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(57) Abrégée/Abstract:
An Internal combustion engine Is provided that can burn two fuels. There are conditions when the main fuel is unavailable either
temporarily or until the system's store of main fuel is replenished. An apparatus Is provided for determining when to fuel an internal
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(57) Abrege(suite)/Abstract(continued):

combustion engine with main fuel and secondary fuel or secondary fuel alone. The apparatus comprises a main-fuel supply system
comprising a main-fuel injection valve that i1s operable to introduce said main fuel into a combustion chamber of said engine; a
secondary-fuel Injection system comprising a secondary-fuel injection valve that Is operable to introduce said secondary fuel
directly into saild combustion chamber; a pressure sensor associated with said main-fuel supply system for determining an available
Injection pressure inside said main-fuel injection valve; and, an electronic controller in communication with said pressure sensor
and programmable to separately command actuation of said secondary-fuel injection valve and said main-fuel injection valve when
sald available injection pressure is greater than a predetermined threshold and to otherwise command actuation of said secondary-
fuel Injection valve and not said main-fuel injection valve.
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METHOD AND APPARATUS FOR OPERATING A DUAL FUEL
INTERNAL COMBUSTION ENGINE

Abstract

An internal combustion engine is provided that can burn two fuels. There
are conditions when the main fuel is unavailable either temporarily or until
the system’s store of main fuel is replenished. An apparatus is provided
for determining when to fuel an internal combustion engine with main fuel
and secondary fuel or secondary fuel alone. The apparatus comprises a
main-fuel supply system comprising a main-fuel injection valve that is
operable to introduce said main fuel into a combustion chamber of said
engine; a secondary-fuel injection system comprising a secondary-fuel
injection valve that is operable to introduce said secondary fuel directly
into said combustion chamber; a pressure sensor associated with said
main-fuel supply system for determining an available injection pressure
inside said main-fuel injection valve; and, an electronic controller in
communication with said pressure sensor and programmable to separately
command actuation of said secondary-fuel injection valve and said main-

fuel 1injection valve when said available injection pressure is greater than a
predetermined threshold and to otherwise command actuation of said

secondary-fuel injection valve and not said main-fuel injection valve.
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"METHOD AND APPARATUS FOR OPERATING A DUAL FUEL
INTERNAL COMBUSTION ENGINE

Field of the Invention

[0001] The present invention relates to a method and apparatus for
operating a dual fuel internal combustion engine. More specifically, the
invention relates to a method and apparatus for an electronic engine
controller to automatically determine when to deliver two fuels or only one

fuel to the engine’s combustion chamber.

Background of the Invention
[0002] Engines that burn diesel fuel are the most popular type of

compression ignition engines. So-called diesel engines introduce fuel at
high pressure directly into the combustion chamber. Diesel engines are
very efficient because this allows high compression ratios to be employed
without the danger of knocking, which 1s the premature detonation ot the
fuel mixture inside the combustion chamber. Because diesel engines
introduce their fuel directly into the combustion chamber, the fuel
injection pressure must be greater than the pressure inside the combustion
chamber when the fuel is being introduced, and, for liquid fuels the
pressure must be significantly higher so that the fuel is atomized for
ctticient combustion.

[0003] Diesel engines are favored by industry because they are proven
performers that are known to give operators the best combination of
power, performance, efficiency and reliability. For example, diesel
engines are generally much less expensive to operate compared to gasoline
fueled spark-ignited engines, especially in high-use applications where a
lot of fuel is consumed. However, a disadvantage of diesel engines is that
they can produce more pollution, such as particulate matter (soot) and
NOx, which are subject to increasingly stringent regulations that require

such emissions to be progressively reduced over time. To comply with
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such regulations, engine manufacturers are developing catalytic converters
and other aftertreatment devices to remove pollutants from the exhaust
stream. Improvements to the fuel are also being introduced, for example to
reduce the amount of sulfur in the fuel, to prevent sulfur from de-
activating catalysts and to reduce air pollution. Research is being
conducted to improve combustion efficiency to reduce engine emissions,
for example by making refinements to engine control strategies. However,
most of these approaches add to the capital cost of the engine and/or the
operating costs.

[0004] Recent developments have been directed to substituting some of
the diesel fuel with cleaner burning gaseous fuels such as, for example,
natural gas, pure methane, butane, propane, hydrogen, and blends thereot.
However, in this disclosure “gaseous fuel” is defined more broadly than
these examples. Gaseous fuel is defined herein as any combustible fuel
that is in the gaseous phase at atmospheric pressure and ambient

temperature. Since gaseous fuels typically do not auto-ignite at the same
temperature and pressure as diesel fuel, a small amount of liquid tuel can

be introduced into the combustion chamber to auto-ignite and trigger the
ignition of the gaseous fuel. One approach for consuming gaseous fuel on
board a vehicle involves introducing the gaseous fuel into the engine’s
intake air manifold at relatively low pressures. In this approach, since the

gaseous fuel is inducted into the intake air stream, the supply pressure of

gaseous fuel is not a limiting factor in determining when gaseous fuel can
be introduced. The liquid fuel injection valve for introducing the diesel
fuel into the combustion chamber can use the same orifice geometry as a
conventional diesel valve, and engines with this design can operate with
only diesel fuel if the gaseous fuel is not available. This can be an

advantage if a vehicle powered by such an engine operates on a route
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where it can not replenish its supply of gaseous fuel, because if the vehicle
runs out of gaseous fuel it can continue to operate using diesel fuel only.
However, this feature can be viewed as a disadvantage by regulators and
government agencies who offer subsidies for engines fuelled with cleaner
burning gaseous fuels, because with this technology there 1s no easy way
to ensure that an operator who applies for such a subsidy will actually tuel
the subsidized engine with a gaseous fuel and engine emissions can be
much higher when the engine is fuelled with only diesel fuel, compared to
when the engine is fuelled with gaseous fuel and only pilot quantities of
diesel fuel.

[0005] In addition, dual fuel engines that introduce fuel into the intake air
manifold or intake port have been unable to match the performance and
efficiency of conventional diesel engines. There are a number of factors
that contribute to this shortcoming. Dual fuel engines that introduce the
gaseous fuel into the intake air stream normally must be made with a lower
compression ratio because the gaseous fuel can pre-mix with the air earhier
in the compression stroke, introducing the potential for engine knock,
which is the premature detonation of fuel in the combustion chamber. To
prevent engine knock, such engines must either limit the amount of
gaseous fuel that can be introduced into the combustion chamber, or
reduce the engine’s compression ratio. A lower compression ratio results
in an engine that can not match the performance and efficiency of an
engine that has the same compression ratio as a diesel engine. Another
disadvantage of introducing the gaseous fuel into the intake air stream 1s
that by occupying space in the intake air manifold, the fuel can reduce the
mass of air that can flow into the combustion chamber.

[0006] In another approach to substituting gaseous fuel for most of the

diesel fuel, it is possible to substantially match the performance and
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efficiency of a conventional diesel engine by injecting a high-pressure
gaseous fuel directly into the combustion chamber. With this approach the
timing for introducing the fuel into the combustion chamber can be
controlled and the compression ratio can be kept the same as a
conventional diesel engine. However, a problem with directly injecting
both fuels into the combustion chamber is that both fuels need to be
supplied at a pressure that is high enough to overcome the in-cylinder
pressure, while also introducing a fuel spray that penetrates into the
combustion chamber space to mix with the air. In the case of liquid fuels,
the injection pressure should be high enough to atomize the fuel so that it
can be efficiently combusted inside the combustion chamber. In the case of
gaseous fuels, as disclosed in co-owned Canadian patent application
2,463,791, filed 7 April 2004, it is desirable for the injection pressure of
the gaseous fuel to be high enough to cause the gaseous fuel to expand into
the combustion chamber space at supersonic velocities.

[0007] Because liquid fuels are substantially incompressible tluids, a

liquid fuel pump can raise the liquid fuel pressure to the desired injection

pressure almost instantly. However, because a gaseous fuel 1s a
compressible fluid, there can be times during operation of the engine when
it is not possible to supply the gaseous fuel at the desired injection
pressure. For example, this can occur when the engine 1is starting up, or
when the gaseous fuel tank is empty, or if there is a problem with the
gaseous fuel pump or compressor. Without a control strategy for such

occurrences, there can be times when the gaseous-fuel injection valve 1s
operated with little or no gaseous fuel being introduced into the
combustion chamber. In start-up conditions, when the gaseous-fuel supply

system is being pressurized, opening the gaseous-fuel injection valve can

slow the time it takes to raise gaseous fuel pressure to the normal
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operating level. Failing to recognize that gaseous-fuel 1s not being
introduced into the combustion chamber with the desired injection
pressure or in the desired amounts can result in poor combustion, higher
particulate matter and unburned hydrocarbon exhaust emissions, and lower
engine performance and efficiency, since injection timing may not be
matched to the amount of fuel being introduced into the combustion
chamber.

[0008] For some engines that use a gaseous fuel as the main tuel, the
liquid fuel injection valves are not capable of introducing enough liquid
fuel to operate the engine at full power using liquid fuel alone. For
example, if the nozzle orifices are sized for delivering smaller quantities of
liquid fuel with predetermined flow rates and velocities under normal
operating conditions such orifices may be sized too small to introduce
liquid fuel in quantities sufficient to operate the engine on only liquid fuel.
For engines that are the prime mover for a vehicle, a control strategy 1s
needed to handle the possibility of the vehicle running out of gaseous fuel
and not being able to operate at full power.

[0009] Accordingly, for an engine that is incapable of operating at tull
power with liquid fuel only, there is a need for a control strategy that
recognizes when gaseous fuel is not available, for controlling engine

operation in such a situation, and for recognizing when gaseous fuel 1s

available so the engine can resume normal operation.

Summary of the Invention

[0010] An apparatus is provided for determining when to fuel an internal
combustion engine with main fuel and secondary fuel or secondary fuel
alone. The apparatus comprises a main-fuel supply system comprising a

main-fuel injection valve that is operable to introduce the main fuel into a
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combustion chamber of the engine; a secondary-fuel 1njection system
comprising a secondary-fuel injection valve that 1s operable to introduce
the secondary fuel directly into the combustion chamber; a pressure sensor
associated with the main-fuel supply system for determining an available
injection pressure inside the main-fuel injection valve; and an electronic
controller in communication with the pressure sensor and programmable
to separately command actuation of the secondary-fuel injection valve and
the main-fuel injection valve when the available 1njection pressure 1s
greater than a predetermined threshold and to otherwise command
actuation of the secondary-fuel injection valve and not the main-fuel
injection valve..

[0011] In a preferred arrangement, the pressure sensor is installed on a
main-fuel supply rail between a pressure control valve and the main-fuel
injection valve. The engine can comprise a plurality of combustion
chambers and the main-fuel injection valve can be one of a plurality of
main-fuel injection valves with each one of the plurality of main-fuel
injection valves associated with a respective one of the plurality of
combustion chambers. In a multi-cylinder engine, each one of the plurality
of main-fuel injection valves comprises a nozzle extending into the

associlated one of the combustion chambers such that the main fuel 1s

injectable directly into each one of the associated combustion chambers.
That 1s, in preferred embodiments, the main fuel and the secondary fuel are
injected directly into the combustion chamber.

[0012] In preferred embodiments, the secondary-fuel injection valve and
the main-fuel injection valve are independently operable and integrated in
a combined dual fuel injection valve assembly with orifices for separately
introducing the main fuel and the secondary fuel directly into the

combustion chamber.
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[0013] The apparatus preferably comprises an accumulator fluidly
connected to a main-fuel supply pipe with a shut off valve between the
accumulator and the main-fuel supply pipe. In a preferred arrangement,
the accumulator can be in fluid communication with the main-fuel supply
pipe at a point between a device for pressurizing the main fuel and a
pressure regulating valve. The apparatus can further comprise a second
accumulator vessel that is in fluid communication with the main-tuel
supply pipe.

[0014] In preferred embodiments the main-fuel supply system comprises a
device for pressurizing the main fuel and a main-fuel supply pipe for
delivering the main fuel from the device to the main-fuel injection valve.
In a preferred embodiment the main-fuel supply system is a common rail
fuel supply system that delivers the main fuel at injection pressure to the
fuel injection valves, with the fuel being injectable directly into the
combustion chamber through the fuel injection valve. The device for
pressurizing the main fuel can be a compressor, or a pump, if the main fuel
is stored as a liquefied gas. If the main fuel is a liquefied gas, 1t can be
stored in a thermally insulated storage tank adapted to store the main fuel
at cryogenic temperatures.

[0015] In preferred embodiments the main fuel is a gaseous fuel and the
secondary fuel is a liquid fuel. The main-fuel supply system can be
adapted to supply a gaseous fuel selected from the group consisting of
natural gas, methane, propane, butane, hydrogen, and blends thereotf. The
secondary-fuel supply system is adapted to supply a liquid fuel selected
from the group consisting of diesel fuel, dimethylether, bio-diesel, and
kerosene.

[0016] In a preferred apparatus, to reduce modifications to the cylinder

head of conventional compression ignition engines that are fueled with a
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single fuel, the secondary-fuel injection valve and the main-fuel injection
valve are integrated into a single assembly. The advantage of this
arrangement is that a single integrated valve assembly can be installed 1n
the same opening that is normally occupied by a single-fuel injection
valve.

[0017] A method is provided for determining when to fuel an internal
combustion engine with main fuel and secondary fuel or secondary fuel
alone. The method comprises measuring available injection pressure ot
the main fuel; operating in a dual fuel mode by fuelling the engine with the
main fuel and the secondary fuel with commanded quantity and 1njection
timing for each fuel determined based upon engine speed and engine load,
when the available injection pressure is above a predetermined threshold
pressure; and, operating in a secondary fuel mode by fuelling the engine
with secondary fuel alone with commanded quantity and injection timing
based upon engine speed and load.

[0018] The method can further comprise switching between the dual fuel
mode and the secondary fuel mode when the available injection pressure
equals the predetermined threshold pressure, and then enabling a deadband
which defines a predetermined pressure range that comprises the threshold

pressure; preventing further switching between operating modes until the

deadband is disabled; disabling the deadband and operating in the dual
fuel mode when the available injection pressure 1s higher than the

predetermined pressure range; and disabling the deadband and operating in
the secondary fuel mode when the available injection pressure 1s lower
than the predetermined pressure range. In preferred embodiments, the

predetermined pressure range has boundaries higher and lower than the

threshold pressure.
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[0019] Preferred methods further comprise limiting operation in the
secondary fuel mode to a predetermined time, providing a warning to an
engine operator that the engine will shut down if the predetermined time
expires, and shutting down the engine when the predetermined time

expires. For example, the predetermined time can be 10 minutes or less

than 15 minutes.

[0020] The method can further comprise pressurizing an accumulator
vessel for the main fuel before shutting down the engine. To preserve a
store of high pressure gaseous fuel inside the accumulator, the method
preferably comprises closing a shut off valve between the accumulator
vessel and a main fuel supply pipe before shutting down the engine. In
one embodiment, the method can further comprise opening the shut ot
valve for a predetermined time when the engine is starting up until
available injection pressure equalizes with pressure inside the
accumulator, and then closing the shut off valve until the available
injection pressure is raised to a high set point. The method can also
further comprise pressurizing a large accumulator vessel and a small
accumulator vessel, wherein both accumulator vessels are in tluid
communication with a main-fuel supply pipe that delivers main fuel to the
main-fuel injection valve. For example, in some systems the small

accumulator can be employed to reduce the time needed to pressurize the

main-fuel rail if the large accumulator is empty when the engine is starting

up.

Brief Description of the Drawings
[0021] Figures 1, 1A and 1B are flow diagrams that illustrate control

strategies for determining whether to fuel an engine with a main fuel and a

secondary fuel or the secondary fuel alone. Figure 1 shows a basic control
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strategy that shows the main operating principle whereas Figures 1A and
1B show a more preferred strategies that introduce a deadband to prevent
oscillations between the selected operating modes.

[0022] Figure 2 is a schematic view of a fuel supply system for an engine
that can be fuelled with a main gaseous fuel and a secondary liquid fuel.
[0023] Figure 3 is a graph that plots main fuel pressure against time,
showing on the left side of the graph how the control strategy works when
the main fuel pressure is rising from below a predetermined threshold to a
normal operating pressure above the predetermined threshold. The right

hand side of this graph shows how the control strategy works when the

main fuel pressure is declining from above the predetermined threshold to

a lower value.

Detailed Description of Preferred Embodiment(s

[0024] The present method is directed to internal combustion engines that
are fuelled with a main fuel and a secondary fuel wherein the two fuels can
be independently and separately introduced directly into the engine’s
combustion chamber. In some embodiments, the secondary fuel injection
valve is adapted to introduce smaller quantities of fuel on an energy basis.
For such engines, a control strategy is needed to handle the situation when
the main fuel is unavailable. This is especially true for engines that have
secondary-fuel injection valves with a geometry that restricts secondary
fuel mass flow rate to the extent that the engine is unable to operate at tull
power with secondary fuel alone.
[0025] In this disclosure, “secondary fuel” is a term that 1s used to
describe a second fuel that is normally more auto-ignitable than the main
fuel. Under normal operation, only a small quantity of secondary tuel 1s

injected into the combustion chamber to assist with ignition of the main
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fuel. That is, under normal operating conditions, the secondary fuel serves
as a pilot fuel for assisting with ignition of the main fuel, and, on average
can represent less than ten percent of the total fuel consumed on an energy
basis. For example, the secondary fuel can be selected from the group
consisting of diesel fuel, kerosene, bio-diesel, and dimethylether.
However, in this disclosure, unlike a pilot fuel, the secondary fuel 1s not
restricted to describing a fuel that is only employed to act as a pilot for
igniting another fuel. The described control strategy allows the engine to
be fuelled with secondary fuel alone when the main fuel 1s not available; in
such conditions the secondary fuel acts not as a pilot for igniting another
fuel, but is itself the only fuel that is consumed by the engine. When the
engine is fuelled with secondary fuel alone, in preterred embodiments the
engine’s power output is reduced and the time that the engine can be
operated fuelled with secondary fuel alone can be restricted.

[0026] In preferred embodiments the main fuel 1s a gaseous fuel that 1s
cleaner burning than conventional liquid fuels such as diesel. For
example, the main fuel can be natural gas, pure methane, butane, propane,
hydrogen, and blends thereof. In preferred embodiments the main fuel 1s a
clean-burning gaseous fuel, so in the description of preferred
embodiments, “gaseous fuel” is used interchangeably with “main fuel”,
but persons familiar with engine technology will understand that the main
fuel could also be a liquid fuel that requires a secondary fuel different from
the main fuel to trigger ignition. Because the gaseous fuel, on average,
represents at least 90 percent of the fuel consumed on an energy basis,
compared to a conventional diesel-fuelled engine, emissions of NOx and
particulate matter are much reduced since most of the fuel consumed by
the engine 1s a fuel that is cleaner burning than the liquid fuel that 1t

replaces.
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(0027] With conventional engines, liquid fuels are incompressible fluids
so as long as there is fuel available, a liquid fuel can be quickly pumped to
the desired injection pressure. This is not the case for gaseous fuels.
Because gaseous fuels are compressible and the fluid flow characteristics
are different, situations can arise in which the gaseous fuel is not available
at the desired injection pressure as quickly, either temporarily, or until the
gaseous fuel can be replenished. For example, when the fuel tank that
stores the gaseous fuel is empty, gaseous fuel is not available. If one of
the components in the fuel system fails or 1s working at reduced capacity,
gaseous fuel may not be available at the desired pressure until appropriate
repairs are made and/or maintenance 1s done to the fuel system. At start
up, even though gaseous fuel is available, if an accumulator vessel 1s not
employed or if the accumulator is not filled with pressurized gaseous fuel,
pressure in the gaseous fuel supply system can be temporarily low until the
gaseous fuel pump or compressor is able to charge the system to normal
operating pressure. In other circumstances, the engine controller can
determine from on-board diagnostics that gaseous fuel should not be
supplied to the engine, for example if the diagnostics indicate that there
may be a leak in the gaseous fuel supply system or that there is a problem
with the gaseous fuel injection valves.

[0028] Figure 1 is a flow diagram that shows the basic operating principle
of the disclosed control strategy. The first step is to measure the available
injection pressure (AIP). This is the pressure of the gaseous fuel inside the
main-fuel injection valve, but the actual pressure measurement can be
taken in a main-fuel supply pipe or a main-fuel rail that delivers the
gaseous fuel to the main-fuel injection valves. If the available injection
pressure is greater than a predetermined threshold pressure (Td) then the

controller selects the dual fuel operating mode and sets the timing and
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quantity for the injection of main fuel and secondary fuel into the
combustion chamber. For example, 1n a preferred embodiment, the
threshold pressure can be about 18 MPA (about 2,600 psi1). If the available
injection pressure is not greater than the predetermined threshold pressure,
then the controller selects the secondary fuel operating mode and sets the
timing and quantity for the injection of secondary fuel only. The 1njection
timing and pulse width for the secondary fuel can change when the
controller switches from selecting the secondary fuel operating mode to
the dual fuel operating mode, and vice versa, since 1n the later operating
mode the secondary fuel is utilized as a pilot fuel and not as the main fuel.
For example when the secondary operating mode 1s selected, the pulse
width for injecting the secondary fuel can be longer and the timing for
beginning the injection of the secondary fuel can be earlier in the
compression stroke compared to the timing for the beginning of the
injection of the main fuel when the dual fuel operating mode 1s selected.
For example, in the secondary fuel operating mode, the timing for

injection of the secondary fuel can be between 10 and 20 crank angle

degrees earlier than the timing for main fuel injection 1n the dual fuel
operating mode. The actual timing and pulse width is dependent upon the
characteristics of a given engine.

[0029] When the secondary fuel operating mode is selected, a timer 1s
preferably used to limit the time that the engine can operate 1n this
operating mode. In preferred embodiments, the secondary tuel operating
mode is useful for start up conditions or emergency situations where the
main fuel is not available either temporarily or until the supply of gaseous
fuel can be replenished or until the main fuel supply system can be
serviced. At start up, the engine can be started in the secondary fuel

operating mode and run in an idle mode until the available injection
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pressure for the main fuel is increased to the desired operating range. In
an emergency situation, the timer can allow the engine to operate for long
enough to allow a vehicle to be driven to a safe place to stop, or if full
power output is not needed, the vehicle may be driven to a nearby
refueling station. For example, the timer can be set to allow enough time
for a vehicle to driven in the secondary fuel operating mode to a fueling
depot in a fleet operator’s yard. However, in preferred embodiments,
because the engine can not deliver full power to a vehicle in the secondary
fuel operating mode, an engine of this type can not circumvent dual fuel
operation for normal vehicle use, and this can make the disclosed engine
eligible for clean-fuel subsidies that may not be available to other dual tuel
engines that permit the engine to deliver full power when fueled with
secondary fuel alone. In Figure 1, the timer feature 1s initiated by
determining if there was a switch from the dual fuel operating mode to the
secondary fuel operating mode. The timer can be a simple chronometer
that starts from t = 0 each time the controller switches from the dual tfuel
operating mode to the secondary fuel operating mode. For as long as the
engine operates in the secondary fuel operating mode, in each control loop
the controller determines if the timer has exceeded a predetermined time
limit t; and when the time in the secondary fuel operating mode exceeds t;,
then the controller stops the engine. To some extent, predetermined time
limit t; can be arbitrarily set because there 1s already a disincentive to

operate 1n the secondary fuel operating mode since the engine can not

achieve full power output in this mode. Depending upon the design of the
fuel supply and injection system, there may be other operational
considerations that discourage prolonged operation in the secondary fuel
operating mode. For example, in some embodiments, t; can be set to be

around 10 minutes, or more preferably an even shorter time.
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[0030] Figure 1A is a preferred control strategy because 1t introduces a
deadband that reduces oscillations between operating modes. For
simplicity Figure 1A does not show the timer feature but this teature can
be incorporated into all preferred embodiments. The deadband 1s a
predetermined pressure range that in preferred embodiments can be added
or subtracted from the predetermined threshold pressure to define upper
and lower pressure limits that are used by the control method in the
manner described herein. The method begins by measuring the available
injection pressure (AIP). The first question considered by the controller 1s
to determine if the available injection pressure is less than the lower
pressure limit or greater than the upper pressure limit as defined by the
deadband. If the answer to one of these conditions is “yes” then the
available injection pressure is outside of the range defined by the lower
and upper pressure limits, and the electronic controller disables the
deadband. If the available injection pressure is between the lower and
upper pressure limits, and the deadband has been previously enabled, then
the deadband remains enabled. The second question considered by the
electronic controller is whether the available injection pressure has risen
above or dropped below the predetermined threshold pressure since the
previous control loop. The disclosed method answers this question by
determining if one of two criteria is satisfied. The first criteria 1s whether
the available injection pressure is less than or equal to the predetermined
threshold pressure and the available injection pressure measured 1n the
previous control loop was greater than or equal to the predetermined
threshold pressure. The second criteria is whether the available injection
pressure 1s greater than or equal to the predetermined threshold pressure

and the available injection pressure measured in the previous control loop

was less than or equal to the predetermined threshold pressure. If one of
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these criteria is met, this means that the predetermined threshold pressure
was equaled or crossed since the previous control loop, and the deadband
is enabled. If one of these criteria is not met then no change i1s made to the
status of the deadband before proceeding to the third question, which 1s
whether the available injection pressure is less than the predetermined
threshold pressure or whether the deadband is enabled; if one of these 1s
true, then the electronic controller selects the secondary fuel operating
mode and sets the fuel injection timing and quantity in accordance with
this operating mode. If available injection pressure is not less than the
predetermined threshold pressure and the deadband is disabled, then the
electronic controller selects the dual fuel operating mode and sets the tuel
injection timing and quantity in accordance with this operating mode.
[0031] In applying the control strategy set out in Figure 1A, the deadband
reduces switching back and forth between the dual fuel and secondard tuel
operating modes by maintaining the secondary fuel operating mode as long
as the deadband 1s enabled, and by switching to the dual tuel operating
mode from the secondary fuel operating mode only when the available
injection pressure rises above the upper pressure limit (Td + DB). Once
disabled, the deadband 1s not enabled until the available injection pressure
crosses or equals the predetermined threshold pressure.

[0032] Figure 1B illustrates another control method that also uses a
deadband with similar results to the control method of Figure 1A. In the
method of Figure 1B the deadband is enabled when the available injection
pressures equals or crosses the predetermined threshold pressure. When
the deadband is enabled, the electronic controller switches from the
operating mode selected in the previous control loop to the other operating
mode. The electronic controller disables the deadband and selects the dual

fuel operating mode when the measured available injection pressure 1s
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greater than the upper pressure limit defined by the predetermined
threshold pressure plus the deadband. When the measured available
injection pressure is less than the lower pressure limit defined by the
predetermined threshold pressure minus the deadband, the electronic
controller disables the deadband and selects the secondary fuel operating
mode.

(0033] With reference to Figure 1B, after measuring the available
injection pressure, the first question considered by the electronic controller
is whether the deadband is enabled. If the deadband is enabled, the
controller determines if the available injection pressure is still between the
upper and lower pressure limits set by the deadbands. If the available
injection pressure remains between the upper and lower pressure limits
defined by the deadband, then the electronic controller maintains the
currently selected operating mode. On the other hand, if the available
injection pressure 1s below the lower pressure limit or above the upper
pressure limit, then the electronic controller disables the deadband, while
selecting the secondary fuel operating mode if the available injection
pressure is less than the lower pressure limit, and otherwise selecting the
dual fuel operating mode.

[0034] If the controller determines at the first question in the control loop
that the deadband is not enabled, the electronic controller considers the
measured available injection pressure and the available injection pressure
that was measured in the previous control loop to determine if available
injection pressure has equaled or crossed the predetermined threshold
pressure since the previous control loop. If the available injection pressure

has not crossed or equaled the predetermined threshold pressure since the

previous control loop, then the deadband remains disabled and if available

injection pressure is greater than the predetermined threshold pressure,
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then the electronic controller selects the dual fuel operating mode, with the
secondary fuel operating mode being selected if the available 1njection
pressure 1s not greater than the predetermined threshold pressure. If the
electronic controller determines that the available injection pressure has
crossed or equaled the predetermined threshold pressure since the previous
control loop, and the measured available injection pressure remains
between the upper and lower pressure limits defined by the deadband, then
the deadband 1s enabled and the electronic controller commands a switch
trom the operating mode selected 1n the previous control loop to the other
operating mode. If the available injection pressure has crossed or equaled
the predetermined threshold pressure since the previous control loop, but
the presently measured available injection pressure 1s not between the
lower and upper pressure limits defined by the deadband, then the
deadband remains disabled and the electronic controller selects the
secondary fuel operating mode 1f the available injection pressure is less
than the lower pressure limit, and otherwise selects the dual fuel operating
mode.

[0035] With the control method of Figure 1A, the electronic controller
always selects the secondary fuel operating mode when the deadband is
enabled, whereas with the control method of Figure 1B, the electronic
controller switches operating modes whenever the deadband switches from
being disabled to enabled. Both control methods impose a deadband to
reduce switching back and forth between two operating modes in
situations when the available injection pressure fluctuates around a
predetermined threshold pressure between upper and lower pressure limits
defined by the predetermined deadband.

[0036] Figure 2 1s a schematic view of apparatus 200, which delivers a

main fuel and a secondary fuel into a combustion chamber of an internal
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combustion engine. In this example the secondary fuel is a liquid fuel and
the main fuel is a gaseous fuel. Apparatus 200 comprises secondary-tuel
supply system 210, which itself comprises secondary-fuel storage vessel
212, suction line 213, secondary-fuel pump 214, pressure control valve
216, optional pressure sensor 217, and secondary-fuel rail 218. Apparatus
200 further comprises main-fuel supply system 220, which itself
comprises main-fuel storage vessel 222, main-fuel compressor 224, heat
exchanger 225, pressure control valve 226, pressure sensor 227, and main-
fuel rail 228.

[0037] The engine comprises a plurality of fuel injection valves 240,
which are mounted in cylinder head 242. In Figure 2, cylinder head 242 1s
schematically shown in dashed outline. In the illustrated embodiment the
engine can have a cylinder block with six in-line cylinders (not shown),
with one fuel injection valve associated with the combustion chamber
defined by each cylinder. In the illustrated embodiments, each fuel
injection valve 240 is capable injecting the secondary fuel and the main
fuel into a respective combustion chamber (not shown), so each fuel
injection valve 240 is associated with secondary-fuel rail 218 and main-
fuel rail 228. Even though the secondary-fuel injection valve and the main-
fuel injection valve are integrated into a single dual fuel injection valve,
the secondary-fuel injection valve and the main-fuel injection valve are
preferably independently operable to separately introduce the secondary
fuel and main fuel into the combustion chambers. This allows separate
timing for the secondary fuel and main fuel injection events and more

precise control over the quantity of each fuel that is injected into the

combustion chambers.

[0038] Persons skilled in the technology will understand that the disclosed

apparatus and method can be applied to internal combustion engines of
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different sizes and with any number of cylinders. For engines with more
than one cylinder head, fuel supply rails can have branches associated with
each cylinder head.

[0039] In another embodiment, not shown, the secondary-fuel injection
valve can be separate from the main-fuel injection valve. The main fuel
injection valve can introduce the main fuel into the intake air manitold or
the intake ports immediately upstream from the combustion chambers.
However, such an embodiment is less preferred since it is preterable to
inject the main fuel directly into the combustion chamber to more closely
emulate the power, performance and efficiency of a diesel engine, which
injects fuel directly into the combustion chamber

[0040] The method of operating apparatus 200 according to the control
strategy shown in Figure 1 is described as follows. Fuel injection valves
240 are preferably so-called common rail injection valves as shown 1n
Figure 2. That is, the fuel is supplied at injection pressure to each one of
fuel injection valves 240 through the same fuel rail. People famihiar with
common rail technology will understand that the term “rail” as it is defined
herein means a conduit, bore, or pipe that functions as a manifold for
distributing fuel to the fuel injection valves. Accordingly, when the engine
is running normally, secondary-fuel rail 218 and main-fuel rail 228 are
each filled with a pressurized fuel at injection pressure, and fuel can be
injected by actuating a respective valve needle from a closed position to an
open position. With respect to the main fuel, the pressure that is measured
by pressure sensor 227 is representative of the available injection pressure.
Likewise, the pressure measured by pressure sensor 217 is representative
of the available injection pressure for the secondary fuel.

[0041] The disclosed method is not dependent upon the type of fuel

injector that i1s employed. For example, while a common rail fuel system
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is shown in Figure 2, the method can be applied to an engine that uses unit
injectors, each with an intensifier mechanism for raising the fuel pressure
to 1njection pressure.

[0042] Controller 250 is programmable to maintain secondary fuel in
secondary-fuel rail 218 at the desired injection pressure by operating pump
214 and by operation of pressure control valve 216, which 1s disposed 1n
the secondary-fuel delivery pipe between pump 214 and secondary-tuel
rail 218. Pressure control valve 216 can be operated to control secondary-
fuel pressure in secondary-fuel rail 218 so that it is maintained at a
predetermined fixed pressure when the engine i1s running. In other
embodiments, pressure control valve 216 can be controlled by an
electronic controller to regulate secondary-fuel pressure within secondary-
fuel rail 218 responsive to engine operating conditions, for example to
adjust pressure within secondary-fuel rail 218 to predetermined pressures
defined by an engine map.

[0043] In the schematic illustration of Figure 2, the secondary-fuel rail 1s
shown having a plurality of branches 219 with branches 219 connecting
secondary-fuel rail 218 to each one of fuel injection valves 240. Branches
219, which are shown schematically in Figure 2 can be a bore 1n cylinder
head 242 or if liquid-fuel rail 218 is a pipe, branches 219 can be pipes that
connect to fuel injection valves 240 above cylinder head 242 or through an
opening provided in cylinder head 242.

[0044] Controller 250 is programmable to maintain main fuel in main-fuel
rail 228 at the desired injection pressure by operating compressor 224 and
by operation of pressure control valve 226, which is located 1n the main-
fuel delivery pipe between heat exchanger 225 and main-fuel rail 228. In
preterred embodiments the main fuel 1s a gaseous fuel that can be stored as

a compressed gas at high storage pressures to increase storage density. In
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some embodiments main-fuel storage vessel 222 can be a pressure-rated
vessel for safely holding the main fuel at pressures up to 69 MPa (about
10,000 psia). For even greater storage density, a gaseous main fuel can be
stored in liquefied form at cryogenic temperatures inside a double-walled
vacuum insulated vessel

[0045] Heat exchanger 225 can be employed to cool the main fuel after 1t
has been compressed. Main-fuel compressor 224 is shown schematically
in Figure 2, but in a preferred embodiment compressor 224 can be one or a
plurality of reciprocating piston compressors.

[0046] Main-fuel supply system 220 can further comprise accumulator
vessel 230 upstream of pressure regulator 226. If the volume defined by
the main-fuel supply pipe and main-fuel rail 228 is small, accumulator
vessel 230 can be employed to facilitate maintaining the desired main-fuel
pressure by ensuring that an adequate supply of high-pressure main fuel 1s
always available. When the engine is shut down, main-fuel rail 228 1s
normally vented or drained. Valve 232 can be closed when the engine 1s
shut down to reserve some high pressure fuel for when the engine 1s
started up. Upon starting up the engine, valve 232 can be opened to fill
main-fuel rail 228 with main fuel. In preferred embodiments, the volume
of accumulator 230 is much greater than the volume of main-fuel rail 223
so that there is normally ample fuel stored at high pressure in accumulator
230 to fill main-fuel rail 228. However, for systems with a lower ratio
between the accumulator volume and the fuel rail volume, or if
accumulator 230 is not fully charged when engine is starting up, after
valve 232 is opened there may not be sufficient fuel to pressurize the
main-fuel rail 228 above a predetermined low pressure set point, which
means that compressor 224 is immediately commanded to supply more

fuel gas to the fuel supply system. In this situation, if valve 232 is left
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open, it may take longer to fully pressurize main-fuel rail 228 because
compressor 224 is filling main-fuel rail 228 and accumulator 230 at the
same time and to further raise the pressure in main-fuel rail 223
compressor 224 would need to also raise the pressure in accumulator
vessel 230. For systems in which the above-described situation can arise,
the following procedure can be followed: upon starting the engine, valve
232 is initially opened to fill main-fuel rail 228 with fuel; meanwhile,
pressure regulator 226 is wide open since main fuel pressure 1s normally
initially at atmospheric pressure when the engine is starting up; after a
predetermined delay to allow the initial filling of main-fuel rail 228, valve
232 is closed until the pressure measured by pressure sensor 227 reaches
the high set point; and then valve 232 is opened so that compressor 224

can fill accumulator 230.

[0047] Accumulator 234 is an optional feature that can be employed 1n an
engine system that requires accumulator 230 to have a large volume for
normal operation but that can use smaller accumulator 234 to speed up
initial pressurization of the fuel system by closing valve 232 and using
only small accumulator 234. Once the engine is running in the dual fuel
operating mode and the available injection pressure 1s above the
predetermined threshold pressure, valve 232 can be opened and
accumulator 230 can be filled.

[0048] When the secondary-fuel injection valve and the main-fuel
injection valve are integrated into a dual fuel injection valve assembly, to

reduce pressure differentials between the two high-pressure fuels, main-
fuel injection pressure is preferably set to be equal or slightly less than the
secondary-fuel injection pressure, so that main fuel, which in preterred
embodiments is the gaseous fuel, does not leak into the secondary-tfuel

passages. An apparatus and method of dynamically controlling secondary-
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fuel and main-fuel pressures in an integrated secondary-fuel and main-fuel
injection valve 1s disclosed 1in co-owned United States Patent No.
6,298,833, Accordingly, the operation of pressure control valve 226 is
preferably linked to the operation of pressure control valve 216, or one
pressure control valve can be employed to maintain a pressure differential
between the pressure in secondary-fuel rail 218 and the pressure in main-
fuel rail 228.
[0049] Like secondary-fuel rail 218, in the schematic illustration of Figure
1, main-fuel rail 228 is shown having branches 229 that connect gaseous-
tuel rail 228 to respective ones of fuel injection valves 240.
[0050] Controller 250 is an electronic controller that can receive data
indicative of engine operating parameters such as engine speed, available
Injection pressure, and operator inputs such as demanded load. Dashed
lines leading from pressure sensors 217 and 227 to controller 250 indicate
connections for sending data signals from the pressure sensors to
controller 250. Controller 250 can process the data to determine signal
commands by calculation and/or by reference to look up tables. Controller
250 sends signal commands to system components such as pressure
control valve 226 or compressor 224 or fuel injection valves 240 as
indicated by dashed lines leading from controller 250 to respective
components. According to the presently disclosed method, controller 250
can determine available injection pressure in main-fuel rail 228, and
whether the available injection pressure is sufficient, by being greater than
a predetermined threshold pressure, to permit the engine to be operated in
a dual fuel mode, or if not, to fuel the engine with only the secondary fuel.
In Figure 2, controller 250 is represented schematically as a single
component but persons knowledgeable about engine control systems will

understand that controller 250 can actually comprise several
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subcomponents that communicate using a controller area network. For
example there can be a primary engine controller with a separate injector
driver module, and a separate fuel supply system controller.

[0051] Controller 250 can be programmed to follow the methods shown in
Figures 1, 1A and 1B. For example, as shown by Figures 1A and 1B,
controller 250 can be programmed to enable a deadband if the available
injection pressure equals a predetermined threshold pressure since the last
engine cycle or injection event. Controller 250 1s also programmable to
include a timer for limiting the maximum time that the engine can be run
continuously in the secondary fuel operating mode.

[0052] The method of Figure 1B is further illustrated by Figure 3, which is
a plot of available injection pressure (AIP) against time. When the engine
is shut down, the main-fuel supply rail can be vented to atmospheric
pressure, making it necessary to re-pressurize the main-fuel supply rail
upon start up. Line 310 on the left hand side of Figure 3 shows an
example of how the available injection pressure can increase while the
system 1s being pressurized. Initially, the deadband is disabled and since
the available injection pressure 1s less than the predetermined threshold
pressure Td, the controller selects the secondary fuel operating mode and
sends the appropriate signal commands the engine components. For
example, the controller sends signal commands to control the secondary
fuel injection pressure and to command an appropriate timing and pulse
width for each fuel injection event based upon the selected secondary fuel
operating mode. At point 312, the available injection pressure equals the
predetermined threshold pressure so controller selects and switches to the

dual fuel operating mode, and also enables the deadband. The controller
sends appropnate signal commands to the engine components to operate in

the dual fuel mode as long as the available injection pressure remains
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between the deadband upper limit 316 and the deadband lower limit 326.
In the illustrated example, at point 314 the available injection pressure
equals the deadband upper limit 316, and when this happens the deadband
is disabled and the controller continues to select the dual fuel operating
mode since the available injection pressure 1s greater than the
predetermined threshold pressure. Conversely, if line 310 did not equal
deadband upper limit 316, and instead line 310 dropped to the deadband
lower limit 326, the controller would still disable the deadband but would
then switch back to the secondary fuel operating mode, since the available
injection pressure would then be less than the predetermined threshold
pressure.

[0053] As shown by line 310, when the available injection pressure 1s
increasing, the plot of available injection pressure can oscillate and even
dip below the predetermined threshold pressure, but the controller does not
switch the selected operating mode or disable the deadband until line 310
crosses one of deadband boundaries. This reduces switching back and
forth between the dual fuel operating mode and the secondary fuel
operating mode, thereby reducing unstable operating conditions which can
occur if a deadband is not employed.

[0054] On the right side of Figure 3, line 320 plots a decline in the available
injection pressure. In this example, because the available injection pressure
1s initially higher than the predetermined threshold pressure, the controller
has initially selected the dual fuel operating mode and the deadband is
disabled. When the available injection pressure equals the predetermined
threshold pressure at point 322, the deadband is enabled and the controller
selects the secondary fuel operating mode, maintaining this operating mode
until line 320 crosses one of the deadband boundaries. At point 324 line 320

crosses the deadband lower limit 326, and at that time the controller disables
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the deadband and since the available injection pressure is less than the
predetermined threshold pressure, the controller continues to select the
secondary fuel operating mode.

[0055] While particular elements, embodiments and applications of the
present invention have been shown and described, it will be understood, that
the 1nvention is not limited thereto since modifications can be made by those
skilled in the art without departing from the scope of the present disclosure,
particularly in light of the foregoing teachings.

t
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What is claimed is:

1. An apparatus 1s provided for determining when to fuel an
internal combustion engine with main fuel and secondary fuel or
secondary fuel alone, said apparatus comprising:

a main-fuel supply system comprising a main-fuel injection
valve that 1s operable to introduce said main fuel into a combustion
chamber of said engine;

a secondary-fuel injection system comprising a secondary-
fuel injection valve that is operable to introduce said secondary fuel
directly into said combustion chamber;

a pressure sensor associated with said main-fuel supply
system for determining an available injection pressure inside said main-
fuel injection valve; and

an e¢lectronic controller in communication with said
pressure sensor and programmable to separately command actuation of
said secondary-fuel injection valve and said main-fuel injection valve
when said available injection pressure is greater than a predetermined
threshold and to otherwise command actuation of said secondary-fuel

injection valve and not said main-fuel injection valve.

2. The apparatus of claim 1 wherein said pressure sensor is
installed on a main-fuel supply rail between a pressure control valve and

said main-fuel injection valve.

3. The apparatus of claim 1 wherein said engine comprises a
plurality of combustion chambers and said main-fuel injection valve is one

of a plurality of main-fuel injection valves with each one of said plurality
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of main-fuel injection valves associated with a respective one of said

plurality of combustion chambers.

4. The apparatus of claim 3 each one of said plurality ot main-
fuel injection valves comprises a nozzle extending into said associated one
of said combustion chambers such that said main fuel is injectable directly

into each one of said associated combustion chambers.

3. The apparatus of claim 1 wherein said secondary-fuel
injection valve and said main-fuel injection valve are independently
operable and integrated in a combined dual fuel injection valve assembly
with orifices for separately introducing said main fuel and said secondary

fuel directly into said combustion chamber.

6. The apparatus of claim 1 further comprising an accumulator
fluidly connected to a main-fuel supply pipe with a shut off valve between

said accumulator and said main-fuel supply pipe.

7. The apparatus of claim 6 wherein said accumulator is 1n
fluid communication with said main-fuel supply pipe at a point between a

device for pressurizing said main fuel and a pressure regulating valve.

8. The apparatus of claim 7 further comprising a second

accumulator vessel that is in fluid communication with said main-fuel

supply pipe.

0. The apparatus of claim 1 wherein said main-fuel supply

system comprises a device for pressurizing said main fuel and a main-fuel
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supply pipe for delivering said main fuel from said device to said main-

fuel 1injection valve.

10.  The apparatus of claim 9 wherein said device is a

COMPIessor.

11.  The apparatus of claim 10 further comprising a thermally
insulated storage tank adapted to store said main fuel as a liquetfied gas at
cryogenic temperatures, and wherein said device for pressurizing said

main fuel 1s a pump capable of pumping said liquefied gas.

12.  The apparatus of claim 1 wherein said main-fuel supply

system 1s adapted to supply a gaseous fuel selected from the group
consisting of natural gas, methane, propane, butane, hydrogen, and blends

thereof.

13.  The apparatus of claim 1 wherein said secondary-fuel

supply system 1s adapted to supply a liquid fuel selected from the group

consisting of diesel fuel, dimethylether, bio-diesel, and kerosene.

14.  The apparatus of claim 1 wherein said secondary-tuel

injection valve and said main-fuel injection valve are integrated into a

single assembly.

15. A method of determining when to fuel an internal
combustion engine with main fuel and secondary fuel or secondary fuel

alone, said method comprising:

measuring available injection pressure of said main fuel;
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operating in a dual fuel mode by fuelling said engine with said
main fuel and said secondary fuel with commanded quantity and injection
timing for each fuel determined based upon engine speed and engine load,
when said available injection pressure is above a predetermined threshold
pressure; and

operating in a secondary fuel mode by fuelling said engine with
secondary fuel alone with commanded quantity and injection timing based

upon engine speed and load.

16.  The method of claim 15 further comprising;

switching between said dual fuel mode and said secondary
fuel mode when said available injection pressure equals said
predetermined threshold pressure, and then enabling a deadband
which defines a predetermined pressure range that comprises said
threshold pressure;

preventing further switching between operating modes until
sald deadband 1s disabled;

disabling said deadband and operating in said dual fuel
mode when said available injection pressure is higher than said
predetermined pressure range; and

disabling said deadband and operating in said secondary
fuel mode when said available injection pressure 1s lower than said

predetermined pressure range.

17.  The method of claim 16 wherein said predetermined
pressure range has boundaries higher and lower than said threshold

pressure.
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18.  The method of claim 15 further comprising limiting
operation 1n said secondary fuel mode to a predetermined time, providing
a warning to an engine operator that the engine will shut down if said

predetermined time expires, and shutting down said engine when said

predetermined time expires.

19.  The method of claim 18 wherein said predetermined time 1s
10 minutes.
20.  The method of claim 18 wherein said predetermined time 1s

less than 15 minutes.

21.  The method of claim 15 further comprising pressurizing an

accumulator vessel for said main fuel before shutting down said engine.

22.  The method of claim 21 further comprising closing a shut
off valve between said accumulator vessel and a main fuel supply pipe

before shutting down said engine.

23. The method of claim 22 further comprising opening said
shut oft valve for a predetermined time when said engine is starting up

until available injection pressure equalizes with pressure inside said

accumulator, and then closing said shut off valve until said available

injection pressure is raised to a high set point.

24.  The method of claim 15 further comprising pressurizing a

large accumulator vessel and a small accumulator vessel, wherein both
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accumulator vessels are in fluid communication with a main-fuel supply

pipe that delivers main fuel to said main-fuel injection valve.



=

h 4

Measure Available
—— Injection Pressure
(AlP)

CA 02538980 2006-03-09

4

AlP >Td?

Yes

No—

, 20

Select Daal Fuel
Operating Mode

r— 2

h 4

Set Timihg and
Quantity for

and Main Fuel

- Secondary Fuel |

v

Select Secondary
Fuel Operating
Mode

A 4

Set Timing and
Quantity for
Secondary Fuel

Switch
from Dual Fuel

Operating
Mode?

Yes

!

Start Timer

No

t=0

FIGURE 1

Stop Engine

TT-—



CA 02538980 2006-03-09

| Start |

y

Select Dual Fuel

Measure Available

Injection Pressure {(AlP)

IP >= Td and AlP{prev) <=T

IP <= Td and AlP(prev) >=

AIP < (Td - DB)
or
IP > (Td + DB

NO

Yes

v

Disable DB

W —

or

No

'Operating Mode and Set Yes
Fuel Injection Timing v
and Quantity Enable DB
A
No AlP < Td
' or
~.DB Enable
Yes
| ' - Select Secondary Fuel
FIGURE 1A QOperating Mode and Set

Fuel Injection Timing
and Quantity




CA 02538980 2006-03-09

SV LA -

Anueny) pue
Buiwi § uonoalyy

11914 19§ pUe spoyy

Buneiado dn4

gaqg buigeus
0} JOl P3a]08|as
apo bugesad

Wol4 Yyoums

Alepuotag 1091eg
—
ON
Auenpd
pue fuiwi |
uoioalu} |1sn4
1o pue apopy [©°A
buieiado jen4y
BN 19319
ON
> S

A

o ———

dd s|gqeud

A
ON

|

+ Pl) < dIY 10
aa - pL) > d

SO A

Pl =>(naud)d|

pue Ppl1=<d|Vv 10

Pl =< (rald)dlY
pue pl => d|v

gl 34Nold

Apjuenp pue
Buiwij uonosluy

|and 1S pue spo

buesadQ |an4

AJBpuooag 108188

A
S A

SO

jp8|geus
(gq)
auegpean

Uo0a(u;

AJe[iBAY
3INSEIN

(dIV) m._swwm(_m

SSA

dd @i9qes!d

A
SO

+ PL) < dIv 40
ad-pl) > dIy

PRy vy

— a1k

Ajjuenp
pue Bupwi] |
uonosiul |end |
195 pUE 9pON
BuneiadQ jen4
len( 129j8s

————

SpOIN
bunelado
wauann
uejien

WA

i

Spop Bunesado 1an

Alepuodeg 0} JInejeq

UEIS




CA 02538980 2006-03-09




CA 02538980 2006-03-09

auwi|

¢ ainbi4

—

0L€
@N@\IJr
| N\ o T |
_ = T ——PL
A "
2zE cle
pLE

0ct

dlV



=

h 4

Measure Available

— Injection Pressure [«
(AlR)

Alp>$

No—

Yes

4

Select Dual Fuel
Operating Mode

l

Set Timing and
Quantity for

L Secondary Fuel |

and Main Fuel

) J

Select Secondary
Fuel Operating
Mode

l

Set Timing and
Quantity for
Secondary Fuel

Switch
from Dual Fuel

Operating b

Mode?

Yes

Start Timer

t=0

Stop Engine




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - abstract drawing

