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Abstract

Venting of gaseous fuel during operation and after shutdown of an internal combustion
engine increases emissions. A vent handling apparatus for a gaseous fuel system of an
internal combustion engine comprises an accumulator for storing gaseous fuel; a first
valve selectively enabling fluid communication between the accumulator and one of a
gaseous fuel communication passage and a gaseous fuel storage vessel, the gaseous fuel

communication passage delivering gaseous fuel to the internal combustion engine for
combustion; and an apparatus for selectively returning the gaseous fuel from the

accumulator to the internal combustion engine for combustion.
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GASEOUS FUEL VENT HANDLING APPARATUS AND METHOD

Field of the Invention

|[0001] The present application relates to techniques for reducing venting of gaseous
fuel to atmosphere for internal combustion engines, and more particularly for capturing

vented gaseous fuel and reintroducing it for combustion in the engine.

Background of the Invention

[0002]  Gaseous fuelling systems have a unique phenomenon associated with them
called venting. Liquid fuelling systems have a related but different phenomenon called
evaporative emissions, but venting does not occur in liquid fuel systems. Venting can
occur for a variety of reasons. A pressure relief valve for a cryogenic storage vessel
storing a liquefied gaseous fuel can be activated when vapor pressure within the vessel
rises above a safety limit. In applications that employ a pressure regulating apparatus to

maintain a pressure bias between a liquid fuel and a gaseous fuel, the apparatus can vent

gascous fuel when liquid fuel pressure changes rapidly.

[0003] Doubled-walled, vacuum insulated cryogenic storage vessels store liquefied

gaseous fuel at cryogenic temperatures at low pressures. For example, when liquefied

gaseous fuel is first added to the storage vessel it can be at or around atmospheric
pressure and the temperature remains in equilibrium around the boiling point. However,
since the storage vessel cannot reduce heat leak into the vessel completely, especially
when a cryogenic pump is partially installed in the vessel, the liquefied gaseous tuel
begins to boil increasing the vapor pressure. A pressure relief valve in the vessel 1s
employed to prevent excessive pressure build-up by venting gaseous fuel vapor. Since
these cryogenic storage vessels are not specifically designed as pressurized storage

vessels, the pressure at which these vessels vent can be relatively low, for example

around 500 pounds per square inch (psi).
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|0004] In applications that employ concentric needle fuel injectors to introduce a
gaseous fuel separately and independently from a liquid fuel, such as in the Applicant’s
co-owned United States Patent No. 6,336,598, gaseous fuel pressure 1s maintained within
a predetermined margin of liquid fuel pressure. Liquid fuel 1s employed not only as a
pilot fuel but also as a hydraulic fluid and a fluid seal within the fuel injector. If gaseous
fuel pressure rises above liquid fuel pressure (or if the pressure differential is below a
predetermined level) then gaseous fuel leaks into the liquid fuel, and if gaseous fuel
pressure drops too far below liquid fuel pressure liquid fuel leaks excessively into the
nozzle of the fuel injector and later gets burned in the combustion chamber. One way to
regulate gaseous fuel pressure based on liquid fuel pressure is with a dome loaded
regulating valve that employs the difference between liquid fuel pressure and upstream
gaseous fuel pressure to modulate a valve such that downstream gaseous fuel pressure i1s
maintained with the predetermined margin of the liquid fuel pressure. In these types of
device, when the liquid-gaseous fuel pressure differential drops below the predetermined
level gaseous fuel i1s vented from the device such that the downstream gaseous fuel
pressure can follow the rate of change of liquid fuel pressure thereby maintaining the

pressure bias between the two fuels.

[0005] In addition to venting, gaseous fuelling systems have unique sealing
challenges compared to liquid fuelling systems. Gaseous fuels have higher enthalpy since
they are 1in a gas state compared to liquid fuels and so can penetrate through tighter
spaces and further into solids. The dimensional tolerances between gaseous fuelling
system components are smaller to reduce and preferably prevent the leakage of gaseous
fuel. Seals employed between components should have a lower permeability than that
required for seals used in liquid fuelling systems, and must be able to withstand harsh
environments such as rapid decompression. Leakage of gaseous fuels after engine

shutdown has been a particularly challenging sealing problem. After engine shutdown

gaseous fuel pressure remains high causing gaseous fuel to leak through fuel injectors.
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|[0006] During shutdown, liquid fuels can be depressurized by returning the fuel to the
storage tank. Although not all the liquid fuel in fuelling conduits can be drained, by
returning liquid fuel to atmospheric pressure the likelihood of leaks 1s substantially
reduced. This 1s not possible in gaseous fuelling systems. For example, when gaseous
fuel 1s stored as a gas 1n a pressurized storage vessel it 1s stored at a substantially higher
pressure than the pressure required by the fuel injection system. The pressure of the
gaseous fuel 1s reduced and regulated to the fuel injection pressure, and during shutdown
cannot be returned to the storage vessel unless it 1s pumped by a compressor which is not
economically feasible or efficient. When gaseous fuel 1s stored in liquefied form 1t 1s
stored at cryogenic temperatures. As the engine demands fuel from the fuelling system a
cryogenic pump pressurizes and delivers the liquefied fuel from the cryogenic storage
vessel to a vaporizer where 1t 1s converted to a gas, which 1s then supplied to fuel
injectors for introduction into engine cylinders. During shutdown, if the vaporized
gaseous fuel was returned to the cryogenic storage vessel it would add a considerable
amount of heat to the vessel, causing the liquefied fuel to boil at a greater rate raising the
pressure within the vessel leading to venting. As a result, after shutdown gaseous fuel
remains in fuelling conduits and fuel injectors, and depending upon the fuel injection
pressure the pressure of the gaseous fuel can be around one, two or more orders of

magnitude above atmospheric pressure. The pressure differential between gaseous fuel
pressure and atmospheric pressure after shutdown causes gaseous fuel to leak past
injection valves in fuel injectors into engine cylinders, which can then eventually leak to
atmosphere or result in unburned hydrocarbon emissions when the engine 1s started up

again.

[0007] European Patent Specification No. EP 0 745 499, published on July 11, 2001
to Michael Ernet Garrett, discloses a supplementary storage vessel fluidly connected with
a vent pipe for receiving at least a portion of vented boil-off gas from a storage tank
storing liquefied gaseous fuel. The supplementary storage vessel is filled with an

adsorbent such as a high surface area activated carbon or zeolite sieve which has the
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ability to store a large volume of vented by adsorption. An auxiliary supply pipe is fluidly
connected with the supplementary storage vessel for delivering the vented boil-off gas to

an engine supply pipe.

[0008] International Patent Publication No. W02012072184, published for Klaus
Rossler on June 7, 2012, discloses an arrangement for a combustion engine operated with
gaseous fuel, where a supplementary storage unit 1s provided for receiving gaseous fuel
from a fuel introducing device (e.g. a fuel rail for a direct injection system) during
shutdown, such that leakage of gaseous fuel 1s avoided. A solenoid valve 1s employed to
introduce the gaseous fuel into the intake manifold downstream of the throttle and

compressor unit from a supercharger.

[0009] A problem with the techniques of the ‘499 and ‘184 references is that the
gaseous fuel introduced from the supplementary storage tank/unit into the intake
manifold does not burn well in the engine and substantially results in unburned
hydrocarbon emissions. Further, these references do not address the challenge of dynamic
venting where gaseous fuel 1s vented from the rail, either purposively or through leakage

during operation of the engine.

[0010] The state of the art is lacking in techniques for reducing vented emissions
from gaseous fuelled internal combustion engine. The present apparatus and method
provides a technique for improving the handling of vented gaseous fuel from internal

combustion engines.

Summary of the Invention

[0011] An improved vent handling apparatus for a gaseous fuel system of an internal
combustion engine comprising an accumulator for storing gaseous fuel; a first valve
selectively enabling fluid communication between the accumulator and one of a gaseous

fuel communication passage and a gaseous fuel storage vessel, the gaseous fuel
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communication passage delivering gaseous fuel to the internal combustion engine for
combustion; and an apparatus for selectively returning the gaseous fuel from the

accumulator to the internal combustion engine for combustion.

[0012] The apparatus for selectively returning the gaseous can comprise a second
valve enabling fluid communication between the accumulator and the gaseous fuel
communication passage when gaseous fuel pressure in the gaseous fuel communication
passage 1s less than gaseous fuel pressure in the accumulator by a predetermined margin.
Alternatively, the apparatus can employ a source of pressurized liquid fuel to return the
gaseous fuel. For example, the accumulator can comprise a cylinder and a piston
reciprocating therein. The gaseous fuel communication passage 1s fluidly connected with
the cylinder through a first port on a first side of the piston and the source of pressurized
liquid fuel fluidly connected with the cylinder through a second port on a second side of
the piston. The pressurized liquid fuel acts on the piston to return the gaseous fuel in the
accumulator to the gaseous fuel communication passage through the first valve. In yet
another alternative, the apparatus a third valve fluidly connecting the accumulator with an
intake air passage for selectively enabling fluid communication from the accumulator to

the intake air passage upstream of a compressor.

[0013] In a preferred embodiment, the vent handling apparatus comprises a pressure
regulating apparatus for regulating a pressure bias between a liquid fuel and the gaseous
fuel. The first valve opens when the pressure bias drops below a predetermined level. In
another preferred embodiment the second valve i1s a check valve. The check valve can
comprise a spring bias urging the check valve closed. Alternatively, the second valve can
be a solenoid valve. The piston can comprise a spring bias urging the piston towards the
second port. In a preferred embodiment, a bellows can fluidly seal the piston with the

cylinder.

|0014] In preferred embodiments there is an electronic controller operatively

connected with the first valve and programmed to close the first valve after a
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predetermined time period after engine shut down. Alternatively, the electronic controller
can close the first valve when gaseous fuel pressure in the gaseous fuel communication
passage drops below a predetermined level. The electronic controller is further
programmed to open the first valve after the internal combustion engine starts up again.
The electronic controller i1s operatively connected with the third valve and programmed to
open the third valve after the internal combustion engine starts up again. The third valve
can be opened when the internal combustion engine is operating with boost in an air

induction system.

[0015] An improved method of handling gaseous fuel vented from a gaseous fuel
system for an internal combustion engine comprises capturing the gaseous fuel vented
from at least one of a gaseous fuel communication passage and a gaseous fuel storage
vessel 1n an accumulator; and reintroducing the gaseous fuel for combustion. In a
preterred embodiment, the gaseous fuel can be reintroduced from the accumulator into
the gaseous fuel communication passage when gaseous fuel pressure therein drops below
gaseous fuel pressure in the accumulator. In another preferred embodiment, the gaseous
fuel can be reintroduced from the accumulator into the gaseous fuel communication
passage by pressurizing the gaseous fuel with a liquid fuel. In yet another preferred
embodiment, the gaseous fuel can be reintroduced from the accumulator into an air

induction system of the internal combustion engine upstream of a compressor.

[0016] In a preferred embodiment, gaseous fuel pressure in the gaseous fuel
communication passage 1s regulated based on liquid fuel pressure. Gaseous fuel is vented
when liquid fuel pressure drops below gaseous fuel pressure. When gaseous fuel is
reintroduced into the air induction system, it is preferred that a non-ignitable gaseous fuel
and air mixture 1s formed therein, and preferably the gaseous fuel is introduced into the

air induction system during high load operation of the internal combustion engine.
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Brief Description of the Drawings

[0017] FIG. 1 is a schematic view of a vent handling apparatus for a gaseous fuel
system of an internal combustion engine fuelled with a gaseous fuel and a liquid fuel

according to a first embodiment.

[0018] FIG. 2 is a schematic view of the vent handling apparatus of FIG. 1

illustrating an alternative valve arrangement.

[0019] FIG. 3 is a schematic view of a vent handling apparatus for a gaseous fuel

system of an internal combustion engine fuelled with a gaseous fuel and a liquid fuel

according to a second embodiment.

[0020] FIG. 4 is a schematic view of a vent handling apparatus for a gaseous fuel
system of an internal combustion engine fuelled with a gaseous fuel according to a third

embodiment.

[0021] FIG. 5 is a schematic view of a vent handling apparatus for a gaseous fuel
system of an internal combustion engine fuelled with a gaseous fuel according to a fourth

embodiment.

Detailed Description of Preferred Embodiment(s)

[0022] Referring to FIG. 1, vent handling apparatus 10 is shown for capturing
gaseous fuel vented from gaseous fuel system 20, and returning thereto. Internal
combustion engine 30 1s fuelled with gaseous fuel from system 20 and liquid fuel from
liquid fuel supply 40. In the illustrated embodiment the gaseous fuel 1s the main fuel and
the liquid fuel acts as a pilot fuel for igniting the gaseous fuel. In a preferred embodiment
the gaseous and liquid fuel are introduced separately and independently into cylinders of

engine 30 by concentric needle fuel injectors (not shown), such as disclosed in the

Applicant’s co-owned United States Patent No. 6,336,598. These types of concentric
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needle tuel injectors operate with a pressure bias between the gaseous and liquid fuels
where liquid fuel pressure is greater than gaseous fuel pressure. Pressure regulating
apparatus 50 regulates the pressure of gaseous fuel in conduit 60 as a function of liquid
fuel pressure in conduit 70 such that the pressure bias 1s achieved. As used herein conduit
60 1s a gaseous fuel communication passage. Gaseous fuel supply 80 delivers pressurized
gaseous fuel above liquid fuel pressure in conduit 70 to pressure regulating apparatus S0.
The operation of pressure regulating apparatus 50 1s described in more detail in the
Applicant’s co-owned United States Patent No. 6,298,833. In the illustrated embodiment,
pressure regulating apparatus 50 introduces venting valve 90 that vents gaseous fuel
when the pressure bias drops below a predetermined level such that the pressure bias is
maintained within predetermined margins. There are a number of causative factors that
may cause the pressure bias to decrease below the predetermined level. For instance, as
engine 30 transitions to different regions of the engine operating map the demanded
operating pressure of the gaseous fuel can change. Liquid fuel pressure is adjusted in
order to achieve the demanded gaseous fuel pressure by way of pressure regulating
apparatus 50. A problem occurs when liquid fuel pressure 1s decreased at a rate that
cannot be matched by gaseous fuel pressure without venting. Since liquid fuel is an
incompressible fluid its pressure can change much more quickly than gaseous fuel
pressure, which 1s an incompressible fluid, and as a result liquid fuel pressure drops
below gaseous fuel pressure creating a negative pressure bias. Another cause of the
negative pressure bias can be pressure ripples in conduit 70 that may be caused by fuel
injection and/or a liquid fuel pump (not shown) that is pressurizing conduit 70. The
negative pressure bias can cause malfunctioning of the concentric needle fuel injectors
and leakage of gaseous fuel into the liquid fuel return line within the injectors. To prevent
malfunctioning injectors and leakage, gaseous fuel is vented from apparatus 50 through
valve 90 to maintain the positive pressure bias. Vented gaseous fuel is captured and
stored 1n accumulator 100 and reintroduced into conduit 60 at a later time. As gaseous
fuel pressure decreases in conduit 60, for example as engine 30 consume gaseous fuel,

eventually it will be below the pressure in accumulator 100 at which time check valve
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110 opens allowing gaseous fuel to flow from the accumulator into conduit 60. Although
check valve 110 is shown with a spring bias to set a pressure differential between the
pressure in conduit 60 and that in accumulator 100 required to open the check valve, this
1s not a requirement, and the check valve can be in the open state at least when the
accumulator pressure is greater than the conduit pressure. In high pressure direct injection
applications, when gaseous fuel in conduit 60 is introduced into engine cylinders late 1n
the compression cycle and burned in a diffusion combustion mode, by returning vented
gaseous fuel to conduit 60 it can also be introduced later in the compression cycle and
burned 1n diffusion combustion mode, which has the advantage of producing less
emissions compared to venting to atmosphere and fumigating the gaseous fuel through

the intake manifold.

[0023]  With reference to FIG. 2, solenoid valve 120 can be employed instead of
check valve 110 seen 1n FIG. 1. Pressure sensors 130 and 140 send signals representative
of gaseous fuel pressure in accumulator 100 and gaseous fuel pressure in conduit 60
respectively to electronic controller 150, which activates solenoid valve 120 selectively

when the accumulator pressure is greater than the conduit pressure.

[0024] Referring now to FIG. 3, vent handling apparatus 12 is illustrated according to
a second embodiment that is similar to the first embodiment and like parts 1n this and all
other embodiments have like reference numerals and may not be discussed in detail, 1f at
all. Apparatus 12 reduces and preferably prevents leakage of gaseous fuel to atmosphere
through fuel injectors (not shown) when engine 30 shuts down by purposely venting
gaseous fuel to an accumulator. Gaseous fuel can leak past injection valves or through
liquid fuel drains within the fuel injector that become a leak path for gaseous fuel when
fluid seals no longer function after liquid fuel pressure drops. When the engine shuts
down liquid fuel pressure can be relieved in conduit 70 by opening a liquid fuel drain

valve (not shown) such that liquid fuel in conduit 70 returns through a drain to a liquid

fuel tank in liquid fuel supply 40. Electronic controller 150 closes a gas shut-off valve
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(not shown) 1n gaseous fuel supply 82 to i1solate the gaseous fuel supply trom conduit 60,
and opens valve 200 such that gaseous fuel in conduit 60 vents (expands) into
accumulator 102. Accumulator 102 comprises cylinder 220 and piston 230 that 1s
reciprocable within the cylinder. Cylinder 220 comprises gaseous fuel port 240 and liquid
fuel port 250 on opposite sides of piston 230 that are fluidly connected with valve 200
and conduit 70 respectively. Piston 230 can be sealed with respect to the interior surface
of cylinder 220, for example by annular seals, or a bellows can be connected between one
side of the piston and the cylinder either near port 240 or port 250. As gaseous fuel
expands into cylinder 220 the piston moves away from port 240 towards port 250, since
gaseous fuel pressure 1s greater than liquid fuel pressure in conduit 70 after liquid fuel
pressure 1s relieved to the drain after engine shut down. When gaseous fuel expansion
into accumulator 102 1s completed electronic controller 150 can close valve 200 to
contain the fuel therein. There are a number of ways to determine when expansion has
completed, but the simplest way 1s to wait for a predetermined amount of time before
closing the valve, or by monitoring pressure signals from pressure sensor 140 to detect
when the pressure stops decreasing. Any remaining gaseous fuel in conduit 60 after valve
200 has been closed can be purposively vented to atmosphere in a controlled manner to
reduce the likelihood of the gaseous fuel venting in an uncontrolled manner past a hot
surface. In other embodiments a valve can be employed between conduit 70 and port 250
of the cylinder that can be closed after shut down to reduce any leakage of gaseous fuel
that 1s captured in the accumulator. During operation the pressure differential across the
seals employed to seal piston 230 with the cylinder 1s relatively small and leakage across
the piston will not significantly occur. Accumulator 102 can be sized relative to the
volume in both conduit 60 and the fuel injectors to reduce gaseous fuel pressure in the
conduit to a predetermined level based on the maximum gaseous fuel pressure possible in
the conduit. Gaseous fuel supply 82 is similar to supply 80 in FIG. 1, and includes

pressure regulating apparatus 50.
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[0025] Gaseous fuel in accumulator 102 can be returned to conduit 60 when engine
30 starts up again. As the engine starts up liquid fuel pressure is increased to fuel
injection pressure, and since port 250 is fluidly connected with conduit 70 the pressure on
the liquid fuel side of piston 230 is exposed to this pressure causing the piston to
compress the gaseous fuel captured on the opposite side of the piston. When electronic
controller 150 opens valve 200, the liquid fuel pressure causes piston 230 to move
towards port 240 thereby evacuating the gaseous fuel in accumulator 102 into conduit 60.
As explained above, when engine 30 is operating the pressure bias results in liquid fuel
pressure in conduit 70 being greater than gaseous fuel pressure in conduit 60, allowing
the gaseous fuel 1n accumulator 102 to be evacuated. Electronic controller 150 preterably
closes valve 200 after accumulator 102 has been emptied of gaseous fuel, to reduce
leakage of liquid fuel past piston 230 into conduit 60. However, valve 200 can be kept
open until after the engine shuts down and the gaseous fuel is once again expanded into
the accumulator. Piston 230 can be biased towards port 250, for example by a spring,
such that as liquid fuel pressure drops during engine shut down, the piston can be moved
by the spring towards port 250, instead of employing the potential energy in the
pressurized gaseous fuel in conduit 60. By biasing the piston in this manner the amount

of time 1t takes for gas to expand into accumulator 102 1s reduced.

[0026] Referring now to FIG. 4, vent handling apparatus 13 is illustrated according to
a third embodiment. Apparatus 13 operates like apparatus 12 in FIG. 3 to reduce leakage

of gaseous fuel from conduit 63 through fuel injectors (not shown) after engine 30 shuts
down. However, the manner by which the gaseous fuel in accumulator 103 is
reintroduced to the engine 1s different. Apparatus 13 can be employed with gaseous fuel
systems that employ the concentric needle tuel injectors previously described, and can be
used with engines that employ fuel injectors that introduce only a gaseous fuel, which
typically only have a leak path across injection valves. Accumulator 103 is a container
than can store a gas (that is, it does not have a piston like accumulator 102), similar to

accumulator 100 1n FIG. 1. Gaseous fuel supply 83 can be like gaseous fuel supplies 80
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and 82 in FIGS. 1 and 3, which typically store gaseous fuel in a liquefied state, or it can

be a gaseous fuel supply that stores gaseous fuel in a compressed state.

[0027] Returning to FIG. 4, when engine 30 is shutdown electronic controller 150
opens valve 200 such that the gaseous fuel in conduit 60 and the fuel injectors expands
into accumulator 103, and then after a predetermined amount of time closes the valve.
Alternatively, electronic controller 150 can employ pressure sensor 140 to determine
when to close valve 200 as a function of gaseous fuel pressure in conduit 60. When the
fuel injectors only have a leak path across gaseous fuel injection valves, accumulator 103
can be sized relative to the volume in conduit 60 and in the fuel injectors such that after
the gaseous fuel i1s expanded into the accumulator the pressure differential across
injection valves 1s not enough to cause leakage. In a preferred embodiment, after gaseous
fuel has expanded into accumulator 103, gaseous fuel pressure in conduit 60 is
approximately equal to atmospheric pressure such that there is no pressure differential

across the injection valves and at any other sealing junction in gaseous fuel system 23.

[0028] Gaseous fuel in accumulator 103 can be burned in cylinders of engine 30
when the engine starts up again by selectively controlling valve 300 to permit gaseous
fuel to be drawn in by the air induction system of the engine through conduit 310.
Conduit 310 is fluidly connected with intake pipe 315 upstream of compressor 320 that is
mechanically coupled to a turbine (not shown) driven by exhaust gases of the engine or
directly by the crankshaft, or both. By introducing the gaseous fuel upstream of
compressor 320 the gaseous fuel can be burned during high load operational modes of
engine 30, when boost in the induction system is employed, where the likelihood of the
gaseous fuel being burned in combustion chambers is substantially increased compared to
low load operational modes, when boost in the induction system is typically not
employed, and where the gaseous fuel introduced through the induction system has
decreased likelihood of burning. In a preferred embodiment, the mixture of gaseous fuel

and 1nduction air formed upstream of compressor 310 is a non-ignitable lean mixture, that
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1s below the lower flammability limit of the gaseous fuel employed. Valve 330 1s a
compressor by-pass valve, as would be known by those familiar with the technology,
which allows operation in modes not requiring compressor 320, such as low load

operational modes.

[0029] Referring now to FIG. 5, vent handling apparatus 14 is illustrated according to
a tourth embodiment. Valve 400 1s a pressure relief valve for cryogenic storage vessel
410 in gaseous fuel supply 84. Liquefied gaseous fuel in vessel 410 boils as heat is
unavoidably introduced into the vessel. As a consequence of boiling the vapor pressure
within vessel 410 increases. When vapor pressure within vessel 410 reaches a
predetermined level, valve 400 automatically opens to vent gaseous fuel into accumulator
103 to maintain the vapor pressure below safety limits. Gaseous fuel in accumulator 103

can then be introduced into the air induction system of engine 30 as described in the

embodiment of FIG. 4.

[0030] While particular elements, embodiments and applications of the present
invention have been shown and described, it will be understood, that the invention is not
l[imited 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.
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What is claimed is:

1. A vent handling apparatus for a gaseous fuel system of an internal combustion engine

comprising:

an accumulator for storing gaseous fuel;

a first valve selectively enabling fluid communication between the accumulator
and one of a gaseous fuel communication passage and a gaseous fuel storage
vessel, the gaseous fuel communication passage delivering gaseous fuel to the

internal combustion engine for combustion; and

an apparatus for selectively returning the gaseous fuel from the accumulator to the

internal combustion engine for combustion comprising at least one of:

(1) when the first valve enables fluid communication between the gaseous fuel
communication passage and the accumulator, a second valve enabling fluid
communication between the accumulator and the gaseous fuel communication
passage when gaseous fuel pressure in the gaseous fuel communication passage is

less than gaseous fuel pressure in the accumulator by a predetermined margin.
(2) a source of pressurized liquid fuel;

wherein the accumulator comprises a cylinder and a piston reciprocating therein,
the gaseous fuel communication passage fluidly connected with the cylinder
through a first port on a first side of the piston and the source of pressurized liquid
fuel fluidly connected with the cylinder through a second port on a second side ot

the piston;

wherein the pressurized liquid fuel acts on the piston to return the gaseous fuel in
the accumulator to the gaseous fuel communication passage through the first

valve; and
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(3) a third valve fluidly connecting the accumulator with an intake air passage for

selectively enabling fluid communication from the accumulator to the intake air

passage upstream of a compressor.

2. The apparatus of claim 1, further comprising a pressure regulating apparatus for
regulating a pressure bias between a liquid fuel and the gaseous fuel, wherein the first

valve opens when the pressure bias drops below a predetermined level.
3. The apparatus of claim 1 or 2, wherein the second valve is a check valve.

4. The apparatus of claim 3, wherein the check valve has a spring bias urging the check

valve closed.

5. The apparatus of claim 1 or 2, wherein the second valve 1s a solenoid valve.

6. The apparatus of any one of claims 1 to 5, wherein the piston comprises a spring bias

urging the piston towards the second port.

7. The apparatus of any one of claims 1 to 6, further comprising a bellows fluidly sealing

the piston with respect to the cylinder.

8. The apparatus of any one of claims 1 to 7, further comprising an electronic controller

operatively connected with the first valve and programmed to close the first valve after

one of:
a predetermined time period after engine shut down; and

gaseous fuel pressure in the gaseous fuel communication passage drops below a

predetermined level.

9. The apparatus of claim 8, wherein the electronic controller is further programmed to

open the first valve after the internal combustion engine starts up again.
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10. The apparatus of claim 9, wherein the electronic controller 1s operatively connected

with the third valve and programmed to open the third valve after the internal combustion

engine starts up again.

11. The apparatus of claim 10, wherein the third valve is opened when the internal

combustion engine 1s operating with boost in an air induction system.

12. A method of handling gaseous fuel vented from a gaseous fuel system for an internal

combustion engine comprising:

capturing the gaseous fuel vented from at least one of a gaseous fuel
communication passage and a gaseous fuel storage vessel into an accumulator, the
gaseous fuel communication passage delivering gaseous fuel to the internal

combustion engine for combustion; and
at least one of:

(1) when the gaseous fuel is vented from the gaseous fuel communication
passage, reintroducing the gaseous fuel from the accumulator into the
gaseous fuel communication passage when gaseous fuel pressure therein
drops below gaseous fuel pressure in the accumulator;

(2) reintroducing the gaseous fuel from the accumulator into the gaseous fuel

communication passage by pressurizing the gaseous fuel with a liquid

fuel; and

(3) reintroducing the gaseous fuel from the accumulator into an air induction

system of the internal combustion engine upstream of a compressor.

13. The method of claim 12, wherein gaseous fuel pressure in the gaseous fuel
communication passage is regulated based on liquid fuel pressure, wherein gaseous fuel

is vented when liquid fuel pressure drops below gaseous fuel pressure.

14. The method of claim 12 or 13, wherein a non-ignitable gaseous fuel and air mixture 1s

formed 1n the air induction system.
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5 15. The method of claim 14, wherein the gaseous fuel is introduced into the air induction

system during high load operation of the internal combustion engine.
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