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REHEATED RESIDUAL GAS IGNITOR

FIELD OF THE DISCLOSURE

[0001] The disclosure relates generally to internal combustion engines (ICE) and more

particularly to a method and system of improving the operating range of an ICE.
BACKGROUND

[0002] Automakers, consumers, and regulators face a challenge of reducing transport
related emissions (of CO2 and criteria pollutants) and improving efficiency without
significant increases in the cost of transporting people and goods. Innovation in engine and

vehicle technology can help to address this challenge.

[0003] High cyclic variation and partial miss firing are typical problems for a spark
ignition engine operating with high degree of charge dilution at part load condition due to
insufficient ignition kernel development during flame initiation and slow flame propagation
during later combustion which prevents the further efficiency improvement with diluted

combustion.

[0004] One opportunity for improving engine efficiency and reducing transport related
emissions, such as CO:z emissions and other pollutants, without significantly increasing
transportation costs is a concept known as turbulent jet ignition (TJI). TJI uses a pre
chamber to prepare a favorable air-fuel mixture for spark ignited combustion. As a result
of the combustion, high energy flame jets are ejected from the prechamber into a main
combustion chamber, where they ignite compressed fuel-air mixture in the main
combustion chamber. The high energy flame jets provide distributed ignition sites that
enable fast combustion and high burn rates of the fuel-air mixture in the main combustion

chamber. TJI enables efficient combustion of very lean or dilute mixtures.

[0005] However, the need for additional fueling and air injection device with TJI
increase the complexity and cost of the engine. The ideal (less diluted) mixture condition
for spark ignition used in the pre-chamber leads to higher flame temperature, NOx
emissions, and particulate emissions in the case of liquid fuel injection. Thus, an ignition
device without spark ignition combustion, while still capable of igniting highly diluted

combustion, can be favorable.



WO 2022/182735 PCT/US2022/017488

SUMMARY OF THE CLAIMED EMBODIMENTS

[0006] In one aspect, embodiments disclosed herein relate to a system including an
engine. The engine includes a main combustion chamber and a residual gas ignitor, the
residual gas ignitor being disposed at least partially within the main combustion
chamber and in fluid communication with the main combustion chamber through at

least one inlet/outlet port.

[0007] In another aspect, embodiments disclosed herein relate to a method for
operating an engine. The method includes generating a combustion gas in a main
combustion chamber, flowing a first portion of the combustion gas into a residual gas
ignitor, actuating an actuator in the residual gas ignitor, thereby closing an ignitor valve
in the residual gas ignitor, flowing a second portion of the combustion gas into an
exhaust gas flow line, as an exhaust gas. The method may further include closing an
exhaust valve in the exhaust gas flow line, opening an intake valve in an intake flow
line, thereby filling the main combustion chamber with a fuel-air mixture, closing the
intake valve, compressing the fuel-air mixture main combustion chamber, and igniting
the fuel-air mixture in the main combustion chamber and initiating a second ignition
stroke. The igniting and initiating may include de-actuating the actuator in the residual
gas ignitor, thereby opening the ignitor valve allowing the first portion of the
combustion gas to enter the main combustion chamber, the first portion of the
combustion gas igniting the fuel-air mixture in the main combustion chamber and

initiating the second ignition stroke.

[0008] In another aspect, embodiments disclosed herein relate to a system including an
engine. The engine includes a plurality of cylinders. Each of the plurality of cylinders
includes a main combustion chamber and a residual gas ignitor. The residual gas
ignitors are disposed at least partially within the main combustion chamber of each of
the plurality of cylinders and are in fluid communication with the main combustion
chamber of each of the plurality of cylinders through at least one inlet/outlet port, and

in fluid communication with a common residual gas manifold through a gas valve.

[0009] In another aspect, embodiments disclosed herein relate to a residual gas ignitor
for use in igniting a fuel-air mixture within a main combustion chamber of an engine.
The residual gas ignitor includes at least one inlet/outlet port, a residual gas ignitor

chamber, and ignitor valve, an actuator, and a valve guide. The residual gas ignitor
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chamber may be configured for receiving a combustion gas from the main combustion
chamber via the at least one inlet / outlet port. The ignitor valve is configured for
opening and closing the at least one inlet/outlet port, and the ignitor valve may be
located at least partially within the residual gas ignitor chamber. The actuator may be
configured for actuating the ignitor valve to open and close the at least one inlet/outlet
port, and the valve guide may be configured for keeping the ignitor valve in a correct
orientation within the residual gas ignitor. A preload spring may be configured for
being in compression when the actuator disposes the ignitor valve into the closed
position, and when the actuator is not actuating the ignitor valve, the preload spring
releases compression and opens the ignitor valve allowing for intake of the combustion
gas into the residual gas ignitor chamber. A heating element is configured for
maintaining or increasing a temperature of the combustion gas while the combustion

gas is in the residual gas ignitor chamber.

[0010] Other aspects and advantages will be apparent from the following description

and the appended claims.
BRIEF DESCRIPTION OF DRAWINGS

[0011] Figs. 1A-1C illustrate a residual gas ignitor according to one or more

embodiments disclosed herein.

[0012] Fig. 2 illustrates an engine cylinder equipped with a residual gas ignitor
according to one or more embodiments disclosed herein.

[0013] Fig. 3 illustrates a plurality of engine cylinders, each equipped with a residual
gas ignitor according to one or more embodiments disclosed herein.

[0014] Fig. 4 illustrates a residual gas ignitor according to one or more embodiments
disclosed herein.

DETAILED DESCRIPTION

[0015] In the following detailed description, certain specific details are set forth in
order to provide a thorough understanding of various disclosed implementations and
embodiments. However, one skilled in the relevant art will recognize that implementations
and embodiments may be practiced without one or more of these specific details, or with
other methods, components, materials, and so forth. In other instances, well known features
or processes associated with internal combustion engine systems have not been shown or

described in detail to avoid unnecessarily obscuring descriptions of the implementations
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and embodiments. For the sake of continuity, and in the interest of conciseness, same or

similar reference characters may be used for same or similar objects in multiple figures.

[0016] In order to avoid the side effects of using a spark ignited pre-chamber for
enabling reliable ignition of highly diluted fuel-air mixture, a residual gas ignitor that can
be installed on the internal combustion engine is disclosed herein. This residual gas ignitor
may assist the initiation of combustion during diluted operation by reheating the residual
gas from a previous engine cycle and using the reheated residual gas for igniting a premixed

fuel-air mixture in the combustion chamber during the next engine cycle.

[0017] The residual gas ignitor is a device that emits high temperature residual gas into
the combustion chamber to ignite the premixed fuel-air mixture for repeatable combustion.
The hot residual gas is collected from a previous combustion cycle and stored in a small
separate chamber, which is separate from the main combustion chamber of the cylinder. In
some embodiments, the residual gas ignitor may be external to the engine cylinder. The
chamber in the residual gas ignitor may maintain the temperature and pressure of the
residual gas until the release of hot residual gas is needed. In one or more embodiments,
the pressure in the residual gas ignitor may be from 5 bar to 250 bar, such as from 10 bar
to 150 bar, or such as 20 bar to 100 bar, and may have a temperature from 400°C to 2000°C,
such as from 600°C to 1000°C. In one or more embodiments, the residual gas ignitor may
have a gas chamber volume of between 0.5% to 10% or 0.5% to 5% of the engine
displacement, such as from 5cm® to 600cm?®. Due to the temperature and pressure of the
residual gas being above the ignition condition of the fuel-air mixture, the mixture auto-
ignites and combusts in the engine combustion chamber. This may improve cycle-to-cycle

efficiency, reduce the amount of unburnt fuel in the exhaust, and prevent engine knocking.

[0018] U.S. Patent No. 9,856,848 discloses a system having several small cavities, a
heating element and valve. A fuel-air mixture is collected in the small cavity, flown over
a heating element to ignite the mixture, and flow out of the small cavity. Accordingly, this
patent can be thought of as disclosing a process for pre-igniting the fuel-air mixture, and
using the flame-front of the pre-ignited mixture to ignite the fuel-air mixture in the main

cylinder chamber.

[0019] Additionally, U.S. Patent Application No. 2002/0129798 disclose collecting a
residual gas in a side chamber. The residual gas is injected back into the cylinder during

the compression stroke to heat the fuel-air mixture. U.S. Patent Application No.
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2006/005818 and DE3903474 disclose similar processes. However, these systems are used
for recycling exhaust gas during an early portion of the compression stroke and are

designed for heating the fuel-air mixture in the main chamber during compression.

[0020] In contrast, the residual gas ignitor according to one or more embodiments
disclosed herein emits high temperature residual gas into the combustion chamber to ignite
the fuel-air mixture directly in the main combustion chamber during a late portion of the
compression cycle, resulting in a successful and repeatable combustion process. The hot
residual gas generated in one combustion cycle is collected during an expansion stroke or
an exhaust stroke and subsequently stored in a small, separate chamber. The chamber may
maintain the temperature and pressure of the residual gas until the intended release of hot
residual gas is needed, such as during a subsequent compression cycle. Due to the
temperature and pressure of the residual gas being above the chemical kinetic requirement
of the fuel-air mixture under compression during the later portion of the compression
stroke, the mixture auto-ignites and combusts in the engine combustion chamber. As used
herein, a late or later portion of the compression stroke refers to the piston being at greater
than 75%, greater than 80%, greater than 85%, greater than 90%, greater than 95%, or
greater than 98% of stroke, such as from 45 crank angle degree to 5 crank angle degree, or
from 15 crank angle degree to 5 crank angle degree from top dead center. In other words,
the fuel-air mixture is fully compressed or almost fully compressed before the residual gas

is injected to initiate ignition of the fuel-air mixture.

[0021] This reheated residual gas ignitor may include a small metal cavity with
orifice(s), a needle valve, or ignitor valve, a heating element and a solenoid coil. At the
end of the combustion process, the needle valve opens to allow high temperature and
pressure residual gas to enter the small metal cavity during the expansion cycle. After the
pressure of the cavity equalizes with the pressure in the main combustion chamber, the
needle valve closes the orifices connecting the small cavity and the main combustion
chamber. A heating element in the small cavity is powered on to counter any heat loss
through the insulated metal surface of the small cavity and to maintain the residual gas at a
desired temperature. As the engine cycle proceeds and combustion initiation is required,
the needle valve is opened again and due to the pressure difference between the small cavity
and the main combustion chamber the high temperature residual gas will flow out of

orifices and enter the main combustion chamber. The premixed fuel-air mixture will be
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heated upon contact with the hot residual gas to a temperature where the auto-ignition will
occur. Then combustion consumes all the chemical energy and finishes the current
combustion cycle. After that, the next iteration of combustion cycle repeats. In this

manner, the ignitor valve opens and closes twice per complete engine cycle.

[0022] Alternatively, in some embodiments, the ignitor valve may be configured to
open during compression and release residual combustion gas into the main combustion
chamber, thereby initiating an ignition stroke. The ignitor valve may remain open during
the ignition stroke and exhaust stroke. This will permit hot, residual combustion gas to
enter the residual gas ignitor. The ignitor valve may close before the next subsequent intake
stroke, and will remain closed until the following compression stroke. In this manner, the
ignitor valve opens and closes once per complete engine cycle. However, due to
temperature and pressure cycles, this embodiment may not be preferred over the

embodiment where the ignitor valve opens and closes twice per complete engine cycle.

[0023] The needle valve, or ignitor valve, during the last cycle combustion event is
opened to collect residual gas. Heating elements in the residual gas ignitor main chamber
maintain the heat in the combustion gas through insulation and the heat element until the
valve opens during the compression stroke, allowing the flow of hot residual gas back into
the main combustion chamber. Using such a residual gas ignitor, there is no combustion
occurring in the residual gas ignitor gas chamber because there is no, or very little, fuel
present in the gas entering the residual gas ignitor from the main cylinder chamber. The
benefit of the lack of combustion in the residual gas ignitor reduces the loss of chemical
energy through heat loss to the residual gas ignitor wall, and the requirement of the
hardware strength may also be reduced as there is no internal combustion with the ignitor.
Further, no additional NOy and particulate emissions may be generated in the ignitor. In
addition, the residual gas ignitor may not require complicated sealing mechanisms around
the needle valve, or ignitor valve, to prevent combustion gases from escaping during intake

and combustion cycles.

[0024] The heating element may be controlled by a control system configured for
keeping the heating element at a desired temperature, or adjusting the temperature
depending on engine conditions. The residual gas ignitor may be equipped with a

temperature sensor that tells the computer the temperature of the combustion gas. Based
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on the indicated temperature, and engine conditions, the heating element may be activated

or adjusted.

[0025] Turning now to the figures, Fig. 1A shows a residual gas ignitor 100 according
to one or more embodiments herein. Fig. 1B illustrates a cross-section view along line B-
B of a residual gas ignitor 100 according to one or more embodiments herein. Fig. 1C
illustrates a bottom view of a residual gas ignitor 100 according to one or more
embodiments herein. The residual gas ignitor100 has a housing 102 capable of being fitted
onto an engine block and disposed at least partially inside a cylinder. Residual gas ignitor
100 may have one or more inlet/outlet ports 104 located on a bottom end of the residual
gas ignitor. As illustrated in Figs. 1A and 1C, the residual gas ignitor 100 may include
multiple ports 104 disposed circumferentially around the inlet/outlet end of the ignitor. The
inlet/outlet ports 104 may be in fluid communication with the gases located within an
engine cylinder. In one or more embodiments, the residual gas ignitor 100 may be equipped
with two inlet/outlet ports, and in other embodiments may be equipped with as many as ten
or more inlet/outlet ports located around the periphery of the bottom of the residual gas
ignitor, where the number, spacing, and diameter of the ports may be based on the relative
size of the ignitor, wall thickness, and pressure drop requirements to permit ingress of
residual gas into the ignitor and egress of hot residual gas for ignition during the next cycle.
An ignitor valve 106 may be disposed within the residual gas ignitor 100 and may be

operable for opening and closing the inlet/outlet ports 104.

[0026] The ignitor valve 106 may be radially secured by a valve guide 108 located
circumferentially around the ignitor valve 106 and abutting the interior of the housing 102.
A top end of the ignitor valve 106 may be in physical contact with an actuator 110 and one
or more preload springs 112. When the ignitor valve 106 is in an open position, allowing
gases to flow between an engine cylinder and an ignitor chamber 101 through inlet/outlet
ports 104, the actuator 110 is closed, abutting an ignitor cap 114, and the preload springs
112 are not in compression. When the ignitor valve 106 is in a closed position, the actuator
110 is activated, pushing the ignitor valve 106 down, closing the inlet/outlet ports 104. This
may cause the preload springs 112 to be in compression between the ignitor valve 106 end,

or the actuator 110, and the valve guide 108.

[0027] The residual gas ignitor 100 may also be equipped with one or more heating

elements 116 and/or insulation (not shown). The heating elements and/or insulation may
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be operable to keep residual gas in the ignitor chamber 101 hot, or may be operable to heat
residual gas in the ignitor chamber 101, or both. In embodiments where the heating
elements and/or insulation is operable to heat the residual gas in the ignitor chamber 101,
the heating may be isochoric (i.e., the volume remains fixed, thereby increasing
temperature and pressure of the gas contained within the ignitor, such as according to the

ideal gas law).

[0028] Such a residual gas ignitor 100 may replace conventional spark plugs in typical
gasoline engines, or may be installed alongside conventional spark plugs to increase
efficiency of four-stroke engines. Additionally, the residual gas ignitor 100 may be used
on other engine types, such as diesel engines, natural gas engines, or other such four-stroke

engines.

[0029] Turning now to Fig. 2, Fig. 2 shows a system including the residual gas ignitor
100 in an engine 200. Engine 200 includes an engine cylinder 202 formed within an engine
body or engine block (not shown). For ease of illustration, engine 200 is shown with a
single cylinder 202. However, engine 200 is not limited to a single cylinder and may have
multiple cylinders, such as any number from 1-16 cylinders arranged inline, in a v-shape,
or in a flat-plane. A piston 204 is arranged to move back and forth inside cylinder 202.
Piston 204 is connected to a crankshaft (not shown), which converts the reciprocating
motion of piston 204 into rotary motion, as is well known in the art of reciprocating internal
combustion engines. Main combustion chamber 206 is defined within cylinder 202. The
volume of the main combustion chamber 206 depends on the position of piston 204 within
cylinder 202. The head of cylinder 202 includes an intake port 208 and an exhaust port
212. Intake port 208 is in fluid communication with an intake line 210. Intake line 210
has an inlet end 211 to receive air from the ambient environment. Intake line 210 may
include a particulate filter (not shown) to remove particulate material from the received,
ambient air. Exhaust port 212 is in fluid communication with an exhaust line 214. Exhaust
line 214 has an outlet 215 to discharge exhaust gases to the ambient environment. Exhaust
line 214 may include an exhaust emission control device (e.g., a catalytic converter, not
shown) to reduce toxic gases and pollutants in the exhaust gases discharged to the ambient

environment.

[0030] Intake line 210 terminates in an intake manifold (not shown). The flow of air

from the intake manifold into inlet line 210 may be controlled by a throttle valve. An intake
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valve 216 is arranged at intake port 208 to control flow from inlet line 210 into main

combustion chamber 206.

[0031] In normal operation, a fuel injector 220 may be positioned to inject fuel into the
air flowing into intake port 208 from inlet line 210. The flowing air entrains the fuel,
delivering a fuel-air mixture to main combustion chamber 206. Alternatively, a fuel
injector may be positioned to inject fuel directly into main combustion chamber 206, where
the injected fuel will mix with air received in main combustion chamber 206 through intake
port 208. Alternatively, both port injection and direct injection of fuel into main combustion

chamber 206 may be used.

[0032] Fuel may be injected by the fuel injector 220 into the combustion chamber 206
at high pressures to encourage atomization of the fuel in the air that is present in the
combustion chamber. Atomization of the fuel may enhance combustion efficiency of the
internal combustion engine and may decrease formation of particular matter emissions, as
well as NOx and carbon monoxide, when the air-fuel mixture is combusted and reduce the
amount of unreacted hydrocarbons exiting the engine during the exhaust stroke. In some
embodiments, injection of the fuel at high pressures may allow for fuel to be injected a
relatively far distance within the combustion chamber so that the air-fuel mixture can be
well mixed at the time the air-fuel mixture is combusted. In some embodiments, the fuel
may be injected at a pressure of at least about 100 bar, for example, at least about 120 bar,
for example, at least about 140 bar, for example, at least about 160 bar, for example, at least
about 180 bar, for example, at least about 200 bar. In some embodiments, the fuel may be
injected at even higher pressures, for example, at least about 500 bar, for example, at least
about 750 bar, for example, at least about 1000 bar. Injection of fuel at high pressures may
improve atomization of the fuel in the combustion chamber. However, injection of fuel at
high pressures may reduce the distance that the fuel travels within the combustion chamber.
Accordingly, fuel may be injected at high pressures at timings corresponding to the piston
being positioned in close proximity to the cylinder head, thereby reducing the distance the
fuel must travel. Good atomization and mixing of the fuel in the combustion chamber may

be exhibited as improved power delivery of the engine.

[0033] Cylinder 202 may operate on a four-stroke cycle including an intake stroke, a
compression stroke, a power stroke, and an exhaust stroke. During the intake stroke, intake

valve 216 is open, exhaust valve 218 is closed, and fuel and air are drawn into main
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combustion chamber 206. Ignitor valve 106 is also closed, preventing gas from entering or
exiting ignitor chamber 101. During compression stroke, valves 216 and 218 are closed, and
ignitor valve 106 is initially closed, while the fuel-air mixture in main combustion chamber
206 is compressed by piston 204. At the end of compression stroke, or during a late portion
of the compression stroke, the ignitor valve 106 opens and, due to a higher pressure in the
residual gas ignitor 100 than the main combustion chamber 206, discharges hot residual gas
into the main combustion chamber 206. The high temperature gas causes the fuel-air
mixture to ignite and burn in main combustion chamber 212, starting the power stroke, or
combustion stroke. During the power stroke, the high-pressure gases produced from
combustion of the fuel-air mixture in main combustion chamber 206 expand and push piston
204 down, generating force on the crank and shaft and useful work. During this stroke,
valve 216 is closed, valve 218 is closed, and ignitor valve 106 is open thereby allowing
combustion gases out of main combustion chamber 206 into the residual gas ignitor 100.
The timing of opening and closing of valves 106, 216, 218 and operation of injector 220 and

actuator 110, during the various strokes may be controlled by a computer (not shown).

[0034] At the end of the combustion stroke, ignitor valve 106 is closed by actuating actuator
110, and exhaust valve 218 is opened, thereby starting the exhaust stroke. At the end of
the exhaust stroke exhaust valve 218 is closed, and inlet valve 216 is opened, thereby
starting the next intake stroke. During the subsequent compression stroke, the residual gas
stored in the residual gas ignitor is allowed to enter the main combustion chamber 206 as

described above, thereby continuing the cycle.

[0035] Additionally, in one or more embodiments, residual gas from the residual gas ignitor
may enter the main chamber during a compression stroke and/or an ignition stroke
depending on engine operation. Addition of residual gas to the main chamber during the
ignition stroke may increase fuel combustion efficiency during sub-optimal engine
operations like high-load and cold-start situations. Further, in one or more embodiments,
combustion gas may enter the residual gas ignitor following ignition, such as during the
ignition stroke and/or the exhaust stroke. Addition of combustion gas to the residual gas
ignitor during ignition and/or exhaust stroke may lead to improved cycle to cycle efficiency

during sub-optimal engine operations like high-load and cold-start situations.

[0036] Additionally, in one or more embodiments, the residual gas ignitor may be controlled

by a control system. The control system may be configured to actuate the ignitor valve into
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the open position during a compression stroke of the engine, thereby providing residual gas
through the at least one inlet/outlet port to ignite a fuel/air mixture in the main combustion
chamber and initiate a combustion stroke of the engine. The control system may also be
configured to de-actuate the ignitor valve into the closed position during one of the ignition
stroke and the exhaust stroke after the intake of the combustion gas into the residual gas
ignitor through the at least one inlet/outlet port. In this manner, the residual gas ignitor

may be charged and discharged during each complete cycle of the engine cylinder.

[0037] Turning now to Fig. 3, Fig. 3 illustrates an embodiment where four cylinders, 301a,
301b, 301c, and 301d are used. Cylinders 301a, 301b, 301c, 301d may be connected to a
common residual gas manifold 302 through gas valves 304a, 304b, 304c, 304d,
respectively. Using such a system, the common residual gas manifold 302 may supply
extra residual gas to cylinders 301a, 301b, 301c, 301d, or may receive extra residual gas
from cylinders 301a, 301b, 301c, 301d in order to balance pressure. It may also be possible,
in such embodiments, to feed hot residual gas from a cylinder in an expansion stroke
directly to a corresponding cylinder in compression stroke. The residual gas ignitor 100
used in such embodiments is illustrated in Fig. 4, where like numbers represent like parts
with respect to Fig. 1. As illustrated in Fig. 4, residual gas ignitor 100 is fitted with a gas
valve 304 (gas valve 304a, 304b, 304c, 304d, Fig. 3) extended from outside the ignitor,
through ignitor cap 114, valve guide 108, and into chamber 101. Accordingly, chambers
101 in corresponding residual gas ignitors on cylinders 301a, 301b, 301c, 301d may be

fluid communication through common residual gas manifold 302.

[0038] As used herein, “ignition stroke” and “combustion stroke” may be used

interchangeably.

[0039]  Unless defined otherwise, all technical and scientific terms used have the same meaning
as commonly understood by one of ordinary skill in the art to which these systems,

apparatuses, methods, processes and compositions belong.

[0040]  The singular forms “a,” “an,” and “the” include plural referents, unless the context

clearly dictates otherwise.

[0041]  As used here and in the appended claims, the words “comprise,” “has,” and “include”
and all grammatical variations thereof are each intended to have an open, non-limiting

meaning that does not exclude additional elements or steps.
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[0042]  “Optionally” means that the subsequently described event or circumstances may or may
not occur. The description includes instances where the event or circumstance occurs and

instances where it does not occur.

[0043]  When the word “approximately” or “about” are used, this term may mean that there can
be a variance in value of up to £10%, of up to 5%, of up to 2%, of up to 1%, of up to 0.5%,
of up to 0.1%, or up to 0.01%.

[0044] Ranges may be expressed as from about one particular value to about another particular
value, inclusive. When such a range is expressed, it is to be understood that another
embodiment is from the one particular value to the other particular value, along with all

particular values and combinations thereof within the range.

[0045] While the disclosure includes a limited number of embodiments, those skilled in the
art, having benefit of this disclosure, will appreciate that other embodiments may be devised
which do not depart from the scope of the present disclosure. Accordingly, the scope should

be limited only by the attached claims.
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CLAIMS

1. A system comprising:
an engine comprising:
a main combustion chamber; and
a residual gas ignitor, the residual gas ignitor disposed at least
partially within the main combustion chamber and in fluid communication

with the main combustion chamber through at least one inlet/outlet port.

2. The system of claim 1, wherein the engine further comprises:

an engine intake line having an inlet end in communication with an ambient
environment and an outlet end in communication with the engine, the engine intake

line to provide intake air to the engine; and

an engine exhaust line having an inlet end in communication with the engine
and an outlet end in communication with the ambient environment, the engine

exhaust line to receive exhaust gases from the engine.

3. The system of claim 1 or claim 2, wherein the residual gas ignitor further

comprises:

a residual gas ignitor chamber configured for receiving gas from the main

combustion chamber;

an ignitor valve configured for opening and closing the at least one

inlet/outlet port, the ignitor valve located within the residual gas ignitor chamber;

an actuator configured for actuating the ignitor valve to open and close the

at least one inlet/outlet port;

a valve guide configured for keeping the ignitor valve in a correct

orientation within the residual gas ignitor; and

a preload spring configured for being in compression when the actuator is
actuating the ignitor valve into the closed position, and when the actuator is not
actuating the ignitor valve, the preload spring releases compression and opens the

ignitor valve allowing for intake of the gas into the residual gas ignitor chamber.
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4. The system of claim 3, further comprising at least one of:

a heating element configured for maintaining or increasing a temperature of
the gas, while the gas is in the residual gas ignitor chamber, at or to a temperature
sufficient to ignite a fuel/air mixture in the main combustion chamber when the gas

is discharged from the ignitor chamber to the main combustion chamber; and

an insulating layer configured for maintaining the temperature of the gas

while the gas is in the residual gas ignitor chamber.

5. The system of claim 3, wherein the gas is combustion gas, and wherein the system
further comprises a control system configured to actuate the ignitor valve into the
open position during an ignition stroke or an exhaust stroke of the engine, providing
for the intake of the combustion gas into the residual gas ignitor through the at least

one inlet/outlet port.

6. The system of any one of claims 1-5, wherein residual gas ignitor has a gas chamber
volume of 0.5% of an engine displacement to 10% of the engine displacement,
where the engine displacement is a volume of a plurality of main combustion
chambers and is configured to maintain a pressure in the residual gas ignitor from

5 bar to 250 bar, and a temperature from 400°C to 2000°C.

7. The system of any one of claims 1-6, wherein the residual gas ignitor does not
include a spark plug.
8. A method for operating an engine, comprising:

generating a combustion gas in a main combustion chamber initiating a first
ignition stroke;

flowing a first portion of the combustion gas into a residual gas ignitor;

actuating an actuator in the residual gas ignitor, thereby closing an ignitor
valve in the residual gas ignitor;

flowing a second portion of the combustion gas into an exhaust gas flow
line, as an exhaust gas;

closing an exhaust valve in the exhaust gas flow line;

opening an intake valve in an intake flow line, thereby filling the main

combustion chamber with a fuel-air mixture;
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10.

11.

closing the intake valve;

compressing the fuel-air mixture main combustion chamber;

igniting the fuel-air mixture in the main combustion chamber and initiating
a second ignition stroke, the igniting and initiating comprising de-actuating the
actuator in the residual gas ignitor, thereby opening the ignitor valve allowing the
first portion of the combustion gas to enter the main combustion chamber, the first
portion of the combustion gas igniting the fuel-air mixture in the main combustion

chamber and initiating the second ignition stroke.
The method of claim 8, further comprising:
repeating the steps of generating through igniting in each subsequent engine cycle;

heating the stream of combustion gas in the residual gas ignitor via a heating

element;

compressing a preload spring in the residual gas ignitor during the actuating step;

and

de-compressing the preload spring in the residual gas ignitor during the de-

actuating step.

The method of claim 8 or claim 9, where in a volume of an interior chamber of the
residual gas ignitor remains constant, and the flowing of the first portion of the
stream of combustion gas into and out of the residual gas ignitor is performed by a
pressure differential between the residual gas ignitor and the main combustion

chamber.

A system comprising:
an engine comprising:
a plurality of cylinders;
each of the plurality of cylinders comprising:
a main combustion chamber; and
aresidual gas ignitor, the residual gas ignitor disposed at least
partially within the main combustion chamber of each of the plurality of

cylinders and in fluid communication with the main combustion chamber of
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12.

13.

14.

each of the plurality of cylinders through at least one inlet/outlet port, and
in fluid communication with a common residual gas manifold through a gas

valve, wherein the residual gas ignitor does not include a spark plug.

The system of claim 11, wherein the engine further comprises:

an engine intake line having an inlet end in communication with an ambient
environment and an outlet end in communication with the engine, the engine intake

line to provide intake air to the engine; and

an engine exhaust line having an inlet end in communication with the engine
and an outlet end in communication with the ambient environment, the engine

exhaust line to receive combustion gases from the engine as an exhaust gas.

The system of claim 11 or claim 12, wherein the residual gas ignitor further

comprises:

a residual gas ignitor chamber configured for receiving a combustion gas

from the main combustion chamber;

an ignitor valve configured for opening and closing the at least one

inlet/outlet port, the ignitor valve located within the residual gas ignitor chamber;

an actuator configured for actuating the ignitor valve to open and close the

at least one inlet/outlet port;

a valve guide configured for keeping the ignitor valve in the correct

orientation within the residual gas ignitor; and

a preload spring configured for being in compression when the actuator the
ignitor valve into the closed position, and when the actuator is not actuating the
ignitor valve, the preload spring releases compression and opens the ignitor valve

allowing for intake of the combustion gas into the residual gas ignitor chamber.

The system of any one of claims 11-13, further comprising at least one of:

a heating element configured for maintaining or increasing a temperature of
the combustion gas while the combustion gas is in the residual gas ignitor chamber;

and
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an insulating layer configured for maintaining the temperature of the combustion gas while

the combustion has is in the residual gas ignitor chamber.

15.

16.

17.

The system of any one of claims 11-14, wherein residual gas ignitor has a gas
chamber volume of 0.5% of an engine displacement to 10% of the engine
displacement, where the engine displacement is a volume of a plurality of main
combustion chambers and is configured to maintain a pressure in the residual gas

ignitor from 5 bar to 250 bar, and a temperature from 400°C to 2000°C.

The system of any one of claims 11-15, wherein the common residual gas manifold
is configured to allow combustion gas from a first cylinder in an exhaust stroke to
be fed to a second cylinder in a compression stroke through the gas valve located

in each residual gas ignitor.

A residual gas ignitor for use in igniting a fuel-air mixture within a main

combustion chamber of an engine, the residual gas ignitor comprising:
at least one inlet/outlet port;

a residual gas ignitor chamber configured for receiving a combustion gas

from the main combustion chamber via the at least one inlet / outlet port;

an ignitor valve configured for opening and closing the at least one
inlet/outlet port, the ignitor valve located at least partially within the residual gas

ignitor chamber;

an actuator configured for actuating the ignitor valve to open and close the

at least one inlet/outlet port;

a valve guide configured for keeping the ignitor valve in a correct

orientation within the residual gas ignitor;

a preload spring configured for being in compression when the actuator
disposes the ignitor valve into the closed position, and when the actuator is not
actuating the ignitor valve, the preload spring releases compression and opens the
ignitor valve allowing for intake of the combustion gas into the residual gas ignitor

chamber; and
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a heating element configured for maintaining or increasing a temperature of

the combustion gas while the combustion gas is in the residual gas ignitor chamber.

18.  The residual gas ignitor of claim 17, wherein the residual gas ignitor does not

include a spark plug.
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