 is an electric spark plug imcluding an anode 330 and a cathode 332,
The anode 330 and the cathode 332 are electrically insulated from one another
and defing a spark gap 334 within the combustion pre-chamber 310. The
15 cathode 332 may be electrically coupled to a chassis ground of the pre-chamber
assembly 207, the engine 104, the machine 100, or combinations thereof. The
anode 330 15 clectrically coupled to the controller 119 via a high voltage source
336, where the controller 110 1s configured to effect application of a voltage
difference across the spark gap 334 sufficient {o cause an ¢lectric spark to arc
20 across the spark gap 334, In turn, the clectric spark across the spark gap 334
may be configured to effect a desired degree or intensity of chemical reactions
between a fuel and an oxadizer disposed within the combustion pre-chamber 310.
Alternatively or additionally, the ignition energy source 302 may

mclude a laser energy source optically coupled to the combustion pre-chamber

[
(]

310. The laser energy source may be operatively coupled to the controlier 110,
and the controller 110 may be configured to cause the laser energy source to
transmit a beam of laser light into the combustion pre-chamber 310 for effecting
a desired degree or intensity of chemical reactions between a fucl and an
oxidizer disposed within the combustion pre-chamber 310.

30 In addition to the ignition energy source 302, the pre-chamber
assembly 207 may include a heating element 304 disposed in thermal
communication with the combustion pre-chamber 310. According o an aspect
of the disclosure, the heating element 304 is an clectrical resistance heater that is

operatively coupled to the controlier 110, where the controller 110 s configured
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to effect a desired heat flux into the combustion pre-chamber 310, effect a
desired temperature within the combustion pre-chamber 310, or both. The
heating elernent 304 may be advantageoushy operated to promote medium
temperature combustion kinetics, less than about 1340 degrees Fahrenheit (1000
K), without transitioning to sustained, higher temperature reactions capable of
procecding spontancousty to a complete reaction.

The internal surface 308 of the body 300 may define a pre-
chamber fuel supply condwt 314 that 1s in fluid commumication with the pre-
chamber fuel injector 253 and the combustion pre-chamber 310, Accordingly,
the pre-chamber fucl injector 253 may effect fluid communication between the
fuel supply system 230 and the combustion pre-chamber 310 via the pre-
chamber foel supply conduit 314, Although FIG. 3 shows the pre-chamber fuel
supply conduit 314 mtegrated within the body 3900, it will be appreciated that the
pre-chamber fucl supply conduit 314 could also be embodied as a separate
conduit external to the body 300 and passing through the body 300 to effect fhud

communication with the combaustion pre-chamber 310.

Industrial Applicability

The present disclosure is applicable to spark igoition IC engines
m general, and in particular to a combustion pre-chamber for an intemal
combustion engine and a method for operating the same.

Operation of an IC engine 104 will now be described with
reference to FIGS. 2 and 3. Near TDC of an intake stroke, the exhaust valves
218 close and the intake valves 214 open. As the piston 204 translates within the
bore 202 toward BDC, oxadizer from the mtake duct 212 and fuel from the main
fuel injector 254 are drawn tnto the main combustion chamber 208, 1t will be
appreciated that the main fuel injector 234 may admit fuel into the mam
combustion chamber 208 over a period of ime spanning only a portion of the
entire intake stroke. Fuel, oxadizer, or both from the main combustion chamber
208 may flow into the combustion pre-chamber 310 via the outlet orifices 312
during the intake stroke by diffusion, convection driven by charge motion within
the mamn combustion chamber 208, or other mass transport process.

Near BB of a following compression stroke, the intake valves

214 close and the exhanst valves 218 remain closed. As the piston 204 translates
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within the bore 202 toward TDC, oxadizer and fuel from the main fuel injector
254 arc mixed and compressed within the main combustion chamber 208.
Further, compression within the main combustion chamber 208 causces a flow of

oxidizer and fuel from the mam fuel injector 234 to flow from the main

V4]

combustion chamber 208 into the combustion pre-chamber 310 via the phurality

of outlet orifices 312, According to an aspect of the disclosure, the only source

of oxidizer for the combustion pre-chamber 310 is oxidizer onginating from the
mtake duct 212 and flowing mto the combustion pre-chamber 310 via the

plurality of cutlet orifices 312.

10 The relative proportions of fucl and oxidizer entering the
combustion pre-chamber 310 via the phurality of outlet onfices 312 at anv given
time during the compression stroke may depend upon timing and flow rate of
fuel from the main fuel injector 254, how well the fuel and the oxidizer are
mixed within the maim combustion chamber 208, or both. Thus, the relative

15 proportions of fuel and oxidizer within the combustion pre-chamber 310 during
the compression stroke may vary with time.

Optionally, fucl may be delivered dircetly to the combustion pre-
chamber 310 via the pre-chamber fuel injector 253 and the pre-chamber fuel
supply conduit 314 daring the miake stroke, the compression stroke, or both.

20 Accordingly. a concentration of fuel in the fuel-oxidizer mixture disposed within

the combustion pre~chamber 310 may be affected by residual gas remaming in

the combustion pre-chamber 310 after the previous exhaust stroke, oxidizer
flowing from the main combustion chamber 208 into the combustion pre-

chamber 310, fuel flowing from the main combustion chamber 208 into the

[
(]

combustion pre-chamber 310, and fuel flowing from the pre-chamber tuel
mjector 253 directly into the combustion pre-chamber 310, The pre-chamber
fuel injector 253 may deliver fuel directly to the combustion pre-chamber 310
over any time period between about 500 degrecs crank angle before TDC of the
compression stroke and about the time of closing the intake valves 214, for

30 example. Altematively or additionally, given a fuel supply with sefficient
supply pressure, the pre-chamber fuel myector 253 may deliver fuel directly to
the combustion pre-chamber 310 over any time period between about the time of
exhaust valves 2138 closing near the end of the exhaust stroke and about TDC of

the compression stroke.
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An operator of an IC engine 104 may wish to control nitrogen
oxides (NOx) emitted from the IC engine 104, One strategy for conirolling NOx
emissions is to reduce the kinetic rate of NOx formation within the IC engine
104 by lowering peak temperatures within the mam combustion chamber 208
during a combustion event. Peak in-cyvlinder temperatures may be reduced by
reducing the overall concentration of fuel in the fuel-oxidizer mixture burped in
the main combustion chamber 208 to a valuc less than the stoichiometric ratio of
fuel gquantity to oxadizer quantity within the main combustion chamber 208,

Unless specified otherwise, the stoichiometric ratio of fuel to
oxidizer 18 the proportion of fuel guantity to oxidizer gquantity that results in no
excess fuel and no excess oxudizer upon complete combustion of the mixture.

Or i other words, the stoichiometric ratio of fuel to oxidizer is the proportion of
fuel quantity to oxidizer quantity that results in all fuel and all oxygen being
consumed upon complete combustion of the mixture. The stoichiometric ratio of
fuel to oxidizer may be calculated on either a molar or mass basis.

An actual fuel-to-oxidizer ratio may be normalized by the
stoichiometric fuel-to-oxidizer ratio to yvield an equivalence ratio. As used
herein, unless specified otherwise, a mixture having an equivalence ratio less
than one s fuel lean and will result in excess oxygen and no unburned fuel upon
complete combustion, and a mixture having an equivalence ratio greater than
one 1s fuel rich and will result in unburned fuel and no excess oxygen upon
complete combustion.

While decreasing the equivalence ratio of an already fuel fean
mixture tends to reduce the amouvnt of NOx formed, leaner equuvalence ratios
may pose ignition challenges. For example, in spark ignition engines, leaner
fuel-oxidizer mixtures may require higher ignition encrgy to ignite a self-
sustaining flame front, may result in lower flame speeds through the fuel-
oxidizer mixture, or both. Further, the challenges of igniting lean fucl-oxidizer
mixtures may be compounded m spark ignition engines having large diameter
pistons because the flame has to propagate a long distance from the point of
ignition to the cvlinder bore 202 over the relatively short time duration of an
expansion stroke. Failure to ignite and burm all of the fuel-oxidizer mixture in
the main combastion chamber 208 results in higher unburned fuel at the end of

the power stroke, which may necessitate exhaust aftertreatment to convert the
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unburned fuel downstream of the exhaust valves 218, and which {ends 1o
decrease fuel efficiency.
Combustion pre~chambers are known for, in effect, amplifying

the 1gnition energy of a spark by igniting a small mixture of fuel and oxidizer

5 within the pre-chamber and delivering jets of combustion products from the pre-
chamber out into a main combustion chamber. According to an aspect of the
disclosure, fuel delivered to the combustion pre~-chamber 310 15 less than about
3% of the total fuel delivered to the main combustion chamber 208 daring the
same ¢ycle.

10 Some conventional approaches to operating combustion pre-

chambers involve targeting a mixture within the pre-chamber that 1s close to
stoichiometric. However, as lower NOx emissions are targeted, NOx generation
within the pre-chamber may present a significant contribution to overall in-
cvlinder NOx formation, cven though the amount of fue! bumed in the
15 combustion pre-chamber 310 is relatively small. Further, the high flame
temperatures resulting from stoichiometric operation of a pre-chamber may
reduce the useful life of the pre-chamber.
Alternatively, operating conventional pre-chambers with a lean
fuel-oxidizer mixture may help to reduce NOx formation in the pre-chamber, but
20 may pose too much compromise to the efficacy of the pre-chamber as an ignition
source for the main combustion chamber. However, Applicant discovered
advantageous structures and methods for effecting partial combustion of ric
fuel-oxidizer mixtures carly in the compression stroke to gencrate beneficial

mtermediate species, such as diatomic hvdrogen (H2), carbon monoxide (C0),

[
(]

hyvdroxyi {OH) or combinations thereot, which enabled subsequent robust
ignition of the pre-chamber mixtire diluted to a leaner fuel-oxidizer ratio but
stifl containing the previously formed intermediate spacies.

F1G. 4A shows a time trace 400 of combustion pre-chamber 310
equivalence ratio 402 versus time, and FIG. 4B shows a time trace 404 of
30 ignition energy pulses 406 versus time, according to an aspect of the disclosure.
As shown in FIG. 4A, the equivalence ratio 402 within the combustion pre-
chamber 310 1s maintained above a value of one, i.¢., fucl rich, from before the
beginning of the compression stroke (180 degrees crank angle before TDC)

through much of the compression stroke, before decreasing to less than one, 1.¢.,
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a fuel lean condition. Unless specified otherwise, reference to an equivalence
ratio for a specified volume herein refers to a bulk average equivalence ratio
mtegrated over the specified volume. Therefore, references to a mixture of fuel
and oxadizer does not require perfect mixing between the fuel and the oxadizer,
but an equivalence ratio may be defined for the vohume assuming perfect mixing
of the fuel with the oxidizer disposed therein.

Referring to FIG. 4B, timing for a plurality of encrgy pulses is
tHustrated ag a function of time, where the time coordinates for FIGS. 4A and 4B
are aligned. As shown in FIG. 4B, a spark occurs when the energy pulse trace
406 is greater than or equal to a value of one, and there 1s no energy pulse when
the energy pulse trace 406 1s less than the value of one. Thus, the plurality of
energy pulses llustrated in FIG. 4B inchudes at least five energy pulses, namely
first pulse 410, second pulse 412, third pulse 414, fourth pulse 416, and fifth
pulse 418. As discussed previously, it will be appreciated that any energy pulse
of the plurality of energy pulses could be a spark arcing across the spark gap 334
of a spark plug, a pulse of laser light, or any other ignition energy pulse known
m the art. According to an aspect of the disclosure, a duration of cach cnergy
puise of the plurality of energy pulses s less than five (§) degrees crank angle.
According to another aspect of the disclosure, an energy for each ignition spark
is less than about 100 mi.

The plurality of energy pulses 406 includes one or nore
prehiminary energy pulses 420 that occur before a final encrgy pulse. As
tHustrated in FIGS . 4A and 4B the one or more encrgy pulses 420 includes pulse
410, puise 412, pulse 414, and pulse 416, and the fifth pulse 418 is the final
energy pulse. According to an aspect of the disclosure, none of the preliminary
energy pulses 420 are sufficient to cause a sustamned reaction of the fucl-oxidizer
mixture within the combustion pre-chamber 310 to compietion. The lack of a
sustained reaction in response to the preliminary energy pulses 420 results at
least in part from the rich mixture fractions during cach energy pulse of the
prehiminary energy pulses 420, Further, operation of the pre-chamber assembly
207 by the controller 110, according to aspects of the disclosure, maintains fluid
temperatures within the combustion pre-chamber 310 but outside the inunediate
mfluence of the at least one prelinunary encrgy pulse 420(see FIG. 4B} less than

about 1160 degrees Fahrenheit (900 K} to advantageously promote medinm-
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temperature combustion within the combustion pre-chamber 310 while avoiding
higher temperature reactions that may produce a sustained reaction to complete
combustion of the fucl and oxidizer,

By contrast, the final energy pulse 418 is sufficient to effect a

V4]

sustained reaction resulting in complete combustion of the fuel-oxidizer mixture

within the combustion pre-chamber 310, Unless specified otherwise hergin, a

sustained reaction within a fucl-oxidizer mixture is a reaction that procecds to a

reaction progress greater than 95% of a complete reaction, where at feast 95% of

the fuel is consumed, at keast 95% of the oxygen is consumed, or both.

10 According to an aspect of the disclosure, the final energy pulse is the first cnergy
pulse m the plurabity of energy pulses that is sufficient to cause a sustained
reaction to completion. Thas, according to the definition for a final energy pulse
used herein, subsequent energy pulses may follow “the final energy pulse.”

Instead of causing a sustained reaction to completion, cach of the

15 prelimnary encrgy pulses 420 causes a partial reaction of the fuel and the
oxidizer disposed within the combustion pre-chamber 310 that subsequently
quenches or ceases before procecding to a complete reaction. In turn, chemical
reactions caused by each of the preliminary energy pulses 420 advantageously
result in mtermediate combustion species that remain in the combustion pre-

20 chamber 310 until the final energy pulse 413, which effects a sustained reaction

to completion. These mtermediate combustion species may advantageously

melude H2, CO, or other infermediate species that promotes complete
combustion of the mixture upon application of the final energy pulse.

According to an aspect of the disclosure, the controller 110 1g

[
(]

contigured to time each energy pulse of the one or more energy pulses 420 to
occur while the equivalence ratio in the combustion pre-chamber 310 13 greater
than one. According to ancther aspect of the disclosure, the controller 110 s
configured to time each energy pulsce of the one or more encrgy pulses 420 to
occur while the equivalence ratio in the combustion pre-chamber 310 s greater
30 than one, and time the final energy pulse to occur while the equivalence ratio in
the combustion pre-chamber 310 ig fess than one.

According 1o an aspect of the disclosure, the controlier 110 1s
configured to time the one or more energy pulses 420 such that a reaction

progress from before the first energy pulse to just before the final energy pulse is



WO 2016/191047 PCT/US2016/030530

I8

less than 50% of a complete reaction of the fuel and the oxidizer disposed within
the combustion pre-chamber 310, According to another aspect of the disclosure,
the controlier 110 is configured to time the one or more energy pulses 420 such

that a reaction progress from before the first energy pulse to just before the final

V4]

energy pulse is less than 30% of a complete reaction of the fuel and the oxidizer
disposed within the combustion pre-chamber 310,
According to an aspect of the disclosure, each encrgy pulse of the
one or more preliminary energy pulses 420 occurs before 50 degrees crank angle
before TDC of the piston on a compression stroke. According to another aspect
10 of the disclosure, cach encrgy pulse of the one or more energy pulses occurs
betore 80 degrees crank angle before TDC of the piston on a compression stroke.
According to vet another aspect of the disclosure, a time duration between one
preliminary energy pulse and an adjacent preliminary energy pulse is greater
than 30 degrees crank angle. According to still vet another aspect of the

15 disclosure, a time duration between one prehininary energy pulse and another
preliminary encrgy pulse is less than 100 degrees crank angle.

According 1o an aspect of the disclosure, the controlier 110 1s
contigured to time the final energy pulse 418 for no earlier than 30 degrees crank
angle before TDC of the piston on a compression stroke. According to another

20 aspect of the disclosure, the controller 110 15 configured to time the final ¢nergy
pulse 418 for no earlicr than 20 degrees crank angle before TDC of the piston on
a compression stroke.

Although the non-limiting aspects illustrated in FIGS. 4A-4C

show four preliminary energy pulses 420, it will be appreciated that any number

[
(]

of preliminary energy pulses 420 greater than or equal to one may be emploved
to meet a particular need or design constraint.

F1G. 4C shows a time trace 430 of a concentration 432 of a
combustion micrmediate species, according o an aspect of the disclosure, with a
time coordinate aligned with both FIGS. 4A and 4B, According to an aspect of
30 the disclosure, the concentration profile 432 s an H2 concentration profile.
According to another aspect of the disclosure, the concentration profile 432 1s a
CO concentration profile. However, ©f will be appreciated that the concentration
profile 432 may be indicative of other combustion mtermediate species. Unless

specified otherwise, reference 1o a species concentration for a specified volume
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refers to a bulk average concentration mtegrated over the specified volume,
which may correspond to a perfectly mixed concentration, even if fluid in the
specified volume is not perfectly mixed.

As shown n FIG. 4C, a concentration tmmediately precedmg

V4]

cach cnergy puise of the preliminary energy pulses 420 s less than a
concentration immediately preceding an adjacent and subsequent engrgy pulse.
Following the final energy pulse 418, the concentration may abraptly increase
before abruptly decreasing as a sustained reaction proceeds to completion in
response t the final energy pulse 418, According to an aspect of the disclosurg,
10 concentrations of H2, CO, or both, resulting from the prelimmary encrgy pulses
420 ranges trom about 30-50% of the peak H2 or CO concentrations,
respectively, resulting from sustained combustion toward a complete reaction
after the final energy pulse 418, According to another aspect of the disclosure, a
bulk average temperature within the combustion pre-chamber 310 1s maintaimed
15 below about 1340 degrees Fahrenheit (1000 K) prior to the final energy pulse
418, thereby limiting reactions to slower kinetic rates compared to the faster
kinetic rates resulting from the higher temperatures generated by sustained
combustion toward a complete reaction.
According to an aspect of the disclosure, CO concentrations
20 within the combustion pre-chamber 310, prior to the final energy pulse 418,
range from about 500 ppm to about 5000 ppm by mass. According to another
aspect of the disclosure, H2 concentrations within the combustion pre-chamber
314, prior to the final energy pulse 418, range from about 100 ppm to about 500

ppin by mass.

[
(]

Accordingly, by providing apparatus and methods for effecting
partial, low-temperature combustion within a combustion pre-chamber 310 using
a plurality of energy pulses, a robust ignition source is provided to the main
combustion chamber 208 while simultancously reducing NOx emissions
generated within the combustion pre~chamber 310 and extending the useful life
30 ofthe pre-chamber assembly 207, Further, aspects of the disclosure
advantagecusly provide a method for producing combustion intermediate
specics, such as H2 or CO, within the pre-chamber assembly 207, absent an
external gas reformer o provide the combustion mtermediate species to the pre-

chamber assembly 207,
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Any of the methods or functions described herein may be
performed by or controlled by the controller 110, Further, any of the methods or
functions described herein may be embodied in a machme-readable non-

transitory medium for causing the controlier 110 to perform the methods or

V4]

functions described herein. Such machine-readable non-transitory media may
mehude magnetic disks, optical discs, solid state disk drives, combinations
thercof, or any other computer-readable non-transitory mediwm known 1o the art
Moreover, it will be appreciated that the methods and fanctions described herein
may be incorporated into larger control schemes for an engine, a machine, or
10 combinations thereof, including other methods and functions not described
herein
It will be appreciated that the foregoing description provides
examples of the disclosed system and techaique. However, it is contemplated
that other implementations of the disclosurc may differ in detail from the
15 foregoing examples. All references to the disclosure or examples thercof are
mtended to reference the particular example being discussed at that point and are
not intended to imply any limitation as to the scope of the disclosure more
generally. All langunage of distinction and disparagement with respect to certain
features 1s intended to indicate a lack of preference for those features, but not to
20 cexelude such from the scope of the disclosure entirely unless otherwise
mdicated.
Recitation of ranges of values herein are merely intended to serve
as a shorthand method of refernng individeally to each separate value falling

within the range, unless otherwise indicated hergin, and cach separate value is

[
(]

mecorporated into the specification as if it were individually recited herein, All
methods described herein can be performed 1n any suitable order unless

otherwise indicated herein or otherwise clearly contradicted by countext.
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Claims
I An pdernal combustion engine (104), comprising:

a pre-chamber assembly (207) including a wall (316} having an
miternal surface (308} opposite an external surface (306}, the mtemnal surface
S {308) of the wall (316} defining a combustion pre-chamber (310) and at least one

oritice (312) extending to an aperture through the external surface (306} of the

wall (316};
a block (200} having an mternal surface defining a bore {202)
therein;
16 a piston (204) disposed within the bore (202) and configured for

reciprocal translation within the bore (202),
the piston (204), the bore (202), and the extemal surface (306) of
the wall (316} at least partly defining a main combustion chamber (208), and the
combustion pre-chamber (310} being in thud communication with the main
15 combustion chamber (208) via the at least one orifice (312);
an energy source (302) operatively coupled to the combustion
pre-chamber (310); and
a controfler (110} operatively coupled to the energy source (302},
the controlier (110) being configured 1o
20 effect a plurality of energy pulses (406) trom the energy source
{302} within the combustion pre-chamber (310) during one cycle of the piston
{204} reciprocating within the bore (202},
increase a concentration of at least one of diatomic hydrogen (H2)
and carbon monoxide (CO) within a mixture of a fuel and an oxidizer disposed
25 within the combustion pre-chamber (310} in response to a first energy pulse
(410) of the plurality of energy pulses (406}, and
effect a reaction progress between the fucl and the oxidizer
disposed within the combustion pre-chamber (310) that s less than 50% of a
complete reaction of the mixture of the fuel and the oxidizer during a time
30 between a beginming of the first energy puise (410) and a beginning of a final
energy pulse (418) of the plurality of energy pulses (406), the final encrgy pulse

(418} occurring after the first energy pulse (410},
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2. The mternal combustion engine {104} of Claim 1, wherem
no encrgy pulse before the final energy pulse {418) s sufficient to ignite a
sustained reaction of the mixture of the fuel and the oxidizer within the
combustion pre-chamber (310} to a reaction progress greater than 30% of a

complete reaction.

3. The mternal combustion engime (104) of any one of

Claims 1 and 2, wherein the energy source (302} includes an electric spark plug.

4 The internal combustion engine (104) of any one of
Claims 1-3, wherein the plurality of energy pulses (406) includes one or more
prelimimary energy pulses (420) followed by the final energy pulse (418}, the
one or more preliminary energy pulses {420} beginning with the first energy
pulse (410}, and

wherein each energy pulse of the one or more preliminary energy
pulses (420) occurs before 50 degrees crank angle before top dead center of the

piston (204) on a compression stroke.

3. The mternal combustion engine (104) of Claim 4, wheremn
the one or more preliminary encrgy pulses (420) is insufficient to effect
sustained combustion of the mixture of the fucl and the oxidizer within the
combustion pre-chamber (310} to a reaction progress greater than 50% of the
complete reaction of the mixture of the fucl and the oxidizer within the

combustion pre-chamber {310}

6. The mternal combustion engine (104} of any one of
Claims 1-5, wherein the controller (110} is further configured to effect selective
fluid commumnication between a fuel source (250) and the main combustion
chamber (208} via a first flowpath that does not include the combustion pre-

chamber (310},

7. The mternal combustion engine (104) of Claim 6, wherein

the controlier (110} is further configured to effect selective fhuid communication
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between the fuel source (250} and the combustion pre-chamber (310} via a

second flowpath that does not inchude the main combustion chamber (208},

8. The internal combustion engine (104) of any one of

V4]

Claims 1-7, wherein the controller (110} 1s further configured to effect at least
one encrgy pulse of the plurality of encrgy pulses (406} at a time when an
cquivalence ratio of the mixture of the fuel and the oxidizer in the combustion

pre-chamber (310 is not less than 1.1

10 9 The mternal combustion engine (104) of Claim 8, wherein
the controller (110) is further configured to effect the at least one energy pulse at
atime when the equivalence ratio of the muxture of the fuel and the oxidizer n

the combustion pre-chamber (310} is not greater than 1.7,

13 10. A method for operating an mternal combustion engine
(104}, the internal combustion engine {104) including
a pre-chamber assembly (207) including a wall {316) having an
mternal surface (308) opposite an external surface {306), the miemal surface
(308} of the wall (316} defining a combustion pre-chamber (310} and at least one
20 orifice (312} extending to an aperture through the external surface (306} of the
wall (316); and
a piston (204) disposed within a bore (202} and configured for
reciprocal translation within the bore (202},
the piston (204), the bore {202}, and the external surface {306} of
25 the wall (316) at least partly defining a main combustion chamber (208), and the
combustion pre-chamber (310} being in fhnd communication with the main
combustion chamber (208) via the at least one orifice (312),
the method comprising:
cttecting a plurality of encrgy pulses (406) within the combustion
30 pre-chamber (310) from an energy source (302} during one cycle of the piston
(204) reciprocating within the bore (202):
mereasing a concentration of at least one of diatomic hvdrogen

{H2} and carbon monoxide (CO) within a mixture of a fuel and an oxadizer
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disposed within the combustion pre-chamber (310) in response to a first encrgy
pulse {410} of the plurality of encrgy pulses (406); and
effecting a reaction progress between the fuel and the oxidizer

disposed within the combustion pre~-chamber (310} that is less than 50% of a

V4]

complete reaction of the mixture of the fuel and the oxidizer daring a time
between a beginning of the first energy pulse (410} and a beginning of a final
energy pulse (418) of the plurality of encrgy pulses (406}, the final encrgy pulse

(418} occurring after the first encrgy pulse (410).
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