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PRE-CHAMBER INJECTOR-IGNITER FOR GASEQUS FUEL
COMBUGTION AND AGBOCIATEDR SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims prionty to U.S. Provisional Application No. 61/953,628
filed on March 14, 2014.

TECHNICAL FIELD

[0002] This patent document relates to systems, devices and processes that use a

combination injector-igniter in an internal combustion engine.

BACKGROUND

[0003] There are difficullies associated with conversion of a heavy duty (HD)
compression ignition engine to gaseous fuel at highly dilute or lean (2.g., Lambda > 1.3)
air-fuel ratios with a spark-ignited direct injected (SID) combustion system. For example,
spark ignited combustion of natural gas (NG) conventionally incorporates a throttle in order
o maintain a near-stoichiometlric and premixed agir-fuel mikure In order to iniliate
combustion. This leads to volumetric inefficiencies at part-load due to throttling or
pumping losses in compatison to throttle-less diesel operation. Additionally, premixed air-
fuel mixtures when spark-ignited under high compression ratio {e.g., 161 {o 18:1), found
inn diesel engines, results in end gas compression leading to excessive engine Knock.
Excessive knock can lead to severe engine damage. Thus, the engine is calibrated to
avoid knock by limiting load, thereby resiricting the sngine's useful operating range.
Compression ratio reduction is common among HD NG S} engines {(e.g.. 10:1 to 12:1) to
prevent knock and extend load mit. However, for HD NG retrofit applications, the stock
HD Diesel compression ratio and original cylinder head should be maintained for minimal

gngine modification,
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SUMMARY

[0004]  An injector-igniter including a pre-chamber in fluid connection with a combustion
chamber of 8 combustion engine may be embodied as an integrated, bolt-in, singutar unit
that is suitable to operate heavy duty compression ignition engines in spark-ignited direct
injection mode with gaseous and other fuels at dilute or lean ratios. Methods for
combustion processes are also disclosed for operating a lean-bum spark ignited direct
injected engine. The disclosed apparatuses, systems, and methods describes a device
that may be configured to use existing diesel injector hole openings in a cylinder head with
minimal or no additional machining to the cylinder head and base engine piston or

comprassion ratio.

[0008] An embodiment may include a method of sequential ignition of a fuel during
operation of a combustion engine. The method may inject a fuel into a pre-chamber of a
combustion chamber. The pre-chamber may be at least partially physically separated from
the combustion chamber. The method may also direct a portion of the fuel inlo the
combustion chamber through one or more nozzles of the pre-chamber and initiate a first
ignttion event within the pre-chamber. The method may also iniliate a second ignition

event within the combustion chamber as a result of the first ignition event,

[0008] A further embodiment may include a fusl ignition system for use with a
combustion engine. The system may comprise a fuel injector having a valve configured to
dispense fuel, and an ignition site adjacent to the valve. Further, the system may include
a cover defining a volume encompassing at least part of the valve and at least part of the
ignition site, The cover may include one or more nozzles providing a fluld passage

hetween the pre-chamber and a combustion chamber of the combustion enging.

[0007] A still further embodiment may include a fuel injection and ignition apparatus
comprising one or more controllers and pne or more computer memores communicatively
coupled to the one or more controliers. The one or more computer memaories may include
a fuel control and ignition conifrol module storing tangible computer-executable

instructions. When executed by the one or more confrollers, the instructions may cause a
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single valve to inject a fuel inte a pre~-chamber of a combustion chamber and into the
combustion chamber. The pre-chamber may be at least partially physically separated
from the combustion chamber. The instructions may also initiate a first ignition event
within the pre-chamber to create a turbulent reacting jet that exils the pre-chamber
through one or more nozzles of the pre-chamber and that enters a combustion chamber.
There, the turbulent reacting jet may initiate a second ignition event within the combustion

chamber as a resull of the first ignition event.

[000B] A still further embodiment may include a combustion method, The method may
initiate a first combustion event inside a pre-chamber having a first volume consisting of
an air-fuel mixture in fluid communication with a combustion chamber having a second
volume. The first combustion event may create a twurbulent reacting jet that exits the pre-
chamber and enters the combustion chamber. The second volume may consist of air, and
the turbulent reacting jet may raise both a temperature and a pressure of the combustion
chamber fo an auto-ignition temperature of the air-fuel mixture. The method may then
sttbsequently inject a quantity of fuel through the pre-chamber and into the combustion
chamber wherein the guantity of fuel is auto-ignited and proceeds to burn by diffusion

process.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The figwes described below depict various aspecis of the methods, systems,
and devices disclosed herein. it should be understood that sach figure depicts an
embodiment of a particular aspect of the disclosed methods, systems, and devices, and
that each of the figures is intended {o accord with a possible embodiment thereof. Further,
wheraver possible, the following description refers to the reference numerals included in
the following figures, in which featwwres depicted in multiple figures are designated with

consistent reference numerals.
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[0010] Non-limiting and non-exhaustive embodiments of the devices, systems, and
methods, including the preferred embodiment, are described with reference o the various
figures disclosed.

[0011]  Fig. 1 ilustrates a cross-sectional view of an embodiment of an injector-ignitor

including & pre-chamber;
[0012] Fig. 2 illustrates a fuel system for use with a combustion engine;

[0013] Fig. 3A llustrates a cross-sectional view of an embodiment of an injector-ignitor
including a pre-chamber with a single pre-chamber nozzle;

[0014] Fig. 38 dlustrates a face view of a reacting jet in an injector-ignitor embodiment
including & pre-chamber with a single pre-chamber nozzle;

[0015] Fig 30 illustrates a cross-sectional view of an embodiment of an injector-ignitor
including a pre~-chamber with a plurality of pre-chamber nozzies;

[0018]  Fig. 3D illustrates a face view of a reacting it in an embodiment of an injector-
ignitor including a pre-chamber with a plurality of pre-chamber nozzles,

00171  Fig. 3k dlustrates a cross-sectional view of an embodiment of an injector-ignitar
including a pre~-chamber with a single pre~chamber nozzles during 8 combustion event;
[0018] Fig. 4 iflustrates a side view of an embodiment of an injector-ignitor;

[00198] Fig. 5A illustrates a cross-sectional view of one embodiment of an injector-
ignitor pre-chamber tip having a single nozzle;

[0020] Fig. 8B illustrates a cross-sectional view of one embodiment of an injector-

ignitor pre-chamber {ip having a plurality of nozzles;

f0021) Figs. 6A and 6B illustrate a cross-sectional view of an embodiment of an
injector-igniter including a single-hole large nozzie with offset inlet valve and high voltage

igniter in a pre-chamber;
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[0022] Figs. 7A and 7B illusirate a cross-seclional view of an embodiment of an
injector-igniter including multi-hole small angle nozzles with offset inlet tube and high

voltage igniter in a pre-chamber;

[0023] Figs. 8A and 8B illustrate a cross-sectional view of an embodiment of an
injector-igniter including a single-hole large nozzie with center inward opening inlet and

offsel high voltage igniter in a pre-chamber;

[0024] Figs. 9A and 9B illustrate a cross-sectional view of an embodiment of an
injector-igniter including a single-hole large nozzle with center outward opening inlet and

offset high voltage igniter in a pre-chamber;

[0025] Figs. 10A and 10B ilustrate a cross-sectional view of an embodiment of an
injector-igniter including a multi-hole nozzle with center inward opening inlet and offset

high voitage igniter in & pre~chamber;

[0026] Figs. 11A and 11B illustrate a cross-sectional view of an embodiment of an
injector-igniter including a multi-hole nozzie with center outward opening inlet and offset
high voltage igniter in a pre-chamber;

[0027] Figs. 12A and 128 illustrate a cross-sectional view of an embodiment of an
injector-igniter including 8 nozzle with center outward opening iniet and concentric or
coaxially configured voltage igniter in a pre-chamber;

[0028] Fig. 13 illustrates a cross-sectional view of an embodiment of an injeclor-
ignitor including a channel to draw air into a pre-chamber;

[0029) Fig. 14 iHlustrates one embodiment of a method for injecting and combusting
fuel in an injector-ignitor pre~-chamber; and

[0030] Figs. 15A-15H illustrate cross-sectional views for various embodiments of pre-

chamber internal shape geometries.

DETAILED DESCRIPTION
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[0031] The representative embodiments disclosed herein include an injecior-igniter
as an integrated, bolt-in, singular unit that is suitable to operate heavy duty compression
ignidon engines in spark-ignited direct injection mode with gaseous fuel at dilute or lean
{(e.q.. Lambda > 1.3) air-fuel ratios. Methods for combustion processes are also disclosed
for operating a lean-burn spark ignited direct injected engine on a gaseous fuel. The
disclosed technology provides an easy io install device that may be configured to use
existing diese!l injector hole openings in a cylinder head with minimal or no additional

machining o the cylinder head and base engine piston or compression ratio.

[0032] Specific details of several embodiments of the technology are described below
with reference to the figures. Many of the details, dimensions, angles, steps, and ather
features shown in the figures are merely illustrative of particular embodiments of the
fechnology. Accordingly, other embodiments can have other details, dimensions, angles,
steps, and features without departing from the spirit or scope of the present technology. A
person of ordinary skill in the art, therefore, will accordingly understand that the technology
may have other embodiments with additional elements, or the fechnology may have other
embodiments without several of the features shown and described below with reference to

the figures.

f0033) With reference to Fig. 1. an injeclor-igniter or injector-igniter assembly 100
includes a small volume, defined as a “pre-chamber” 108, that is at least partially
physically separate from the main combustion chamber 128. In some embodiments, the
pre~-chamber is also located within the injector-igniter housing 102, near the point of fuel
injection 107. The pre-chamber 108 may include a cover or housing defining a volume
that encompasses a valve 106 and an ignition site 114, where the valve 106 may meter
fuel 104 into the pre-chamber 108, In some emboadiments, the pre-chamber 108
maintaing a near-stoichiometric air-fuel mixture, or stratified mixture, at the ignition site
114 by containing the airfuel mixture in a small volume. In some embodiments, the
volume of the pre-chamber 108 may be fixed. in other embodiment, the volkume of the

pre-chamber 108 may be modifiable or configurable based on conditions within the
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combustion chamber or operating conditions {e.g., load, temperature, ete.} of the vehicle.
The air-fuel mixture is ignited in the pre-chamber 108 with an ignition initiator or device
112, In some embodiments, the ignition device 112 inciudes a high-voltage ignition device
that has an electrical isclating material or fluid 110. The ignition device 112 may generate
an arc, corena discharge, laser, microwave, or other svent {o ignite the air-fuel mixture.
Upon ignition, the high-pressure combustion of primary chamber gases may then be
directed via one or more nozzle holes 116 into the main chamber 128 to continue a bumn
of gaseous fuel and air. Generally, the nozzles 116 provide a passage between the pre-
chamber 108 and the combustion chamber 128. In some embodiments, the bum is a lean
burn. For example, the main combustion chamber 128 may contain excess air and fuel
mixture from previous combustion events or may contain only air. The result is an overall
lean burn combustion process. The combustion chamber may be configured for use in a
heavy or medium duty diesel engines. The chamber may include intake ports 122 and
exhaust ports 124 with valves 120 on both intake and exhaust or scavenging port to
control the air flow in and out of the main chamber 128, Additionally, the combustion

chamber 128 may include a piston 130, cylinder liner 128, and cylinder head 118,

[0034] With reference to Figs. 1 and 2, existing diesel injeciors may be replaced with
injector-igniters 100 and a fuel system 200, The fuel system 200 may include an injector~
igniter assembly 208, an injector driver 204. The injector driver may meter fuel 218 {e.g.,
high pressure gaseous fusl) directly into the pre-chamber 108 {Fig. 1), where il is ignited at
near stoichiometric conditions by means of a high voltage igniion driver 208, The fuel may
be delivered by means of a fuel system comprised of a fuel raill 220, an accumutator 2186,
a pressure intensifier 214, a regulator 212, a relief valve 222, a fuel tank 210, and engine
control unit (ECU) 202,

[0035] Both the injector driver 204 and ignition driver 206 may be controlled using
computer-readable instructions that are stored within a tangible memaory of the ECU. The
ECU 202 may include both a memory 202a for storing instructions and a micraconiroller or

processor 202b for executing instructions to control the ignition driver 206, the injector
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driver 204, and any other computer-controlled functions of the fuel system 200. The
controller 202b may include a register set or register space which may be entirely on-chip,
or alternatively located entirely or pariially off-chip and directly coupled to the controller
202b via dedicated electrical connections and/for via an interconnection bus. The controller
20Z2b may be any suitable processor, processing unit or microprocessor. Although not
shown, the fuel system 200 or any system employing various embodiments of the injector-
ignitor as herein described may be a multi-processor device and, thus, may include one or
more additional processors that are identical or similar to the controller 202b and that are
communicatively coupled to an interconnection bus. The controller 202b may also be
coupled to a chipset, which includes a memaory coniroller and a peripheral inputfoutput
{HO) controller. As s well known, the chipset typically provides VO and memory
management funcltions as well as a plurality of general purpose andfor special purpose
registers, timers, etc. that are accessible or used by one or more processors coupled to
the chipset. The memory controller performs functions that enable the processor controller
{or processors if there are mulliple processars) to access a system memory and a mass

storage memory (not showni.

[0036] The controller 202k may also include conhe or more memories 202a sforing
instruction modules to implement fuel control and ignition strategies such as a method
1400 (Fig. 14) for injecting and combusting fuel in the pre-chamber, adaptive control
strategies, or other functions as herein described. For example, a fuel conirol and ignition
module 20Z2c may be stored in memaory 202a and include tangible computer-execttable
instructions that are stored in a non-transitory computer-readable storage medium. The
instructions of the fuel control and ignition module 202¢ are executed by the controller
2020 or the instructions can be provided from computer program products that are stored
in tangible computer-readable storage mediums (e.g. RAM, hard disk, optical/imagnetic

media, etc.).

[0037] With reference to Fig. 3A, another embodiment of an injector-igniter 300 may
include a high-voltage primary ighition device 112 within the injector-igniter 100 that ignites
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a portion of the air-fuel mixture that has not exited the pre-chamber 108 into the main
combustion chamber 128 {i.e., a remaining portion of an air fuel plume 302) at the ignition
site 114 within the injector/igniter 300, The ignited remaining portion of the air-fuel plume
302 may then be directed into one or more nozzles 318 that each generate a furbulent
reacting jet 310 that spreads into the main combustion chamber 128. The one or more
twrbulent reacting jets 310 may also act as spatially-distributed secondary ignition sources
for air-fuel mixture previously present in the main chamber. The one or more reacting jets
310 are reactive and can ighite lean air-fuel mixtures., Fig. 3B shows the reacting jet 310
with individual, smaller jets 310a from the perspective of the piston bowl 130 looking
foward the nozzle 316. The various injector-igniters described herein may be configurable
{"tunable") to optimize various engine applications. For example combustion strategies
using different configurations of the injeclor-igniter described herein may opltimize thermal
efficiency, emissions and fuel consumption for a combustion engine. in some
embodiments of the injector-igniter, the lean flammability limit may extend {o a value
greater than Lambda of 1.3 for some fuels (e.g., natural gas), where Lambda is defined as
the ratio of actual air fo fuel ratio divided by stoichiometric air to fuel ratic. In other
embodiments of the injector-igniter, the lean flammability limit will extend to a value
greater than Lambda 1.8 for some fuels {e.g.. natural gas). Allhough the disclosed
embodiments are described with respect to natural gas, other fuels {liguid, gas, or other
forms) can be used with the present technology. For example and without limitation,
suitable fuels may include methanol, hydrogen, hydrogen-methane mixtures, syngas,
dimethyl ether (DME), diethy! ether (DEE), efc.

[0038] An ignition event 1143 (Fig. 1) at the primary ignition site 114 can be supplied
by the ignition driver 206. The ignition driver 206 may supply any ignilion type that is
suitable to ignite the air-fuel mixture within the pre-chamber 108, For example and without
limitation, the ignition driver 206 may supply ohe or more of an arc, corona discharge,
plasma spark, Lorentz, spark, glow plug, laser, Radio Frequency (RF), microwave

frequency, chemical ignition {e.g.. high reactivity fusl such as diesel or DME), catalytic
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ighition, and thermally assisted catalvtic ignition as an ignition event 114a. For example,
the injector-igniter 100 can include calalytic coatings to provide reaction sites for fusl
reformation within the pre-chamber and on inlerface swrfaces with the combustion

chamber.

[0039] In some embodiments, as shown in Figs. 3A, 3B, 3C, and 3D, for example, the
infector-igniter 300 may inject single or multiple quantities of fuel without igniting through
the pre-chamber nozzie(s) 316, 318 and inte the main combustion chamber 128 to
develop a stratified charge in the main combustion chamber 128, Upon the last injection,
the remaining portion of the air-fuel plume 302 within the pre-chamber 108 is ignited at
primary ignition site 114 causing pressure to increase in the pre-chamber and forcing the
contents fo exit the pre-chamber 108 via the one or more nozzles 316, 318, Various
geometries of the nozzles 3186, 318 may create one or more furbulent reacting jets 310a,
312a and can ignite the stratified charge 304 In the main combustion chamber 128. This
method may be described but not limited {o "Premixed” or "Partially Premixed” or "Partially
Stratified” pre-chamber combustion. These embodiments may be best suited (but not
limited} to low engine load operating regions, where combustion stability is of concern and

knock limitations are not of primary concermn.

[0040] in another representative embodiment, shown as Figure 3E, fuel may be
injected into the pre-chamber 108 and ignited af the ignition sile 114, which causes
pressure o build in the pre-chamber and forces a reactive fuel jet 308 now within the pre-
chamber 108 1o exit the pre-chamber 108 into the main combustion chamber 128, via one
or more nozzies 316, where the reactive fuel jet 308 encounters abundant air within the
combustion chamber 128, initiating a flame Kernel 314 which may or may not increase the
femperature and pressure of the main combustion chamber 128. Subseguently, fuel is
injected through the pre-chamber 108 but notignited in the pre-chamber 108, and into the
main combustion chamber 128 which leads to auto ignition of the injected fuel due to the
previously established flame kernel 314, This method may be described butl not limifed to

“‘Diffusion” or “Stratified” or "Partially Stratified” or "Hybrid" pre-chamber combustion. This

10
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embodiment may be best suited (but not limited to) high load operating regions where
knock limitations and combustion stability are of primary concemn, or idle operating
regions where lean flammability is of greatest concern in combustion engine opseration.
Fig. 3D shows another embodiment of a reacting jet 312 with individual jets 312a from the

perspective of the piston bowl 130 logking toward the pre-chamber 108,

[0041] it should be appreciated that the present technology directly injects the fual for
both the pre-chamber events and the main combustion chamber events through the single
fuel valve 108" This is in contrast to the conventional systems that employ “premixed
combustion” by providing the bulk of the fus! for combustion through the intake port 122.
Intake port injection leads 1o homogeneous or premixed air-fuel mixtures which have been
known to cause knock as load is increased with high compression ratios, because highly

premixed end gas is unavoidable with premixed combustion.

[0042] Referring to Fig. 4, an injector-igniter assembly 400 may include a pre-
chamber assembly 402 and an injector body 404 having connections for a high voltage
ignition driver 406, gaseous fuel inlet port 408, and injector actuator control signal 410, The
infector-igniter 400 provides a mechanism 1o precisely meter the amount of gaseous fusl
charge. in some embodiments, the amount of gassous fuel charge may be metered by
either an inward opening valve (e.g., Figs. 1, 3A, 3B, 3C, 8A, BB, 7A, 7B, 8A, 88, 104, 10B,
and 13A-H) or an outward opening valve {e.g., Fig. 4. 9A, 98, 114, 11B, and 12). The
motion of fuel valve 106 can be controllea directly or indirectly in the longitudinal direction of
the injector-igniter 400 with an actuator 410, in some embodiments, the actuator 410 may
include one or more of a piezoelectric stack{s), solenoid ceil{s), hydraulic fiuid, magneto-
resirictive devices, or any combination thereof. The primary ignition site 114 is isolated by a
non-conductive materdal 110 andfor dielectric gassous fuel 1o the inside of the body 404
along the length of the injector 412 from the fuel valve 10610 the fuel port 408. The ignition
is powered using an ignition driver 208 (Fig. 2) connected to the injector-igniter 400 at the
high voltage assembly 406 and may or may not include a standard spark ignition, corona

discharge, laser, microwave, or other suitable energy source. The high volfage assembly

11
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may be concentrically, coaxially, or off-set localed relative {o the fuel valve 106. The primary
ignition site 114 can also be lbcated off-sel, concenirically or coaxially to the longitudinal
axis or in numercus locations within the pre-chamber 108 based on performance
optimization. The performance of the ignition can be optimized by combination of
computational fluid dynamic {(CFD) modeling and engine testing on a single cylinder engine
to evaluate ignition Kernel growth, pre-chamber pressure build-up, turbulent reactive jet
intensity, and main chamber flame propagation and rate of heat release. The injector-igniter
assembly 400 consists of a body 404 having a connection 406 for the high voltage ighition
driver 208 (Fig. 2), a connection 410 to receive control signals from the injector driver 204,

and a fual inlet port 408, to receive fuel from the tank 210,

[0043] In some embodiments of the injector-igniter, shown in Fig. 5A, the pre-
chamber 108 includes a specific volume and shape/geometlry as discussed herein with
reference to Fig. 15, and can comprise a first embodiment 500 including a single nozzie
hote 502 or, as shown in Fig. 5B, a second embodiment 504 including multiple nozzle holes
506 with various diameters and angles relative {6 a centerline axis of the pre~-chamber 108.
The internal shape and geomsiry can be optimized by using {CFD} analysis to obtain an
ignitable air-fuel mixture. The nozzie(s) 502, 506 to the pre-chamber 108 may be of a
specific geometry optimized by the use of CFD and heat transfer modeling and/or catalytic
reactor maodeling to maximize performance for-each individual application and is constructed
of a material capable of withstanding high temperatures. In some embodiments, a target
pre-chamber volume range should be within 0.1% to 7% of main chamber volume at top
dead center. In further embodiments, a pre-chamber nozzle hole size could range from
about 1% to 95 % of an injector bore size in the cylinder head. Likewise, a number of holes
could be anywhere from 1 fo about 20, Angle of holes with respect to centerline of injector-
igniter can be anywhers from 0 to about 120 degrees. Once the engine and the pre-
chamber are at operating temperatures, the pre-chamber will heat up significantly, and is
then in a condition to transfer heat to the subseguent cycles of fuel injection and will

enhance the ignitabilily of the gaseous fusl injected thus enabling shorter ignition delay

12
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times, leaner mixture ignition, and improved consistency from cycle to cycle, Suitable pre-
chamber and nozzle malerals include, for example and without limiation, Haynes®,
Hastelloy®, and Inconel® alloys, high thermal conductivity alloys such as copper alloys,
nickel alloys, graphene/graphite (as liner materials to enhance or impede themasl transfer),
thermal and oxidation resistant materials or coatings such as MaSiy, SIiC, AN, ZrC or

ceramic coatings.

[0044] With reference to Figs. 6A-118, embodiments of the injecior ignitor 800, 700,
800, 900, 1000, 1100 may include various combinations, dimensions, and angles of pre-
chamber nozzles 612, 712, 812, 912, 1012, and 1122 as well as different configurations of
infet valves 614, 714, 814, 814, 1014, 1114 and igniters 818, 716, 816, 916, 10186, 1116.
While the various elements embodiments of Figs. 8A-11B are shown as corresponding to
a particular embodiment, any of the elements may be combined or included with any of
the other embodiments herein described. As shown in Figs. 6A and 6B, an embodiment
of the injector-igniter 600 may include a single-hole centered nozzie 812 with offset inlet
valve 614 and offset high voliage igniter 616 in the pre-chamber 108, With reference to
Figs. 7A and 7B, another embodiment of the injector-igniter 700 may include multi-hole
direcled nozzles 712 with offset inlet tube 714 and high voltage igniter 716 in the pre-
chamber 108, With reference to Figs. 8A and 8B, another embodiment of the injector-
igniter 800 may include a single-hole centered nozzle 812 with cender inward opening inlet
814 and offset high voltage igniter 816 in the pre-chamber 108. The igniter 816 may
axtend from the non-conductive material 110 into the pre-chamber 148, With reference to
Figs. 9A and 9B, still ancother embodiment of the injector-igniter 900 may include a single-
hole centered nozzle 912 with center oulward opening inlet 914 and offset high voltage
igniter 816 in the pre-~chamber 108. As with the embodiments of Figs. 8A and 8B, the
igniter 816 may exiend from the non-conductive material 110 inlo the pre-chamber 108.
With reference to Figs. 10A and 10B, an embodiment of the injecior-igniter 1000 may
include a multi-hole directed nozzie 1012 with center inward opening inlet 1014 and offset

high voltage igniter 1018 in the pre-chamber 108. As with the embodiments of Figs. 8A,
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88, 9A, and 9B, the igniter 1018 may extend from the ceramic material 110 into the pre-
chamber 108. With reference {o Figs. 1A and 118, ancther embodiment of the injector-
gniter 1100 may include a multi-hole nozzle 1112 with center cutward opening inlet 1114
and offset high voltage igniter 1116 in the pre-chamber 108. As with the embodiments of
Figs. 8A, 8B, 8A, 9B, 10A, and 108, the igniter 1116 may extend from the non-conductive
material 110 into the pre-chamber 108,

[0045] With reference to Fig. 12, another embodiment of the injector-igniter 1200 may
include a single or multi-hole outlet nozzle or some combination thereof 1212, The
injector ignitor 1200 may include a center pulward opening fuel inlet 1214 and an igniter
1218 that is configured concentrically or co-axially within the pre-chamber 108, The ighiter

1216 may provide ignition sites 608a or 608b.

[0046] in an embodiment 1300 shown and described in Fig. 13, a channel 1302 may
extend from the pre-chamber 108 to the maln combustion chamber 128. As fuel is
injected past the pre-chamber side of the channel 1302, a local low pressure region is
created and thus air and/or an air-fusl mixture is drawn into the pre-chamber 108 via the
air channel 1302 from the main chamber 128 using the Bernoulli Effect. Thus, passage
1302 provides additional oxygen {e.g., air} from the combustion chamber 128 to the pre-
chamber 108 for ignition of gaseous mixtures in the pre-chamber 108 and in the main
chamber 128,

[0047] With reference to Figs. GA, 7A, 8A, BA, 10A, and 11A, and Fig. 14,
embodiments of the injector-ignitor pre-chamber and a method 1400 for injecting and
combusting fuel 802 in the pre-chamber 108 may be dascribed. The method 1400 may
descrice both a sequential ignition of fuel and multiple ignition and/or combustion events
{o enable operation of a combustion engine. At block 1402 {Fig. 14}, the engine controf
unit 202 (Fig. 2) may include instructions o cause the injector driver 204 to initiate a first
fuel injection event. in some embodiments, the block 1402 may include an instruction to
inject fuel 802 into the pre-chamber 108 where it mixes with air 604, Single or multiple

injection events {i.e., second, third, fourth, etc., injection events) can occur during the
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intake and compression stroke in an engine depending upon iis engine cycle (e.g., 4
strake enging cycle or 2 stroke engine cycle}. At block 1404, the engine control unit 202
may inciude further instructions to cause the injector driver 204 it inject fuel so that, within
the pre-chamber 108, an air-fuel plume 808 may reach a mixture of air 604 and fuel 802
that is capable of ignition. In some embodiments, the mixiure is or approximately a
stoichiometric air-fuel mixture, or stratified mixture. At block 14086, in engine combustion
cyctes including longer opening times for the fuet inlet 614, 714, 814, 914, 1014, 1114, at
least a portion of the air-fuel plume 606 may exit the pre-chamber 108 through a single
hole nozzie 612, 812, or 912 or one or more of the mulli-hole nozzles 712, 1012, 1112,
Further, the nozzles may direct the portion of the air-fuel plume 808 from the nozziels)
toward the center of the main combustion chamber 128 {Fig. 1) resulting in enhanced
mixing of the air-fuel plume 606 components. With reference fo Figs. 88, 78, 88, 88,
108, 118, and 13, embodiments of the injector-ignitor pre-chamber and the method 1400
may describe a combustion event within the pre-chamber 108, At block 1408, a discharge
at an ignition point 608 or other ignition event {a.q., arc, corona discharge, iaser
microwave, or other event {o ignite the air-fusl mixture) may initiate a first ignition event to
ighite a remaining portion of the air-fuel plume 608 that has not exited the pre-chamber
108. In some embodiments, the engine control unit 202, injector driver 204 and ignition
driver 206 (Fig. 2) may include instructions and/or be configured to time the discharge to
initiate the first ignition event, i.e., the ignition of the remaining portion of the airfuel plume
609, when the mixture is at local stoichiometric {o rich conditions in the pre-chamber 108
within the vicinity of the ignition point 608. The remaining portion of the air-fuel plume 608
may be partially burned or oxidized in the pre-chamber 108 proceeding from the ignition
point 608 toward a nozzle of the pre-chamber. At block 1410, this burn may increase pre-
chamber pressure as well as produce free-radicals and a turbulent reacting jet 618 {(also
310 of Fig. 3A). The increased pressure within the pre-chamber 108 may force the
turbulent reacting jet 618 out of the pre~-chamber 108 and towards the ouler regions of the
main combustion chamber 128 (Figs. 1, 3A, 3B, and 3C) towards a piston bowl! 130 (Fig.

1Y and cylinder liner 126, Excess air andior air-fuel mixiure {i.e., lean) conditions may
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gxist within the main combustion chamber 128 generally, and within the piston bowl 130,
it particular, due {o at least a portion of the air-fuel plume 606 exiting the pre-chamber 108
befare the first ignition avent. At block 1412, the highly reactive, turbulent reacting jet 618
exiting the one or more pre-chamber nozzles may interface with the lean air-fuel mixture
condition within the combustion chamber o inltiate a further or second ignition event and
ignite the lean air-fuel mixtures within the main combustion chamber 128, In the absence
of the turbulent reacting jet 618 or other combustion event employing the injector-ignitor as
herein described, the lean air-fusl mixtures within the main combustion chamber 128 may
be difficult to ignite. lgnition of these lean mixtures in the second ignition event may rasult
in shorter ignition delay, enhanced rate of pressure rise within the combustion chamber,
improvement of lean ignitability, increased thermal efficiency, decreased fuel consumption,
and clean emission combustion. The method 1400 may then repeat the

injection/combustion cycle of the method 1400, or end.

[0048] Several embodiments are presenied related to pre-chamber internal shape
geometries 1500 in Figs 15A-158H. Any of the injector-igniter embodiments described
herein may include one of the geometries lustrated in Figs, 15A-18H or a combination of
the geomaetries ilustrated in Figs. 18A-15H. Fig. 15A illustrates a cylindrical geometry. Fig.
1588 illusirates a cylindrical geometry with chamfered bottom corners designed o direct the
flow towards exit. Fig. 15C illustrates a cylindrical geometry with rounded corners designed
to better guide the flow for mixing and towards nozzie exit. Fig. 15D dlustrates a spherical
geometlry designed to enable wall guided mixing of the fuel internal to the pre-chamber
fowards the ignition site. Fig. 15E lustrates a rounded funnel geometlry design to wall
guide flow towards exit. Fig. 15F Hlustrates a sharp funnel geometry. Fig. 156G illustrates a
cone shaped geometry designed to better direct flow towards exit. Fig. 15H llustrates a
spiral geometry designed to force tangential velocity to the flow creating a spiral as # exils
the pre-chamber. All geometries above may be used in conjunction but without limit
various types of nozzle holes geometries shown in Fig. 15 and ignition electrode

geometrigs.
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[0049] Some aspects of the technology described herein may take the form of or
make use of computer-exectlable instructions, ihcluding routines executed by a
programmable computer or controller. Those skilled in the relevant art will appreciate that
aspects of the technology can be practiced on computer systems other than those
describad herein. Aspects of the technology can be embodied in one or more special
purpose computers or data processors, such as an engine control unit 202 (ECU}, engine
control module (ECM), injector driver 204, fuel system controller, ignition driver 206, or the
like, that is specifically programmed, configured, or canstructed to perform one or more
computer-executable instructions consistent with the t{echnology described herein.
Accordingly, the term "computer,” “processor,” or "controller™ as may be used herein refers
to any data processor and can include ECUs, ECMs, and modules, as well as Internet
appliances and hand-held devices (including diagnostic devices. palm-top computers,
wearable compulers, cellular or mobile phones, multi-processor systems, processor-based
or programmable consumer glectronics, network computers, mint computers and the like).
Information handled by these computers can be presented at any suitable display
medium, including a CRT display, LCD, or dedicated display device or mechanism {e.g., a
gauge).

[0050] The technology can also be practiced in distributed environments, where tasks
or modules are performed by remote processing devices that are linked through a
communications network. In a distributed computing environment, program modules. or
subroutines may be located in local and remote memory storage devices. Aspscts of the
fechnology described herein may be stored or distributed on computerreadable media,
including magnetic or oplically readable or removable computer disks, as well as
distributed electronically over networks. Such networks may include, for example and
without limitation, Controller Area Networks (CAN), Local interconnect Networks {LIN), and
the like. In particular embodiments. data structures and transmissions of data particular to

aspects of the technology are also encompassed within the scope of the technology.
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[0051] From the foregoing, it will be appreciated thai, although specific embodiments
of the technology have been described herein for purposes of illustration, various
muodifications may be made without deviating from the spirit and scope of the technology.
Further, certain aspecis of the new technology described in the context of particular
embodiments may be combined or eliminated in other embodiments, Moreover, while
advantages associated with cerlain embodiments of the technology have been described
in the context of those embodiments, other embodiments may aiso exhibit such
advantages, and not all embodiments need necessarily exhibit such advantages to fall
within the scope of the technology. Also contemplated herein are methods which may
include any procedural step inherent in the structures and systems described,
Accordingly, the disclosure and associated lechnology can encompass other

embodiments not expressly shown or described herein.

18



WO 2015/138987 PCT/US2015/020583

CLAIMS

1. A method of sequential ignition of a fuel during operation of a combustion
engine, the method comprising:

injecting a fuel into a pre-chamber of a combustion chamber, the pre-chamber at
least partially physically separated from the combustion chamber;

directing a porfion of the fuel into the combustion chamber through ong or more
nozzles of the pre-chamber;

inttiating a first ignition event within the pre-chamber; and

initiating a second ignition avent within the combustion chamber as a result of the

first ignition event.

2. The method of claim 1, whergin injecting the fuel inlo a pre-chamber of a

combustion chamber includes creating an air-fuel mixture within the pre-chamber.

3. The maethod of claim 1, wherein a single fuel valve injects both the fuel into

the pre-chamber and the portion of the fuel into the combustion chamber.

4, The method of claim 1, wherein initiating the first ignition event within the
pre-chamber includes initiating the first ignition event when air-fuel mixture is at a local
stoichiometric to rich condition in the pre-chamber using an ignition device positioned

within the pre-chamber.

5. The method of claim 4, wherein the local stoichiometric to rich condition in

the pre~chamber is located at an ighition point within the pre-chamber.

B, The method of claim 1, wherein the first ignition event increases a pressure

withinn the pre-chamber to preduce a turbulent reacting jet and the first ignition esvent
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causes the turbulent reacting jet to exit the pre-chamber through the one or more nozzles

of the pre-chamber.

7. The method of claim 6, wherein directing the portion of the fuel info the
combustion chamber through one or more nozzles of the pre-chamber creales a lean air-

fuel mixture condition within the combustion chamber.

3. The method of claim 7, wherein an interface between the turbulent reacting
jiel and the lean air-fuel mixture condilion within the combustion chamber initiates the

second ignition event.

g. The method of claim 1, wherein the fuel includes one or more of hydrogen, a
hydrogen and naturat gas mixture, a Syngas mixiure which may contain one or more of
CH4, CO, CO2, HZ and H20, methanol, a hydrogen-methane mixture, dimethyl ether, and
diethyl ether.

10, The method of claim 1, wherein the first ignition event includes one or more

of a corona discharge, a spark discharge. and a chemical ignition fluid.

11. The method of claim 1, further comprising isolating an ignition initiator from

the pre-chamber using a gas as a3 dislectric,

12, A fuel ignition system for use with a combustion engine, the sysiem
comprising:

a fuel injector having a valve configured to dispense fuel;

an ignition site adjacent to the valve, and

a caver defining a volime encompassing at least part of the valve and at least part

of the ignition site;
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wherein the cover includes one or more nozzies providing a fluid passage between

the pre-chamber and a combustion chamber of the combustion engine.

13, The fuel ignition system of claim 12, wherein the volume is positioned

adjacent to the combustion chamber.

14. The fuel ignition system of claim 12, wherein the pre-chamber is at least

partially physicaily separated from the combustion chamber.

15.  The fuel system of claim 12, wherein the valve is configured to dispense fuel
based on the volume io produce a local steichiometric o rich condition of an air-fuel

mixiure in the pre-chamber and a lean airfuel mixture in the combustion chamber.

16. The fuel system of claim 12, wherein the valve is configured to dispense fuel

into both the pre-chamber and the combustion chamber.

17. The fuel system of claim 12, wherein a first ignition event at the ignition site
proceeds through the one or more nozzies to produce a further ighition event outside the

pre-chamber and within the combustion chamber as a result of the ignition event.

18.  The fuel system of claim 12, wherein the fusl includes one or more of
hydrogen, a hydrogen and natural gas mixture, a Syngas mixture which may contain one
or more of CH4, CO, COZ, HZ and H20, methanol, a hydrogen-methane mixture, dimsthy!

ether, and diethyl ether.
19, The fuel ignition system of claim 12, wherein the ignition site is configured to

produce one or more of a corona discharge, a spark discharge, and a chemical ignition
fluid,
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20.  The fuel ignition system of claim 12, wherein the ignition site includes an

ignition device.

21, The fuel ignition system of claim 20, further comprising a dielectric

positioned {o isolate the ignition device from the cover.

22, Afuel injection and ignition apparalus comprising:
one or more controflers; and
one or more computer memaories communicatively coupled {o the one or muore
controliers, the one or more computer memories including a fual control and ignition
control module storing tangible computer-executable instructions {0, when executed by the
one of mare controliars:
cause a single valve to inject a fuel into a pre-chamber of a combustion
chamber and inio the combustion chamber, the pre-chamber at least pariiaily
physically separated from the combustion chamber; and
initiate a first ignition event within the pre-chamber to create a turbulent
reacting jet that exits the pre-chamber through one or more nozzies of the pre-
chamber and that enters a combustion chamber;
wherein the turbulent reacting jet initiates a second ignition event within the

combustion chamber as a result of the first ignition event.

23. The apparatus of claim 22, whersin the instruction to initiate the first ignition
aevent within the pre-chamber includes an instruction {o initiate the firs! ighition event when
an air-fuel mixiure is at a local stoichiometric to rich condition in the pre-chamber using an

ignition device positioned within the pre-chamber.

24, The apparatus of claim 23, wherein the local stoichiometric to rich condition

it the pre-chamber is located at an ignition point within the pre-chamber.
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25.  The apparatus of claim 22, wherein the first ignhition svent increases a
pressure within the pre-chamber to produce a turbulent reacting jet and the first ignition
event causes the turbulent reacting jet to exit the pre-chamber through the one or more

nozzles of the pra-chamber.

28.  The apparatus of claim 25 wherein an interface between the furbulent
reacting jet and a lean air-fuel mixture condition within the combustion chamber initiates

the second ignition event.

27. The apparalus of claim 22, wherein the fuel includes one or more of
hydrogen, a hydrogen and natural gas mixture, a8 Syngas mixture which may contain one
or more of CH4, CO, CQO2, H2 and H20, methanol, a hydrogen-methane mixiture, dimethyi
ather, and diethyl ether and the first ighition event includes one or more of a corona

discharge, a spark discharge, and a chemical ignition fluid.

28. A combustion method, comprising:

inttiating a first combustion event inside a pre-chamber having a first volume
consisting of an air-fuel mixture in fluid communication with a combustion chamber having
a second volumae, the first combustion event creating a turbulent reacting jet that exits the
pre-chamber and enters the combustion chamber, the second volume consisting of air,
the turbulent reacting jet raising both a temperature and a pressure of the combustion
chamber to an auto~-ighition temperature of the air-fuel mixture; and

subsequently injecting a quantity of fuel from a vaive through the pre-chamber and
inte the combustion chamber wherein the guantity of fuel is auto-ignited and proceeds to

burn by diffusion process.

28, The combustion method of claim 26, wherein the quantity of fuel proceeds to

bumn with or without the use of an ignition device internal 1o the pre-chamber.
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