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@ Accumulator fuel injection system.

@ A method of reducing undesired premixed burn-
ing in an internal combustion engine includes lifting
an injector needle (830) of a fuel injector (720) a
constant low-lift increment (858) from a valve seat
(846) of a valve covers orifice (VCO) nozzle (850)
having an injection hole (854) opening into the valve
seat (846), and preventing lifting of the needle (830)
beyond the low-lift increment (858) for a sufficient
interval of time to inject a relatively small initial fuel
charge into the engine from the VCO nozzle, the
injection producing a highly atomized, wide-angle
spray plume with relatively low penetration. The in-
terval terminates when lifting forces imposed on the
needle overcome holding forces imposed on the
needle by a stop plate (620) which has opposed first
and second surfaces exposed to an ambient fluid
pressure and to a fluid vapor pressure, respectively.
A subsequent step includes lifting the needle (830)
to a higher lift position (858) to inject a main fuel
charge into the engine, the main fuel charge being
injected as a relatively narrow jet having high pene-
tration. The stop plate (620) preferably has opposed
rough and smooth flat surfaces orientable such that
preventing step will occur when the smooth surface

faces downwardly and will not occur when the plate
is inverted such that the rough surface faces down-
wardly.
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CROSS-REFERENCE TO RELATED APPLICA-
TIONS

This application is a continuation-in-part of
PCT/US92/05227, filed June 25, 1992; and a con-
tinuation-in-part of U.S. patent application Serial
No. 07/830,981, filed January 28, 1992, which is a
continuation of U.S. patent application Serial No.
07/152,013, filed February 3, 1988.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to fuel injectors
for internal combustion engines, and particularly to
improvements in accumulator-type fuel injectors,
including both unintensified and intensified accu-
mulator injectors, which produce improved fuel
economy, noise reduction, and reduction of un-
desirable exhaust emissions, including smoke, ox-
ides of nitrogen, and hydrocarbons.

2. Description of the Prior Art

Accumulator-type fuel injectors have been
known in the art for many years, but never have
achieved widespread use. It is believed this is
because they have heretofore not solved problems
present in conventional injectors, and have even
intfroduced additional problems which have been
inherent in prior art forms of accumulator injectors.

One serious problem with both conventional
fuel injectors and prior art accumulator-type fuel
injectors has been premixed burning of the fuel.
Typically, about 25-50 percent of the total quantity
of fuel injected will be atomised and mixed with air
prior to the start of combustion. The sudden com-
bustion of this premixed fuel causes a rapid rate of
heat release at the beginning of ignition, with a
resulting excessively high noise level, poor fuel
economy, and undesirable exhaust emissions in-
cluding smoke, oxides of nitrogen, and hydrocar-
bon emissions. One answer to this problem is to
provide a two-stage injection, with a small pilot
charge of fuel first injected and ignited, and then
the main charge of fuel injected and immediately
ignited by the already ignited pilot charge. A sys-
tem of this type is taught in Loyd U.S. Patent No.
4,414,940. Although the Loyd system does solve
the problem, it requires two separate injectors, one
for the pilot charge and another for the main
charge, making the system undesirably compli-
cated and expensive.

Another problem with both conventional fuel
injectors and prior art accumulator-type fuel injec-
tors is that they produce a fixed spray pattern
regardless of engine power demands, and this nec-
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essarily compromises engine efficiency at some
power settings. For optimum overall engine effi-
ciency, it would be desirable to tailor the spray
configuration variably according to the power de-
mands of the engine by having a relatively wide,
flat conical spray configuration at relatively low fuel
delivery, such as during engine idle, and to have
the cone of the spray narrow progressively as the
power setting is progressively increased.

The injector needle closure event has been
characteristically unsatisfactory in prior art accu-
mulator-type injectors. Typically, atomization of the
fuel has been poor as the needle approaches the
seat. Rapid needle closure is required to keep
atomization good during the closing event, but the
required high speed needle movement has caused
needle bounce off of the seat, resulting in secon-
dary and sometimes tertiary injection events, with
essentially unatomized fuel dribble being the fur-
ther result. Both poor atomization and fuel dribble
associated with needle closing results in undesira-
ble smoke and high hydrocarbon levels in the
exhaust. Prior art accumulator needles have been
characteristically long and massive, and if closed at
high speed, considerable elastic compressional en-
ergy builds up along their lengths upon striking the
valve seat, and when this energy is released it
causes the needle to bounce off the seat. Exam-
ples of accumulator injector needles which are thus
undesirably long and massive are found in Falberg
U.S. Patent No. 2,985,378, Berchtold U.S. Patent
No. 4,566,416, Loyd U.S. Patent No. 4,414,940,
Beck et al, U.S. Patent No. 4,628,881, Vincent et al.
U.S. Patent No. 4,080,942, and in a 1957 publica-
tion by Hooker in the Volume 65, 1957 issue of
"SAE Transactions,” illustrated at page 317. The
typical accumulator injector needle mass is on the
order of about six grams or more, and with this
much mass the energy of momentum of a fast-
closing needle is generally too much to avoid nee-
dle bounce.

Such prior art long needles in accumulator-type
injectors also resulted in an undesirably large nee-
dle column length for compression when the injec-
tor was charged prior to injection, which tended to
prevent close control of the injection characteris-
tics.

While a short, very lightweight needle is desir-
able to minimize needle bounce, needle closure
damping associated with such short, lightweight
needle is also desirable to positively preclude nee-
dle bounce in a high speed needle closing event.
Applicants are not aware of such closure damping
having been addressed in the prior art. It is be-
lieved that this is because the prior art has not
sought to cure the problem of poor atomization
proximate needle closure by means of a high
speed needle closing event.
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In order to maintain good atomization right up
to needle closure, it is also necessary to have a
high closing accumulator pressure, and this in turn
requires high peak pressure and high average
pressure in the accumulator cavity to get the re-
quired injection quantity at high power settings. A
relatively small accumulator cavity is required for
high accumulator pressures. Conventional accumu-
lator injector practice has been to have the accu-
mulator cavity coaxially disposed around the nee-
dle, with the needle closure spring disposed within
the accumulator cavity. In general, this results in
accumulator cavities which are too large for a high
pressure accumulator, particularly with the very
high pressure in an intensified-type accumulator
injector such as that disclosed in the aforesaid
Beck et al. U.S. Patent No. 4,628,881. With the
spring located in the accumulator cavity, the only
way fo reduce the volume of the cavity would be to
reduce the size of the spring, and this is just the
opposite of what is required for high speed needle
closure, namely, a large, strong closure spring.
This conventional arrangement with the needle
spring concentrically located within the accumulator
cavity is seen in Falberg No. 2,985,378, Berchtold
No. 4,566,416, Loyd No. 4,414,940, Beck et al. No.
4,628,881, and the aforesaid Hooker publication.
Vincent et al. No. 4,080,942 has the needle spring
located in a control chamber which receives pres-
surized fluid for holding the needle down, but this
has resulted in the main accumulator chamber be-
ing spaced coaxially above the control chamber, a
cumbersome arrangement which could not possible
be used in an intensified form of accumulator injec-
tor such as that disclosed in the Beck et al. patent
no. 4,628,881. For a practical and compact accu-
mulator fuel injector, the accumulator cavity should
be arranged closely proximate the spring cavity
within a lower portion of the injector, and generally
concentrically and thereby compactly oriented
about the spring cavity. This is the only feasible
location for the accumulator cavity in an intensified
form of accumulator injector.

Pintle spray nozzles have frusto-conical de-
flecting surfaces are known in the fuel injector art,
and are common in garden hose nozzles. In hose
nozzles, the angle of the spray is manually adjust-
able by axial movement of the pintle head relative
to the orifice. However, no such adjustability has
heretofore been known in the fuel injector art, even
though automatic adjustment of the spray cone
angle to tailor the spray to engine power demands
could produce substantial increases in efficiency
over the engine power spectrum.

Two-stage injection processes are better suited
for the reduction of undesired premixed burning
when the injection of the initial or pilot charge is
throttled to produce a highly atomized and dis-
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persed pre-injection spray for ignition and the main
charge is injected in the form of a penetrating jet
spray. The atomized initial charge is produced by
forcing the fuel under high pressure through a
small area immediately upstream of the injection
holes so as to produce highly turbulent flow
through the holes, thus resulting in the desired
atomization. This effect, however, cannot be
achieved substantially using conventional sac or
pintle nozzles.

Another problem associated with conventional
two-stage fuel injection systems is that such sys-
tems typically cannot be converted into single-
stage systems, i.e., systems lacking a pilot or initial
injection stage, without completely redesigning the
system. This of course limits the versatility of the
typical two-stage injection system.

SUMMARY OF THE INVENTION

In view of these and other problems in the art,
it is a general object of the present invention to
provide a fuel injector for internal combustion en-
gines which produces reduced noise levels, and
reduction of undesirable exhaust emissions, includ-
ing smoke, oxides of nitrogen and hydrocarbons.

Another object of the invention is to provide an
improved fuel injector for internal combustion en-
gines which substantially eliminates premixed burn-
ing and its adverse effects of noise and undesirable
exhaust emissions.

Another object of the invention is to provide a
simplified two-stage injection system for first inject-
ing a small pilot or initial charge of fuel which is
ignited before injection of the main charge, and
then injecting the main charge of fuel which is
immediately ignited by the already ignited pilot
charge, for elimination of the usual large amount of
premixed burning and its adverse effects, the sys-
tem requiring only a single injector.

Another object of the invention is to provide a
fuel injection system which can be used as either a
single-stage injection system or a two-stage injec-
tion system depending upon the orientation of a
single component of the system.

Another object of the invention is to provide a
fuel injector system which tailors the injection
spray configuration variably according to the power
demands of the engine for improved efficiency
over the full range of power settings, delivering the
injected fuel in a relatively wide, flat conical spray
configuration at relatively low engine power set-
tings, such as during engine idle, with the cone of
the spray narrowing progressively as the power
setting is progressively increased.

Another object of the invention is to provide a
fuel injector which has a high pressure, high speed
needle closing event without material needle
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bounce and associated secondary and possibly
tertiary injections proximate closure, resulting in
good atomization right up to closure and substan-
tial elimination of fuel dribble.

Another object of the invention is to provide, in
an accumulator-type fuel injector, a needle which is
particularly short and light in weight so that it can
be moved rapidly in the needle closing event for
sharp fuel cut off, while at the same time it will
store only minimal elastic compressional energy
when it impacts the valve seat, with resulting mini-
mization of needle closure bounce. Such short nee-
dle has a much shorter compression column length
than conventional accumulator-type injector nee-
dles, enabling closer control of the injection char-
acteristics to be maintained.

Another object of the invention is to provide, in
an accumulator-type fuel injector, a needle closure
damper for effectively damping the end of the
needle closing event, for positively precluding nee-
dle closure bounce.

A further object of the invention is to provide,
in an accumulator-type injector, a needle closure
damper which is remote from the needle tip and
valve seat, thereby permitting efficient shaping of
the needle tip and valve seat for a high flow coeffi-
cient as the needle approaches the seat during
closure, maintaining high pressure proximate the
seat with resulting good atomization up to closure.

Another object of the invention is to provide an
improved accumulator-type fuel injector of the
character described which does not require a spe-
cialized nozzle, so that a generally conventional-
type nozzle and associated manufacturing tooling
may be utilized.

A further object of the invention is to provide,
in an accumulator-type injector, an accumulator
cavity which is separate and isolated from the
needle spring cavity yet is compactly arranged
closely proximate the spring cavity within a lower
portion of the injector, enabling a large, high speed
needle spring to be employed, while at the same
time enabling the accumulator cavity to be as small
as desired for high pressure accumulator operation,
both of which are important factors in achieving
fast, crisp needle closure with good fuel atomiza-
tion and minimum fuel dribble proximate closure.

A further object of the invention is to provide,
in an accumulator-type injector, a two-part needle
comprising a lower part which engages the valve
seat and an upper plunger part which engages the
needle during the needle opening event to slow
down the opening as a damping factor, but sepa-
rates from the needle during the needle closing
event to minimize needle length and mass for high
speed needle closure with minimum bounce from
stored elastic compressional energy.
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A further object of the invention is to provide,
in an accumulator-type injector, novel needle open-
ing stop devices which stop the needle at a small
initial "prelift" or "low-lift" increment of lift from a
small pilot injection, and then release the needle to
its full lift for injection of the main charge.

A further object of the invention is to provide
methods for controlling the time interval during
which the needle remains in the small prelift or
low-lift position for injection of the pilot charge,
including adjustably orificing the needle opening
vent passage, and adjusting the vent pressure lev-
el.

A further object of the invention is to provide
such stop devices at a location immediately above
a short, one-piece needle, enabling minimization of
the needle compression column length for closer
control of the injection characteristics.

A still further object of the invention is to pro-
vide hydraulic circuitry for producing and control-
ling the time duration of the needle prelift, including
a positive stop arrangement associated with such
hydraulic circuitry for defining the amount of nee-
dle prelift.

Yet a further object of the invention is to pro-
vide, in an intensified accumulator-type fuel injec-
tor, intensifier plunger over-travel safety means for
stopping further and uncontrolled injection events
in the event of injector nozzle breakage.

An additional object of the invention is to im-
prove the flow coefficient proximate the needle tip
and seat in an accumulator-type injector by axially
guiding the needle closer to the seat for improved
repeatability of centering of the needle on the seat
upon needle closure, thereby enabling higher clos-
er pressures and consequent better fuel atomiza-
tion proximate closure.

Yet another object of the invention is to provide
a two-stage injection system and process which, in
the initial or pilot stage, produces a highly atom-
ized spray with low penetration for improved igni-
tion.

The present invention provides a series of both
method and apparatus advances in the accumula-
tor-type fuel injector art, each of which produces
improved engine performance, and when some or
all are combined, synergistically produce surpris-
ingly large improvements in engine fuel economy,
reduction of noise, and reduction of undesirable
exhaust emissions, including smoke, oxides of ni-
trogen and hydrocarbons. The invention is applica-
ble to both intensified accumulator injectors of the
general type disclosed in the aforesaid Beck et al.
patent, and unintensified accumulators of the gen-
eral type disclosed in the aforesaid Beck et al,
Falberg, Berchtold and Vincent et al. patents, and
Hooker publication.
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According to the invention, injector needle clo-
sure speed is increased for sharper fuel cut off and
hence better atomization proximate closure, while
at the same time needle bounce off of the valve
seat is reduced, t0 minimize secondary and some-
times tertiary injection events and consequent fuel
dribble, by reducing both the mass and the length
of the needle. In one form of the invention, reduc-
tion of both the closing mass and closing length of
the needle is accomplished by dividing the needle
longitudinally into a pair of longitudinal sections, a
lower needle section and an upper plunger section,
which act as a unit during the needle opening
stroke, but separate during the closing stroke so
that a lower needle section of greatly reduced
mass and length operates independently during
needle closure.

Needle bounce is also reduced according to
the invention by means of hydraulic damping which
cushions the end of the needle closure stroke. This
is accomplished by providing a damper member
that is coupled to the upper end of the needle, or
to the upper end of the lower needle portion in the
case of the divided needle, located in a fluid-filled
cavity, with close-tolerance spacing both peripher-
ally between the damper member and the wall of
the cavity and axially under the damper member.
The resulting constriction against passage of fluid
from under the damper member past the periphery
of the damper member produces a hydraulic
"squish damping" effect proximate needle closure.
The low mass of the needle cooperates with this
hydraulic damping in minimization of needle
bounce. Preferably, this closure damping cavity is
remote from the needle tip and seat, permitting
efficient shaping of the needle tip and valve seat
for a high flow coefficient and resulting good atom-
ization proximate closure. In some forms of the
invention, this closure damping cavity is also the
needle spring cavity which is separate and isolated
from the accumulator cavity.

The end of the opening stroke of the needle is
also preferably damped according to the invention.
This is accomplished by providing a damper cavity
just above the upper end of the needle, or in the
case of the divided needle, just above the upper
end of the upper plunger section. A needle stop
and damping plate is located in the damper cavity,
having close-tolerance peripheral spacing relative
to the wall of the cavity. The cavity has a downwar-
dly facing shoulder against which the upper end of
the needle or plunger moves the stop/damping
plate to define the fully open needle position, and
hydraulic squish damping occurs by constricted
flow of fluid around the periphery of the plate and
between the plate and this stop shoulder. The
opening stroke of the needle may be further
slowed down or damped by adding mass to the
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needle during the opening stroke. This is accom-
plished by employing the divided needle arrange-
ment referred to above which adds the mass of the
plunger to the mass of the needle during the open-
ing stroke, while leaving the plunger behind and
removing its mass for the closing stroke.

In some forms of the invention , the accumula-
tfor cavity is separated from the needle spring cav-
ity. This enables the accumulator cavity to be
made as small as desired for high pressure accu-
mulator operation, while at the same time enabling
use of a strong, fast-acting spring for rapid needle
closure. Both high accumulator pressure, which
enables high closing pressure, and a strong spring
for causing fast needle closure are factors which
cumulatively contribute to good closure atomiza-
tion. The spring cavity is coaxial of the needle,
while the accumulator cavity is spaced radially
outwardly from the spring cavity in a lower portion
of the injector, which is an optimal location for the
accumulator cavity in the intensified form of the
invention. The higher the accumulator cavity pres-
sure, the smaller the accumulator cavity must be
for the same quantity of fuel injected. To accom-
modate very high accumulator cavity pressures in
the intensified form of the invention, the accumula-
tor cavity comprises a plurality of generally parallel
accumulator bores peripherally spaced about the
spring cavity.

Preferred forms of the present invention em-
body a two-stage needle lift for first injecting a
small pilot charge of fuel which is ignited before
injectioh of the main charge, and then injecting the
main charge of fuel which is immediately ignited by
the already ignited pilot charge. This eliminates the
usual amount of premixed burning and its adverse
effects of poor fuel economy, large noise levels,
and large levels of undesirable exhaust emissions.
The initial needle prelift or low-lift stage may be
from about 1 to about 20 percent of maximum
needle lift, and the pilot charge is preferably on the
order of about 2-20 percent of the full charge.

In some forms of the invention, this two-stage
needle lift is accomplished by utilizing a two-stage
venting of pressure from above the opening
stop/damping plate referred to above to first stop
the needle at the prelift position, and then after a
sufficient interval of time for injection of the pilot
charge, release the needle to move further upwar-
dly for full injection of the main charge.

In this case, the damping/stop plate preferably
is smoothly polished or lapped on its flat lower
surface and rough on its upper surface so as to be
sealed to the mating smooth, flat shoulder of the
injection body when in its seated position such that
ambient pressure acts downwardly on the stop
plate and only fluid vapor pressure acts on the
interface between the stop plate and the injector
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body. The second stage (injection of main charge)
is thus initiated when the stop plate is lifted off
from its seat so that the fluid vapor pressure acting
on the stop plate lower surface increases to am-
bient pressure. This arrangement permits the con-
version of the system fo a single-stage system
simply by turning the damping/stop plate over dur-
ing assembly such that the roughened surface is
normally nonsealingly seated on the injector body
such that ambient fluid pressure is always present
both above and beneath the damping/stop plate so
that the plate offers little or no resistance to needle
lift.

In other forms of the invention, the two-stage
needle lift is accomplished by hydraulic circuits
which provide two-stage venting of pressurized fuel
from above the needle so as to cause a first low-lift
increment of movement of the injector needle, and
then in sequence the full lift movement of the
needle.

The various two-stage lift forms of the invention
are shown and described in connection with inten-
sified forms of the invention, applying the two-stage
venting to the low pressure intensifier cylinder so
as to control the pressure in the high pressure
cylinder. However, such two-stage venting to con-
trol the two-stage lift is equally applicable to unin-
tensified forms of the invention, with the venting
being from directly above the needle.

In a presently preferred form of the invention, a
stop/rate plate of the character described above is
disposed immediately above the top of a short
needle, for minimization of needle column length,
and in this form the accumulator cavity may be
located generally coaxially above the stop/rate
plate and hydraulically separated from the cavity
which contains the stop/rate plate. In a form of the
invention which has the needle divided into a lower
needle section and an upper plunger section, the
stop/rate plate is disposed immediately above the
plunger section, and the accumulator cavity may
be disposed below the rate plate and also hydrauli-
cally separated from the cavity which contains the
stop/rate plate.

The injection spray pattern or configuration
may be automatically varied for improved engine
efficiency over the engine power spectrum by uti-
lizing a pintle nozzle which is variably controlled
according to the quantity of fuel delivered. Use is
made of the fact that in an accumulator injector the
needle lift is momentarily generally proportional to
the difference between opening and closing pres-
sures, and hence also to fuel delivery volume. The
pintle nozzle is arranged to deliver a relatively
wide, flat cone of spray for low engine power
settings, such as at idle, and a narrowing cone of
spray for increasing power settings.
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A further feature of both the intensified and
unintensified forms of the invention is that the nee-
dle is axially guided very close to the valve seat,
which provides reliable repeatability of needle cen-
tering on the seat over a long operational life of the
injectors. This enables the needle tip and seat
combination to have a high flow coefficient for high
pressure closure and consequent good atomization
proximate closure.

A further feature of the invention is the produc-
tion of a highly atomized spray with low penetration
during the initial or pilot injection stage through the
use of a valve covers orifice (VCO) nozzle in com-
bination with the inventive damping/stop plate. With
this construction, fuel flow into the injection holes
of the VCO is throttled during the initial or pilot
injection stage due to the decreased area between
the needle and the valve seat immediately up-
stream of the injection holes. This configuration
results in a high turbulence at the entry to the
injection hole resulting in the highly atomized spray
of fuel from the holes with low penetration.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and advantages of the
invention
will become more apparent from the following

Detailed Description and the accompanying draw-
ings, wherein:

Figure 1 is an enlarged longitudinal, axial sec-

tional view of an intensified form of the present

invention, with the needle shown in the closed

position;

Figure 2 is a fraverse section taken on line 2-2

of Figure 1, looking upwardly;

Figure 3 is a fraverse section taken on line 3-3

of Figure 1, looking downwardly;

Figure 4 is a fragmentary longitudinal section,

partly in elevation, taken on line 4-4 of Figure 3;

Figure 5 is a fraverse section taken on line 5-5

of Figure 4, looking upwardly;

Figure 6 is a fraverse section taken on line 6-6

of Figure 5, looking downwardly;

Figure 7 is a traverse section taken on line 7 of

Figure 1;

Figure 8 is a further enlarged fragmentary lon-

gitudinal, axial section of a portion of Figure 1,

showing a first form of the opening stop plate or

wafer of the invention which is employed to

provide two-stage needle liff;

Figure 9 is a view similar to a portion of Figure 8

showing a second form of the stop plate or

wafer;

Figure 10 is a view similar to Figure 9 showing a

third form of the stop plate or wafer;

Figure 11 is a graph or chart illustrating the two-

stage needle lift of the invention;
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Figure 12 shows a lower portion of Figure 1, but
with the needle in its fully lifted position;

Figure 13 is a view similar to Figure 12, illustrat-
ing closure of the needle separated from the
needle plunger;

Figure 14 is a view similar fo Figures 9 and 10,
in which the damping plate or member has an
axial passage with a slidable pin therein.

Figure 15 is a diagrammatic illustration of a
hydraulic circuit-controlled two-stage needle lift
system, shown with its solenoid valve energized
and control piston fully extended preparatory to
the commencement of an injection event;

Figure 16 is a view similar to Figure 15, but with
the solenoid valve de-energized to commence
the injection event, and with the control piston
partially retracted in a first stage needle prelift
position;

Figure 17 is a view similar to Figures 15 and 16
with the control piston fully retracted in a second
stage full needle lift position;

Figure 18 is an axial, vertical section of an
intensified injector embodying a positive stop
piston for defining the needle prelift increment;
Figure 19 is a diagrammatic illustration of a
hydraulic circuit similar to that of Figures 15-17
but modified to control the positive stop piston
in the injection of Figure 18; and

Figure 20 is an enlarged longitudinal, axial sec-
tional view of a presently preferred form of the
present invention having an undivided short nee-
dle, with the stop/rate plate located immediately
above the top of the needle and the accumulator
cavity located generally coaxially above the
stop/rate plate;

Figure 21 is a further enlarged, fragmentary
longitudinal section taken on the line 21-21 of
Figure 20;

Figure 22 is a further enlarged, fragmentary
longitudinal axial section taken in the bracketed
region 22 of Figure 20;

Figure 23 is a view similar to Figure 26 taken in
the bracketed region 23 of Figure 22;

Figure 24 is a further enlarged, fragmentary
view of the upper part of Figure 20, showing the
intensifier piston and plunger in their uppermost
positions prior to commencement of a downward
intensification stroke, with the accumulator ball
check valve in its seated, closed position;

Figure 25 is a view similar to Figure 24, with the
intensifier piston and plunger moved downwar-
dly to a normal position at the completion of an
intensification stroke, with the accumulator ball
check valve shown still in its unseated, open
position;

Figure 26 is a view similar to Figures 24 and 25,
with the intensifier piston and plunger moved
further downwardly from their Figure 25 posi-
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tions in an "over-travel" position resulting from
nozzle breakage, with the piston bottomed and
the plunger in a "safety" position in which it
blocks the plunger chamber inlet passage fo
prevent return upward travel of the intensifier
plunger and piston;

Figure 27 is an enlarged longitudinal, axial sec-
tional view of a portion of the injection system of
Figure 20 employing as the nozzle a valve cov-
ers orifice (VCO) nozzle;

Figure 28 is a greatly enlarged fragmentary sec-
tional view of a portion of the encircled portion
of Figure 27 designated "28" with the needle
valve in a partially open position; and

Figure 29 is a view similar to Figure 28, with the
needle valve in its fully open position.

DETAILED DESCRIPTION

A. First Embodiment

Referring to the drawings, and at first particu-
larly to Figures 1-8 thereof, these figures illustrate
an "intensified" or pressure multiplication form of
the present invention. The longitudinal axial sec-
tional view of Figure 1 best illustrates the overall
assembly of this form of the invention, while the
fragmentary longitudinal axial section of Figure 4
best illustrates the high pressure fuel input to the
accumulator cavity.

The intensified form of the invention has par-
ticular utility for diesel engines where high overall
accumulator pressures and consequent high clos-
ing pressure enabled thereby can be beneficial as
described hereinafter. Nevertheless, it is to be un-
derstood that the intensified form of the invention
may also be beneficially employed for engines
powered with gasoline or other liquid fuels.

1. Construction of First Embodiment

The intensifier-type accumulator injector of the
invention is generally designated 10. A control
block 12 is disposed at the upper end of injector
10, control block 12 being in communication with a
high speed solenoid actuated control valve (not
shown). Such control valve may be like the valve
30 shown and described in detail in the Beck et al.
U.S. Patent No. 4,628,881, which is best illustrated
in Figures 5a, 9 and 10 of that patent. Features
which it is desirable fo incorporate in the high
speed solenoid actuated control valve are covered
in jointly owned co-pending applications, Serial No.
823,807 of Robert L. Barkhimer, filed January 29,
1986 for High Cycle Solenoid Valve (now U.S.
Patent No. 4,997,004), and Serial No. 830,000 of
Niels J. Beck, filed February 18, 1986 for Ball
Poppet Valve Seat Construction.
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Control block 12 is hydraulically connected to
such solenoid actuated control valve in a manner
similar to the hydraulic connections of the block
110 to the valve 30 in said Beck et al. '881 patent,
for an overall mode of operation of the present
intensified accumulator injector 10 which is essen-
tially the same as that of the injector of Figures 5a,
5b, 9 and 10 of the Beck et al. '881 patent. It is to
be noted that in the Beck et al. '881 patent the
block 110 serves not only as the upper part of the
injector but also as the main body of the valve,
whereas control block 12 in the present invention
may be attached to an independent valve body or
otherwise hydraulically connected to the solenoid
actuated valve, remotely if desired.

The flat, transverse lower end surface 14 of
control block 12 is lapped to a mating flat, trans-
verse upper end surface 16 of an intensifier body
18, control block 12 and intensifier body 18 being
keyed together for correct relative orientation by a
pair of locator dowels 20 which are seen in Figures
2 and 3. The flat, transverse lower end surface 22
of intensifier body 18 is, in turn, lapped to a flat,
transverse upper end surface 24 of an accumulator
body 26, intensifier body 18 and accumulator body
26 being keyed together in correct relative orienta-
tion by a pair of locator dowels 28 seen in Figures
5 and 6. The flat, fransverse lower end surface 30
of accumulator body 26 is lapped to a flat, trans-
verse upper end surface 32 of a nozzle body 34
which extends from upper end surface 32 to a
lower end generally designated 35 and which, in
the illustrated embodiment is a sac nozzle in the
lower end 35 of the nozzle body 34 of which are
the injector valve seat 36, sac 38 and injection
holes 40. Of course, other nozzles could be em-
ployed, including a valve covers orifice (VCO) noz-
zle, detailed below.

The control block 12 and intensifier body 18
are clamped together within an upper housing 42,
intensifier body 18 being stepped so as to seat
within upper housing 42, and control block 12 be-
ing threadedly coupled to upper housing 42. The
accumulator body 26 and nozzle body 34 are
clamped together with a lower housing 44 which is
threadedly coupled to intensifier body 18.

A low pressure hydraulic cylinder 46 having a
relatively large diameter bore is axially defined
within control block 12, and a relatively large diam-
eter, down-cupped low pressure piston 48 is axially
slidable within cylinder 46. A coaxial high pressure
hydraulic cylinder 50 having a relatively small bore
is axially defined within intensifier body 18, extend-
ing down through the lower end surface 22 of
intensifier body 18. A high pressure piston or
plunger 52 having a relatively small diameter is
axially slidable within high pressure cylinder 50.
High pressure piston 52 has an upper end cap 54,
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shown as a flange, which seats inside the low
pressure piston 48 against the top wall of the latter.
High pressure piston 52 extends downwardly o a
flat, transverse lower end 56, and has a reduced-
diameter lower end portion 57. A cylindrical spring
cavity 58 is defined within intensifier body 18,
opening through the upper end surface 16 of body
18 into communication with low pressure cylinder
46. Spring cavity 58 is coaxial with cylinder 46 but
of smaller diameter so as to provide an upwardly
facing shoulder 60 which acts as a stop for down-
ward movement of low pressure piston 48, and
consequently also high pressure piston 52 which
moves axially down and up as a unit with low
pressure piston 48. A piston return spring 62 is
disposed within both low pressure cylinder 46 and
spring cavity 58, having its lower end seated
against the bottom of cavity 58 and its upper end
seated against high pressure piston flange 54, bias-
ing flange 54 against the top of low pressure piston
48 so as to effectively couple the pistons 48 and
52 together at all times.

An actuating fluid inlet and vent passage 64
extends axially through the upper portion of control
block 12 into communication with low pressure
cylinder 46, and provides liquid fuel into low pres-
sure cylinder 46 to drive low pressure piston 48,
and hence also high pressure piston 52, downwar-
dly in an intensification stroke from the uppermost
position of the two pistons as illustrated in Figure 1
downwardly to an extent determined by the mo-
mentary power demand of the engine, the lower-
most positions of the pistons being determined by
engagement of the lower lip of low pressure piston
48 against stop shoulder 60. The lowermost posi-
tion of high pressure piston 52 is the position
illustrated in Figure 4.

Inlet/vent passage 64 also serves as a vent
passage through which fluid is vented from low
pressure cylinder 46 for initiating and controlling
the timing of a small incremental prelift of the
needle for injection of a small initial pilot charge,
and then full lift of the needle for the main injection.
Inlet/vent passage 64 preferably has variable orific-
ing (not shown) for controlling the rate of decay of
pressure in low pressure cylinder 46, and hence of
the intensified pressure in high pressure cylinder
50, for adjustment of the timing of the prelift and
full lift events, as described in detail hereinafter in
the description of the operation of the intensified
injector 10. The time duration of the prelift phase of
the injection event will control the quantity of the
pilot charge. Such variable venting by variable
orificing or valving of passage 64 affords the op-
portunity to adjust the prelift portion of the injection
while the engine is running by dynamic adjustment
of the vent fluid flow. The rate of decay of pressure
in low pressure cylinder 46, and hence of the
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intensified pressure in high pressure cylinder 50,
may also be controlled by adjusting the pressure
level in the vent line to passage 64, and this may
also be done while the engine is running.

To accomplish a downward intensification
stroke of pistons 48 and 52, pressurized liquid fuel
is passed through inlet/vent passage 64 from the
solenoid control valve referred to above at common
rail pressure (i.e., regulated pump pressure). For
time interval (or time duration or pulse width) fuel
metering of the amount of the fuel charge to be
intfroduced into the accumulator, this rail pressure
will be the same for each piston stroke, typically on
the order of about 1,500 psig, but the length of the
time interval during which pressurized fuel is sup-
plied to low pressure cylinder 46 through inlet/vent
passage 64 will vary from a relatively short time
interval for low engine power to a relatively long
time interval for high engine power. For pressure
compressibility fuel metering of the fuel charge fo
be introduced into the accumulator, the pressure of
fuel introduced into low pressure cylinder 46
through inlet/vent passage 64 will vary according to
engine power demands, as for example from about
500 psig at idle to about 1,500 psig at full power.

For either such time duration fuel metering or
pressure compressibility fuel metering, or a com-
bination of both, the length of the downward inten-
sification stroke of pistons 48 and 52 will vary
according to power demand, the stroke being a
relatively short stroke for a relatively low power
demand, and a relatively long stroke for a relatively
high power demand, with the full power, maximum
stroke length being to the high pressure piston 52
position shown in dotted lines in Figure 1 and
shown in Figure 4. The hydraulic pressure which
builds up in low pressure cylinder 46 will be gen-
erally proportional to the length of the downward
stroke, and the intensified pressure in high pres-
sure cylinder 50 will be higher than the low pres-
sure cylinder pressure in proportion to the cross-
sectional area of high pressure piston 48 divided
by the cross-sectional area of low pressure piston
52. A satisfactory intensification factor is on the
order of about 15:1, produced by a 15:1 area ratio
of low pressure piston 48 to high pressure piston
52. For example, with such a 15:1 intensification, a
relatively low rail pressure of 500 psig would pro-
duce a relatively low engine power intensified pres-
sure of 7,500 psig, while a relatively high rail pres-
sure of 1,500 psig would produce a relatively high
engine power intensified pressure of 22,500 psig.

At the engine-timed instant for initiation of an
injection event, the solenoid valve shifts to a vent
position in which it vents passage 64, and hence
low pressure cylinder 46, to a lowered pressure,
which may be essentially atmospheric pressure,
which enables piston return spring 62 to move both
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of the pistons 48 and 52 back up to their positions
of repose as illustrated in Figure 1. The manner in
which this causes the injection event to occur will
be described in detail hereinbelow.

Pressure relief from within cylinder 46 and
spring cavity 58 during the intensification down-
stroke of the pistons is accomplished through a
vent cavity 66 in the upper end of intensifier body
18 and a pair of communicating vent passages 68,
seen in Figure 2, which extend longitudinally up-
wardly through control block 12 and are vented to
essentially atmospheric pressure.

A stepped counterbore is provided in the lower
end of high pressure cylinder 50. The relatively
large diameter lower portion of this stepped coun-
terbore defines a damper cavity 70 in which a
needle stop plate member 71 is disposed. The
relatively small upper portion of this stepped coun-
terbore provides a guide for a plate spring 72
which engages the top of plate 71 and biases plate
71 to a normally seated position as shown in Fig-
ures 1 and 8 with its lower surface 71' peripherally
seated flush against the upper end surface 24 of
accumulator body 26. The lower surface 71' of
plate 71 has a lapped (sealingly seated) fit against
a shoulder formed by upper body surface 24 so as
to provide a fluid-tight seal in the normally seated
position of plate 71. As a result, the net fluid
pressure on the plate 71 is the product of 1) the
interface area, and 2) the difference between the
ambient pressure in cavity 70 and the vapor fluid
pressure. Plate 71 is sometimes referred to herein
as a needle stop because it serves the function of
stopping the opening stroke of the injector needle
by abutting against the step or shoulder 73 be-
tween the two sections of the stepped counterbore
to define the fully open position of the needle.
Plate 71 performs two other important functions
which will be described in more detail hereinafter.
First, whilst still in its seated position as shown in
Figure 1, at the beginning of the opening stroke,
the seated plate 71 enables the needle to open
slightly to a prelift or low-lift position but stops the
needle in this slightly open position for injection of
a small pilot charge; and then after a brief interval
of time allows the needle to proceed to its fully
open position for injection of the main fuel charge.
Plate 71 has a central hole 74 therethrough for
admitting intensified pressurized fuel o the region
below plate 71 during the intensification stroke and
until initiation of injection, for holding the needle
column down against the intensified pressure within
the accumulator cavity. Second, plate 71 serves as
a hydraulic damper for damping the end of the
opening stroke of the needle to prevent needle
bounce for a more uniform fuel spray in the early
part of the injection event. The opening damping
effect can be adjusted by adjusting the radial clear-
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ance between the periphery of stop plate 71 and
the annular surface of damper cavity 70.

The first function of the plate 71 can, if desired,

be eliminated simply by turning the plate 71 over
during assembly such that its relatively rough up-
per surface 71" is seated on the upper body sur-
face 24 and such that its smooth lower surface 71'
faces upwardly.
Accordingly, in its normal seated position, the plate
71 would not be lapped to the body surface 24 and
no net fluid pressure would be applied against the
plate 71.

A fluid supply conduit 76 continuously supplies
fuel to the injector 10 at rail pressure, extending
longitudinally down through both control block 12
and intensifier body 18, opening downwardly
through the lower end surface 22 of intensifier
body 18. Fuel supply conduit 76 supplies fuel to
high pressure cylinder 50 for intensification and
valving on into the accumulator cavity. A cross-
conduit 78 provides communication from fuel sup-
ply conduit 76 to high pressure cylinder 50, the
other end of cross-conduit 78 being blocked by a
high pressure plug 80, such as a "Lee Plug,"
disposed in a counterbore of the cross-conduit 78.

After the end of each intensification stroke dur-
ing which high pressure piston 52 has delivered
highly pressurized and compressed fuel from high
pressure cylinder 50 into the accumulator cavity,
when high pressure piston 52 moves back upwar-
dly to its uppermost, rest position as shown in
Figure 1, it draws a vacuum in high pressure cyl-
inder 50 below fuel inlet cross-conduit 78. When
the lower end portion 57 of high pressure piston 52
uncovers cross-conduit 78 into communication with
high pressure cylinder 50, fuel under rail pressure
from supply conduit 76 flows through cross-conduit
78 to fill the void in the lower portion of high
pressure cylinder 50.

High pressure cylinder 50 is thus loaded with
fuel at rail pressure and is ready for another inten-
sification stroke during which it greatly increases
the fuel pressure above rail pressure, compressing
the fuel and delivering it to the accumulator cavity.
For time interval fuel metering, the amount of in-
crease of pressurization within high pressure cyl-
inder 50 over rail pressure will be determined by
the duration of the time interval, and the corre-
sponding length of the stroke of high pressure
piston 52 downwardly from its rest position as
shown in Figure 1. For pressure compression me-
tering, the pressure produced by the intensification
stroke in high pressure cylinder 50 will be an
increase above rail pressure in proportion to the
ratio of the fransverse area of low pressure piston
48 to the transverse area of high pressure piston
52, since the intensification stroke is time to enable
a substantial equilibrium to be achieved between
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the downward rail pressure force against the top of
low pressure piston 48 and upward intensified fluid
pressure force against the lower end 56 of high
pressure piston 52, before the injection event is
commenced by venting fluid pressure from above
low pressure piston 48 through inlet vent passage
64.

Reference will now be made to Figure 4 which
illustrates the fluid communication from high pres-
sure cylinder 50 into the accumulator cavity. The
axial sectional view of Figure 4 is rotationally offset
135° from the axial section of Figure 1, this 135°
offset being clockwise looking downwardly as in
Figures 3 and 6. A second radially oriented cross-
conduit 82 is located below the upper end of the
reduced diameter lower end portion 57 of high
pressure piston 52 at the lowermost stroke position
of high pressure piston 52 as illustrated in Figure 4.
Cross-conduit 82 defines an outlet port 83 from
high pressure cylinder 50 leading to the accumula-
tor cavity. High pressure plug 84, such as a Lee
Plug, seals the drilling end of cross-conduit 82,
being located in a counterbore thereof.

Cross-conduit 82 leads from outlet port 83 to a
longitudinally oriented passage 86 which provides
communication from high pressure cylinder 50
through a check valve 88 leading to an accumulator
bore 90 which defines one portion of the overall
accumulator cavity. Accumulator bore 90 is located
generally in the peripheral region of accumulator
body 26, and is oriented parallel to the longitudinal
axis of accumulator body 26. Accumulator bore 90
extends downwardly to a location proximate the
bottom of accumulator body 26 where it commu-
nicates with an annular cavity or ring passage 92
seen in Figure 1, in the same manner as accumula-
tor bore 96 shown in Figure 1. There are five of
these longitudinally arranged accumulator bores
spaced about the peripheral region of accumulator
body 26 in the form of the invention illustrated in
Figures 1-10 which cumulatively make up the pri-
mary accumulator cavity, all of which communicate
with annular cavity 92. These are seen in section in
Figure 7, and in the fransverse sectional view of
Figure 6 the accumulator bore 90 is seen from its
upper end and the four other accumulator bores
94, 96, 98 and 100 are shown in dotted lines.

While five of these accumulator bores make up
the primary accumulator cavity in the illustrated
form of the invention, it is to be understood that
any desired number of such accumulator bores
having any desired diameter may be provided ac-
cording to the selected volume for the primary
accumulator cavity of injector 10. Not only can the
number and diameters of these accumulator bores
be varied, but also the lengths of all these accu-
mulator bores except inlet bore 90 can be varied to
provide the desired primary accumulator cavity vol-
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ume.

A feature of this form of the present invention
is the fact that the entire accumulator cavity includ-
ing the primary cavity represented by accumulator
bores 90, 94, 96, 98 and 100, and annular cavity 92
are completely isolated from and independent of
the injector needle spring cavity, while nevertheless
being compactly arranged closely proximate the
spring cavity within a lower portion of the injector,
namely within accumulator body 26, and thus
structurally completely separated from and inde-
pendent of the upper intensifier portion of the injec-
for. In a high pressure injector such as in the
intensified injector 10, the spring cavity must be
relatively large to accommodate a relatively large
fast-acting needle closure spring. Separation of the
accumulator cavity from the spring cavity enables
the overall accumulator cavity to be much smaller
than conventional accumulator cavities which in-
clude the spring cavity, for very high pressure
operation of the injector 10. This feature is most
useful in small injectors.

As seen in Figure 1, annular cavity or ring
passage 92 communicates through a plurality of
small diameter passages 102 in nozzle body 34,
preferably three or four in number, to a small
kidney cavity 104 in nozzle body 34 which in turn
communicates with needle cavity 106 that leads to
valve seat 36. The small kidney cavity 104 and
needle cavity 106 together provide a small secon-
dary accumulator cavity from which the aforesaid
small pilot charge is initially injected into the en-
gine cylinder at the onset of the injection event
prior to injection of the main fuel charge from the
primary accumulator cavity defined in accumulator
bores 90, 94, 96, 98 and 100, and annular cavity or
ring passage 92. Such pilot charge is preferably
about 2-20 percent of the total injected fuel charge,
and most preferably about 5-10 percent of the total
charge.

A cylindrical needle guide passage 108 is ax-
ially defined within nozzle body 34 between its
upper and surface 32 and kidney cavity 104. Injec-
tor valve needle 110 has an upper guide position
112 which axially slidably and sealingly fits within
guide passage 108. The upper guide portion 112 of
needle 110 is of relatively large diameter, and
below it needle 110 tapers down in the region of
kidney cavity 104 to a relatively small diameter
lower shank portion 114 which terminates at conical
needle tip 116. The sliding fit of upper needle
guide portion 112 within guide passage 108 is
substantially fluid-tight and is sufficiently close fo
valve seat 36 for repeatably accurate centering of
the needle tip 116 in valve seat 36 to provide
sharper fuel cutoff and better atomization proximate
the end of each injection event, as well as in-
creased component life, relative to conventional
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accumulator-type injectors in which the needle was
either unguided or was guided at a location axially
remote from the tip.

Injector needle 110 has a flat, transverse top
surface 118 at the upper end of its guide portion
112, top surface 118 being located slightly above
upper end surface 32 of nozzle body 34. A small
locator pin 120 extends axially upwardly from the
top surface 118 of the needle to locate a spring
guide and needle damper member 122 coaxially
relative to needle 110. The guide / damper mem-
ber 122 fits over locator pin 120 and has a flat
annular damping base 124 which seats against the
top surface 118 of needle 110. The damping base
124 provides damping flange means for hydraulic
damping of needle closure events as described
below. A reduced diameter, upwardly projecting
spring locator portion 126 of guide/damper 122
provides radial centering for the needle spring. It is
to be noted that the top surface 118 of needle 110,
and hence also the flat annular base portion 124 of
guide/damper 122, is displaced above the upper
end surface 32 of nozzle body 34 in the fully
closed position of needle 110, which assures com-
plete closure of the needle 110 by the needle
spring.

An elongated, cylindrical spring cavity 128 ex-
tends axially upwardly from upper end surface 32
of nozzle body 34 through a major portion of the
length of accumulator body 26, terminating at an
upper end surface 130. The needle spring is a
helical compression spring 132 which is axially
arranged within spring cavity 128 with its lower end
seated against the flat annular base 124 of
guide/damper 122 and its upper end seated against
the end surface 130 of cavity 128.

Extending axially upwardly from the upper end
130 of spring cavity 128 through the upper end
surface 24 of accumulator body 26 is a plunger
guide and sealing passage 134 within which the
cylindrical upper sealing portion 138 of a needle
plunger 136 is slidably and sealingly fitted. Needle
plunger 136 has an upper end 140 which is ex-
posed to damper cavity 70 but recessed slightly
down into passage 134 below the upper body
surface 24, and hence below the bottom surface of
stop plate 71, in the normally seated position of
plate 71. The amount of clearance between plunger
end 140 and plate 71 determines the height of the
small preliminary increment of needle lift for the
premix pilot charge. Plunger 136 extends axially
downwardly from its upper end 140 as an integral
member which includes the cylindrical upper seal-
ing portion 138 and an elongated, cylindrical lower
portion 142 which extends through the spring 132
to a lower end 144 which faces and is proximate
the upward projection 126 of needle guide/damper
122. Spring cavity 128 communicates through a



21 EP 0 641 931 A1 22

vent passage 146 to fuel supply conduit 76 at the
interface between accumulator body 26 and inten-
sifier body 18.

Needle plunger 136 serves a series of func-
tions in its independent capacity from needle 110
during operation of the intensified accumulator in-
jector 10. First, during the intensification stroke of
high pressure piston 52, the intensified fluid pres-
sure in damper cavity 70 operates through stop
plate hole 74 against the upper end 140 of plunger
136 to hold plunger 136 down against
guide/damper 122 so as to hold needle 110 down
against needle valve seat 36 with the aid of spring
132 against the upward force of the intensified
pressure in the accumulator cavity against the low-
er part of needle 110.

Second, the length of needle plunger 136 de-
fines the amount of clearance between plunger end
140 and the seated stop plate 71. At the onset of
the needle opening event, intensified fluid pressure
acts downwardly on a larger surface of plate 71
than upwardly on plate 71 because a portion of the
lower surface of plate 71 is masked by its lapped
fit against upper body surface 24 and thus is
subject to only fluid vapor pressure. Thus, shortly
after the onset of the needle opening event, plate
71 positively stops plunger 136, and hence needle
112, at a small percentage of full needle lift, and
time for injection of the pilot charge is provided
until the intensified pressure above plate 71 is
vented sufficiently to allow needle 112 and plunger
136 to unseat plate 71 and to move plate 71
upwardly from body surface 24.

Third, the mass of plunger 136 is added to the
mass of needle 110 to damp and slow down the
beginning of the needle opening event, which is an
added factor in allowing time for the pilot charge in
cavities 104 and 106 to be injected into the engine
cylinder before it can be overtaken by the main
charge from the larger primary accumulator cavity.

Fourth, with needle 110 and its plunger 136
joined as an effectively unitary structure during the
opening stroke of needle 110, the upper end 140 of
plunger 136 is enabled to be utilized in cooperation
with plate 71 to damp the end of the needle open-
ing event. When plate 71 is moved upwardly by
plunger 136 in its damper cavity 70, displacement
of fluid by plate 71 is limited by the constriction
between the periphery of plate 71 and the annular
wall of damper cavity 70, and by the narrowing
constriction between the top of plate 71 and shoul-
der 73, thereby damping the upper end of the
needle opening event by a hydraulic damping ac-
tion which may be referred to as "squish damp-
ing". This prevents needle bounce at the end of
the opening event.

Fifth, and of great importance in enabling a
very rapid needle closing event to be achieved, the
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separation of needle plunger 136 from needle 110
enables needle 110 to be relatively short and of
very low mass as compared to conventional accu-
mulator injector needles, so that needle 110 can be
accelerated very rapidly by spring 132 to achieve a
very rapid needle closing event. The low mass and
short length of separated needle 110 also minimize
the amount of compression energy that can be
stored in the needle upon impacting the seat, and
correspondingly minimizes needle closing bounce.
The mass of separated needle 110 may be as little
as one-third or less than the mass of conventional
accumulator injector needles, and the closing ac-
celeration of the low mass, separated needle 110 is
estimated to be in the range of from about 10,000 -
20,000 Gs.

With such a high speed needle closing event, it
is desirable to damp the end of closure to assure
against needle bounce, even with the short, light-
weight needle, and this function is performed by
guide/damper 122. As guide/damper 122 and nee-
dle 110 more downwardly during the needle clos-
ing event, fluid at rail pressure must be displaced
from below guide/damper 122 through the constric-
tion between the periphery of its flat annular base
124 or damping flange means and the wall of
spring cavity 120 to above base 124. The
guide/damper thus serves as a shock absorber fo
hydraulically damp the needle closure in a squish
damping action, cushioning the end of the injection
event. This is a further factor in preventing the
needle from dynamically or mechanically bouncing
from compression energy that might otherwise be
stored along the length of the needle upon impact-
ing the seat. This closing damper effect can be
adjusted by adjusting the radial clearance between
the periphery of guide/damper base 124 and the
surface of spring cavity 128, or by adjusting the
axial clearance between the bottom of
guide/damper base 124 and upper surface 32 of
nozzle body 34, or by making both adjustments.

If desired, a slight annular relief cavity (not
shown) may be provided in the wall of spring cavity
128 offset above the lower end of cavity 128 so as
to allow fluid to bypass the periphery of
guide/damper base 124 more freely during the
early part of the needle closing stroke, while still
presenting the full constriction between the periph-
ery of base 124 and the wall of spring cavity 128
during the final phase of the closure stroke. How-
ever, experiments have shown that the shock ab-
sorbing effect of the fluid constriction between the
periphery of guide/damper base 124 and the un-
relieved cylindrical wall of spring cavity 128 effec-
tively eliminates secondary injections from needle
bounce without detrimentally slowing down the high
rate of needle closure enabled by the short, very
low mass needle 110. Cooperating in such elimina-
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tion of needle bounce is the very fact that the
needle is short. This causes minimization of the
amount of longitudinal elastic compression energy
that can be stored in the needle upon impact with
the seat.

Spring cavity 128, in addition to serving the
functions of housing needle return spring 132 and
cooperating with guide/damper 122 to damp the
closure stroke of needle 110, also serves as a
collector for any intensified pressure fuel which
may seep between the upper sealing portion 138 of
needle plunger 136 and its passage 134, or be-
tween the upper guide portion 112 of needle 110
and its guide passage 108, or from annular cavity
92 radially inwardly past the inner interface be-
tween lower accumulator body surface 30 and up-
per nozzle body surface 32.

2. Operation of the First Embodiment

Overall and specific systems for operating an
intensifier-type accumulator injector of the general
type of the present invention are illustrated and
described in detail in the Beck et al. U.S. patent
No. 4,628,881, including the aforesaid high speed
solenoid actuated control valve, and such systems
are fully applicable for operating the intensifier-type
accumulator of the present invention. Accordingly,
the Beck et al. U.S. Patent No. 4,628,881 is hereby
incorporated by reference for its disclosures of
apparatus and methods for operating the intensi-
fier-type accumulator injectors 10 of the present
invention.

Operation of the present invention is best un-
derstood with reference to Figures 1, 4, 8 and 11-
13 of the drawings. Figure 1 illustrates injector 10
in a position of repose prior to a sequence of
intensification and injection events. Inlet/vent pas-
sage 64 is vented to a sufficiently reduced pres-
sure, which may be essentially atmospheric pres-
sure, to enable spring 62 to bias low pressure
piston 48 and high pressure piston 52 to their
uppermost positions, with the lower end 56 of high
pressure piston 52 above fuel inlet cross conduit
78. Fuel supply conduit 76 is constantly supplied
with fuel at rail pressure, and high pressure cyl-
inder 50 below piston 52 has been filled with fuel at
rail pressure from fuel supply conduit 76 through
inlet conduit 78 and fuel port 79. Injector needle
110 is closed against needle valve seat 36, and
accumulator inlet check valve 88 is also closed,
with the fuel pressure within the accumulator cavity
static at the needle closure pressure, which is
preferably relatively high for a crisp needle closing
event with good fuel atomization right up to closure
and minimal, if any, fuel dribble proximate closure.
Typically, this static, residual pressure within the
accumulator cavity will be in the range of from
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about 3,000 psig to about 6,000 psig, and prefer-
ably it will be in the high pressure part of this
range for best fuel cutoff characteristics. Needle
stop plate 71 is biased by spring 72 to its sealed
position against the upper surface 24 of accumula-
tor body 26. Needle plunger 136 may, in this rest
condition of injector 10, be in any position from
where its lower end 144 is in contact with
guide/damper 122 to where its upper end 140 is in
contact with stop plate 71.

An intensification stroke is caused by introduc-
tion of fuel at rail pressure through actuating fluid
inlet passage 64 into low pressure cylinder 46 to
drive low pressure piston 48 downwardly, piston 48
carrying high pressure piston 52 downwardly with it
for the intensifying stroke, the extent of this stroke
being determined either by the time duration of
application of rail pressure through passage 64 for
time metering or by the pressure of the fuel intro-
duced through passage 64 for pressure metering.
The maximum travel of this intensification stroke is
o the position of high pressure piston 52 shown in
Figure 4, with the upper end of reduced portion 57
still being located above the high pressure cylinder
outlet port 83 so that port 83 remains clear. During
this downward intensification stroke of the pistons,
fuel is pressurized and compressed within high
pressure cylinder 50, and such pressurization and
compression is transmitted into the entire accu-
mulator cavity through high pressure cylinder outlet
port 83, cross-conduit 82, longitudinal passage 86,
check valve 88, and accumulator bore 90, the pres-
surized, compressed fuel passing from bore 90 into
annular cavity 92 and thence into accumulator
bores 94, 96, 98 and 100, and also downwardly
through nozzle passages 102 into kidney cavity
104 and needle cavity 106. The quantity of fuel
thus poised in the accumulator cavity for injection
depends upon the amount of compression of the
fuel within the accumulator cavity, which depends
upon the amount of pressure provided by the inten-
sifier stroke, and this may range from about 6,000-
7,000 psig for minimum engine power at idle up fo
about 22,000 psig or even higher for maximum
engine power.

During the intensification stroke, the increas-
ingly high intensified pressure within high pressure
cylinder 50 is applied through damper cavity 70 fo
the upper end surface 140 of needle plunger 136.
Plunger 136 seats against guide/damper 122 and
transmits the resulting force of the intensified pres-
sure to guide/damper 122 and thence to top sur-
face 118 of needle 110, and this force, together
with the force of needle spring 132, securely hold
needle 110 down on its seat 36. This downward
force on needle 110 is greater than the upward
force as determined by the intensified pressure
within kidney cavity 104 and needle cavity 106
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operating upwardly on the differential area between
the cross-section of upper guide portion 112 of the
needle and the area of the needle seat.

At the end of the intensification stroke, injector
10 is ready for an injection event, which is initiated
by venting the actuating fluid inlet/vent passage 64,
and hence low pressure cylinder 46, to a reduced
pressure. This allows piston spring 62 to move
both of the pistons 48 and 52 upwardly at a rate
which may be controlled by orificing of passage
64, which now serves as a vent conduit. The mode
of operation of the two-stage needle lift is best
understood with reference to the graph or chart in
Figure 11.

The solid line curve 149 in Figure 11 repre-
sents a plot of intensifier pressure (the pressure
within intensifier cylinder 50) versus time. Curve
149 shows the rate of decay of pressure in intensi-
fier cylinder 50 as it may be controlled by orificing
of vent passage 64. Adjustment of the orificing of
vent passage 64 will cause a corresponding adjust-
ment of the rate of decay or slope of pressure/time
curve 149. Thus, a greater constriction of the orific-
ing in passage 64, with a reduced vent flow rate,
will result in a flatter pressure/time curve 149; while
a lesser constriction in passage 64, with corre-
sponding increased vent fluid flow through passage
64, will result in a steeper slope for pressure/time
curve 149.

The dotted line curve 150 represents needle
position versus time, and shows how the needle lift
timing relates to the intensifier pressure decay re-
presented by curve 149.

At time To the injection event is set into motion
by commencement of venting of low pressure cyl-
inder 46 through vent passage 64. At this time the
needle is closed, or has zero lift. As the pressure
decays from Top to T1, the needle remains closed
because
Al (Pint) > Pacc(Astem - Aseat) - Fs

where Ay is the cross-sectional area of upper
portion 138 of plunger 136

Pint is pressure in intensifier cylinder 50

Pacc is pressure in the accumulator cavity

Agtem is the area of the upper guide portion 112
of needle 110

Agear is the area of the needle valve seat

Fs is the force of needle spring 132.

The needle lifts initially to its prelift increment
at time T1 when Ap1 (Pint) = Pacc(Astem - Aseat) - Fs-
This initial prelift increment is preferably in the
range of from about 1-20 percent of maximum
needle lift. It is shown on curve 150 as being
approximately 5 micrometers, or .005 millimeters.
This low-lift or prelift increment of the needle lift is
defined when the upper end 140 of plunger 136 is
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stopped against the bottom surface of stop plate 71
which is seated and sealed against upper surface
24 of accumulator body 26. The upward blip of
pressure/time curve 149 at Ti represents a mo-
mentary pressure surge in intensifier cylinder 50
caused by the upward shift of plunger 136. Be-
tween Ty and Tz, stop plate 71 remains seated
against body surface 24 to hold the needle at the
fixed prelift increment because

ApZ(Pint) + Fs1 > Pacc(Astem - Aseat) - Fs

where Ag, is the cross-sectional area of stop
plate 71 which is sealed against upper body sur-
face 24

Fs1 is the force of plate spring 72.

The needle lifts completely starting at time T2
when
ApZ(Pint) + Fs1 = Pacc(Astem - Aseat) - Fs
In the example of Figure 11, full needle Iift is
approximately 0.2 millimeters. At time Tz, stop
plate 71 becomes unseated from upper body sur-
face 24 so that the seal between the plate 71 and
the shoulder of surface 24 is broken and the vapor
pressure acting on-the bottom 71' of the plate 71
increases to the ambient pressure in cavity 70.
Plate 71 then shifts upwardly to become seated on
stop shoulder 73. The pressure blip proximate T2
is caused by a ftransitory pressure surge in intensi-
fier cylinder 50 when plunger 136 and stop plate
71 shift upwardly.

The volume of the pilot charge will vary gen-
erally proportionally to both the time duration be-
tween Ty and T. and the height of the needle
prelift increment, both indicated by the dotted line
curve 150. It is preferably about 2-20 percent of the
tfotal fuel charge, and most preferably about 5-10
percent of the total charge.

In Figure 12, needle 110 is shown in its fully
open position, with needle 110, guide/damper 122,
plunger 136 and stop plate 71 all closed together in
a solid column, and stop plate 71 seated against
shoulder 73.

The two phases of needle opening movement
proximate T+ and T, are slowed down and con-
trolled by addition of the mass of plunger 136 to
the mass of needle 110. The very short distance
needle 110 and plunger 136 travel during the prelift
phase does not allow enough momentum to build
up in the needle/plunger combination to jar plate 71
off of its seated, sealed position. Then, when nee-
dle 110, plunger 136 and plate 71 move on upwar-
dly in the second opening phase for the main
injection, plate 71 damps the end of the opening
event by hydraulic squish damping. This is caused
both by the closely constricted peripheral zone
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between the outer annular surface of plate 71
which restricts fluid flow from above to below plate
71, and by the narrowing gap as the upper surface
of plate 71 approaches its mating shoulder 73. The
result is substantial elimination of needle bounce at
the end of the opening event, with better spray
uniformity at the beginning of the main part of the
injection.

The needle remains open during the second
phase or main part of the injection event as long as

Pacc(Astem - Aseat) > Fs

The needle closing event commences when

Pacc(Astem - Aseat) = Fs

Needle closure then occurs rapidly until complete
closure occurs at time T3. Separation of needle
110 from plunger 136 during needle closure greatly
reduces the effective mass and hence the inertia of
the needle so that needle 110 can be accelerated
very rapidly by spring 132 to achieve a rapid, crisp
closing event; while at the same time, the low mass
and short length of the separated needle 110 mini-
mize needle bounce by minimizing the amount of
compression energy that can be stored in the nee-
dle upon closing impact with the seat.

As discussed above, the inventive injection
system could also be used as a more conventional
single-stage injector simply by turning the rate
plate 71 over during assembly such that the rough
surface 71" of the plate is nonsealingly seated on
the body 24 so that essentially no net fluid pres-
sure is ever applied to the rate plate. The needle
thus opens, lifts, and remains open so long as

Pacc(Astem - Aseat) > Fs

The inventive system thus provides consider-
able latitude to a manufacturer interested in pro-
ducing both single-stage and two-stage injection
systems.

Figure 13 illustrates the separation of needle
110 and its guide/damper 122 from needle plunger
136 during the closing event. Since needle 110 and
guide/damper 122 are completely separate paris
from needle plunger 136, they are enabled to be
driven entirely independently of plunger 136 from
the open position of Figure 12 through the closing
event to the closed position of Figure 13.

Needle bounce is also minimized by the squish
damping effect resulting from the small clearance
between the flanged periphery of guide/damper
124 and the cylindrical surface of spring cavity
128, and also by the limited clearance between the
bottom of guide/damper 124 and the upper surface
32 of nozzle body 34. The very light-weight, short
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needle 110 cooperates in such squish damping by
minimizing the amount of needle inertia which must
be controlled by the damping. With these factors
cooperating, needle bounce is substantially elimi-
nated in the present invention. With relatively high
closing accumulator pressure, the rapid, crisp clos-
ing event, coupled with the substantial elimination
of closing needle bounce, enable full fuel atomiza-
tion to be maintained right up to needle closure, for
optimum ignition. The sharp closure cutoff and
elimination of fuel dribble at closure are important
in the elimination of smoke and hydrocarbon emis-
sions.

It is to be noted that the needle closure damp-
er, represented by the guide/damper and its small
clearances relative to the surface of spring cavity
128 and surface 32 of nozzle body 34, is remote
from needle tip 116 and valve seat 36. This permits
efficient shaping of the needle tip and valve seat
for a high flow coefficient as the needle approaches
the seat during closure. Such high flow coefficient
enables high pressure to be maintained proximate
the seat for good atomization up to closure.

Another factor which assures sharp fuel cutoff
at needle closure is the close proximity of needle
guide portion 112 in guide passage 108 fo the
needle seat 36. By this means, the needle is con-
tinuously guided for consistent concentric seat con-
tact. This is a factor in making the end of the
injection event stronger than for conventional accu-
mulator injector needles, with resulting better atom-
ization at the end of injection. Consistent concentric
closure contract of the needle in the seat assures a
high flow coefficient and consequent high closing
pressure and good atomization.

Referring again to Figure 11, although the in-
vention is not limited to any particular time inter-
vals, typically the time from To to T4 will be on the
order of about 0.1-0.3 milliseconds, and the time
from Ty to T2 will be on the order of about 4-8
milliseconds. By way of comparison, with a con-
ventional accumulator-type injector, the needle will
be fully opened in on the order of about 0.2 mil-
liseconds.

As an alternative to, or in addition to, control-
ling the rate of decay of the intensifier pressure as
represented by curve 149 in Figure 11 by means
of orificing of vent passage 64 to slow down the
vent rate from low pressure cylinder 46, the vent
rate from low pressure cylinder 46 can also be
controlled by adjusting the pressure level in the
vent line. Thus, by raising the vent pressure in
passage 64, the differential pressure between low
pressure cylinder 46 and vent passage 64 will be
lowered, correspondingly lowering the rate of fluid
venting from low pressure cylinder 46, and accord-
ingly flattening the intensifier pressure/time curve
149 in Figure 11. Conversely, lowering of the vent
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pressure level in vent passage 64 will increase the
pressure differential between low pressure cylinder
46 and vent passage 64, steepening the intensifier
pressure/time curve 149 in Figure 11. Such adjust-
ments will, therefore, vary the time intervals be-
tween TO and T1and between T1 and T2.

The two-stage opening of the needle in the
present invention to provide a small initial pilot
charge followed by the main charge has important
benefits. The small amount of fuel in the pilot
charge will ignite before the needle opens fully, so
that the fire has started when the main charge is
injected. This causes the main charge to ignite
immediately upon injection, without the usual larger
percentage of the main charge being injected be-
fore it ignites. This provides a great reduction in
noise, improvement of fuel economy, and elimina-
tion of smoke. It also greatly reduces undesirable
exhaust emissions, principally oxides of nitrogen
and hydrocarbon emissions.

In the foregoing description of the intensified
form 10 of the invention, full needle lift has been
indicated as being determined by engagement of
stop plate 71 against stop shoulder 73. This will
always be ftrue for high power engine settings.
However, the amount of needle lift off of its seat
will actually vary generally in proportion to the
difference between the opening and closing pres-
sures of the accumulator as discussed in detail
hereinafter in connection with the unintensified form
of the invention shown in Figures 14-17. Accord-
ingly, it is to be understood that for low and inter-
mediate engine power settings, typically the needle
will not lift off of the seat during the second, main
phase of the injection sufficiently for stop plate 71
fo fully seat against shoulder 73.

3. Variations of First Embodiment

Figure 9 illustrates a modified stop plate 71a
which defines the prelift increment by the depth of
a downwardly facing annular, axial recess 147 in
plate 71a. Here, in the lowermost position of plung-
er 136a which is shown, its top surface 140a regis-
ters with the upper surface 24 of accumulator body
26. This modification enables stop plate 71a to be
thicker than stop plate 71 of Figures 1, 4 and 8,
thereby minimizing the possibility of flexure of
plate 71a when it is impacted by plunger 136a, so
as to assure maintenance of the seal between the
bottom surface of plate 71a and the upper body
surface 24. Damper cavity 70a in intensifier body
18a is made correspondingly deeper to accom-
modate the thicker plate 71a. An important advan-
tage of the Figure 9 form is that axial dimensioning
of the intensifier and accumulator bodies and of the
needle/plunger combination is not critical, and cor-
rect dimensioning for proper operation of the
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stop/rate plate can be simply achieved by selecting
a stop/rate plate 71a having a recess 147 of any
desired axial depth. This simplifies manufacture,
minimizing surface machining tolerances.

Figure 10 illustrates a further modified stop
plate arrangement which would eliminate any pos-
sibility of the prelift seal between the stop plate
and the body being disrupted by the impact of the
plunger against the plate. In this case, two annular
seals are employed in place of the flat seal of each
of the stop plates 71 and 71a against the respec-
tive bodies. In the form of Figure 10, plate 71b is
made still thicker to accommodate a deeper an-
nular, axial recess 147b in the bottom of plate 71b,
and the upper end of plunger 136b extends up into
recess 147b in the lowermost position of plunger
136b which is shown. The prelift increment of
movement is defined by the spacing between up-
per end surface 140b of plunger 136b and the end
of plate recess 147b. A first lapped seal is provided
between the cylindrical outer periphery of plate 71b
and the cylindrical surface of damper cavity 70b,
and a second lapped seal is provided between the
cylindrical surface of plunger 136b and the op-
posed cylindrical surface of plate recess 147b.
These two annular seals serve the same sealing
function as the single flat seal in the other two
forms, but they cannot be disrupted by impacting
of plunger 136b against plate 71b. Damper cavity
70b is given still further depth to accommodate the
thicker stop plate 71b.

In the embodiment of Figure 10, hydraulic
damping of full-lift needle opening events is caused
by the constriction between the top surface of plate
71b and shoulder 73b as plate 71b approaches
shoulder 73b.

Figure 14 illustrates a further modified intensi-
fied form of the invention generally designated 10c
which utilizes a needle stop and damping plate or
member to accomplish the two-stage needle lift in
a manner similar to the forms of the invention
shown in Figures 8, 9 and 10. However, in the form
shown in Figure 14, stop plate member 71c has a
lap-fitted pin 410 axially slidable with a fluid-tight
seal in an axial bore 412 through stop member
71c. As with the stop plates in the forms shown in
Figures 8, 9 and 10, stop member 71c has its
bottom surface sealingly lap-fitted to a shoulder
formed by the top surface 24 of accumulator body
26. With his construction, intensified pressure from
damper cavity 70c is not directly transmitted
through a hole in the stop plate or member as in
the other forms, and the needle hold-down force
prior to the injection event is provided by intensi-
fied fluid pressure against the top of pin 410.

This arrangement minimizes the possibility of
intensified pressurized fluid getting underneath
stop member 71c during the first, prelift stage of
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needle movement to assure against premature
ending of the first stage needle lift event.

As with the form of the invention shown in
Figure 8, the upper end 140 of needle plunger 136
is offset below the upper surface 24 of accumulator
body 26 in the closed position of the needle. The
amount of this offset clearance determines the ex-
tent of the small initial needle lift to provide the
pilot charge.

When high pressure intensifier piston 52 starts
fo retract at the beginning of an injection event,
lowered fluid pressure within damper cavity 70c
enables the upward force of accumulator fluid pres-
sure on the needle to overcome the downward
forces of the needle spring and fluid pressure on
pin 410 to allow the prelift increment of needle
movement to occur. Such first-stage needle move-
ment is stopped by abutment of the upper end 140
of needle plunger 136 against the bottom surface
of stop member or plate 71c. At this time, the
downward force of fluid pressure in damper cavity
70c against stop member 71c and its pin 410 plus
the downward force of the needle spring are siill
greater than the upward force of accumulator fluid
pressure on the needle, to effect the positive stop
of needle plunger 136 against seated stop member
71c. As intensifier piston 52 further retracts upwar-
dly to further reduce the fluid pressure in damper
cavity 70c, the upward force of accumulator fluid
pressure against the needle will, in sequence, over-
come the downward forces of fluid pressure
against stop member 71c and its pin 410 and of
the needle spring, to enable needle plunger 136 to
unseat stop member 71¢ and allow the needle fo
move to its fully opened position which is defined
by engagement of the upper surface of stop mem-
ber 71c against stop shoulder 73c at the fop of
damper cavity 70c.

B. Second Embodiment

Figures 15, 16 and 17 diagrammatically illus-
trate another two-stage needle lift control system,
generally designated 250 which is shown applied fo
an intensified accumulator injector. The needle lift
control system 250 is in the form of a hydraulic
circuit which produces two-stage venting from low
pressure cylinder 252 above low pressure intensi-
fier piston 254 through inlet/'vent passage 256.
This, in turn, produces a two-state upward move-
ment of high pressure intensifier piston 258 and
consequent two-stage pressure relief in high pres-
sure intensifier cylinder 260 causing a first, low-lift
increment of movement of injector needle 262, and
then in sequence the full lift movement of needle
262. Needle 262 is illustrated diagrammatically in
Figure 15 as a unitary needle structure axially
slidable in guide bore 263. It is to be understood,
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however, that a divided needle may be employed
as in the form of the invention illustrated in Figures
1-14. The intensified form of the invention em-
ployed in conjunction with the two-stage hydraulic
lift control system 250 of Figures 15, 16 and 17
may be structurally and functionally like the intensi-
fied injector system of Figures 1-14, although it
does not employ a needle stop and damping wafer
like plate 71 to produce the two-stage needle lift
control.

1. Construction of Second Embodiment

Figure 15 illustrates the needle lift control sys-
tem 250 in an actuated condition for producing the
intensification stroke, with rail pressure applied
through inlet/'vent passage 256 to low pressure
cylinder 252, with both low pressure piston 254 and
high pressure piston 258 at their lowermost posi-
tions and needle 262 closed. Figure 16 illustrates
the hydraulic circuit 250 in an unactuated, prelimi-
nary slow vent condition in which fluid pressure is
slowly vented out of low pressure cylinder 254
through inlet/vent passage 256, with respective low
and high pressure pistons 252 and 258 slightly
raised to partially relieve pressure in high pressure
cylinder 260 and thereby allow a preliminary low-lift
increment of needle movement. Figure 17 illus-
trates the hydraulic circuit 250 in an unactuated full
vent condition in which fluid pressure is fully vent-
ed from low pressure cylinder 254 through in-
let/ivent passage 256, allowing full upward move-
ment of the respective low and high pressure pis-
fons 252 and 258, reducing the fluid pressure in
high pressure intensification cylinder 260 sufficient-
ly for full needle lift.

Referring to Figure 15, the needle control sys-
tem 250 has as its primary basis a tandem valve
arrangement consisting of a high speed solenoid
valve generally designated 264 and a control valve
generally designated 266 which is actuated in re-
sponse to actuation of solenoid valve 264. Solenoid
valve 264 has a valve chamber 268 inside the body
of the valve, with a valve seat cartridge 270 in
chamber 268. A supply ball poppet 272 is located
in supply chamber 274 defined in one end of the
valve chamber 268, supply chamber 274 receiving
fuel at rail pressure through a supply passage 276.
A vent ball poppet 278 is located in vent chamber
280 defined in the other end of valve chamber 268,
and is in communication with a vent passage 282
which communicates to a vent pressure which may
be somewhat above atmospheric pressure, as for
example about 30 psig, or may if desired be at-
mospheric pressure.

Valve seat cartridge 270 has an axial passage
284 therethrough which communicates with the
seats for both balls 272 and 278. A ball separator
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pin 286 extends through passage 284 and holds
balls 272 and 278 spaced apart greater than the
spacing between the two valve seats, so that when
either ball is seated it causes the other ball fo
become unseated. A control conduit 288 commu-
nicates with the cartridge passage 284, and hence
with both of the valve seats. Solenoid 290 is axially
aligned with balls 272 and 278 and the ball seats,
and has an armature pin 292 which, in the en-
ergized condition of solenoid 290 illustrated in Fig-
ure 15, closes vent ball 278 against its seat, which
causes supply ball 272 to be unseated. In the de-
energized condition of solenoid 290 as illustrated in
both of Figures 16 and 17, vent ball 278 is re-
leased, enabling rail pressure fuel in supply cham-
ber 274 to close supply ball 272 against its seat,
which in turn causes vent ball 278 to be lifted off of
its seat.

Control valve 266 has a cylinder 294 in its
valve body, with a control piston 296 slidable in
cylinder 294. A fuel supply conduit 298 commu-
nicates from solenoid valve control conduit 288
through a check valve 300 to cylinder 294 at the
rear of piston 296. A variable bleed orifice 302
provides outlet communication from cylinder 294
behind piston 296 through an increment vent con-
duit 304 to the solenoid valve control conduit 288.
Bleed orifice 302 may have manual adjustment
means such as an adjustment needle 306 for ad-
justing the rate of bleed through orifice 302, or may
have automatic adjustment means controlled ac-
cording fo the condition of engine operation. Bleed
orifice 302 is adapted to allow pressurized liquid to
slowly bleed from cylinder 294 behind piston 296
so as to allow slow retraction of piston 296.

A primary vent conduit 308 communicates with
cylinder 294 but is completely blocked by piston
296 in the fully advanced, actuated position of
piston 296 as seen in Figure 15. Piston 296 has an
annular relief or reduction 310 proximate the head
of the piston, which is offset from the primary vent
conduit 308 in the fully advanced position of piston
296 as shown in Figure 15, but which shifts into
registry with vent conduit 308 when piston 296
shifts to a retracted position as shown in Figure 17.
Piston head relief 310 may, if desired, be in the
form of an annular array of axially directed bleed
grooves. Inlet/vent passage 256 for low pressure
intensifier cylinder 254 communicates with cylinder
294 forward of the head of piston 296 in all posi-
tions of piston 296, and is placed in fluid commu-
nication with primary vent conduit 308 when piston
296 retfracts to a full vent position like that illus-
trated in Figure 17.

A poppet valve is carried in the body of control
valve 266 in axial alignment with cylinder 294 and
piston 296, spaced forward of the head of piston
296. This poppet valve includes an annular valve
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seat member 312 and a ball poppet 314 carried in
a high pressure ball chamber 316. Chamber 316 is
provided with liquid fuel at rail pressure from sup-
ply passage 276 through a supply conduit 318. Ball
314 is normally held in a closed, seated position as
shown in Figures 16 and 17 by rail pressure of fuel
in ball chamber 316. A ball actuator pin 320 ex-
tending from the head of piston 296 is adapted to
unseat ball 314 in the fully actuated, advanced
position of piston 296 as shown in Figure 15 to
supply fuel at rail pressure through seat member
312, cylinder 294 and inlet/vent passage 256 to low
pressure intensifier cylinder 252 to provide the
intensification stroke.

2. Operation of the Second Embodiment

In operation, the two-stage needle lift control
system 250 of Figures 15-17 first produces an
intensification stroke during which the accumulator
is charged with fuel under intensified pressure, and
the high fluid pressure in the high pressure inten-
sification cylinder holds the needle down. Then, at
the engine-programmed time for injection, the
prelift or low-lift needle movement is caused fo
occur for injection of a pilot charge, and then in
sequence full needle lift is effected for the main
fuel charge.

This operational sequence of the control sys-
tem 250 starts with the system in its fully relaxed
condition illustrated in Figure 17. In the condition of
Figure 17, solenoid 290 is unenergized, its ar-
mature pin 292 retfracted to the right, supply ball
272 seated under the influence of fuel at rail pres-
sure, and vent ball 278 unseated. Fuel pressure
has been vented from cylinder 294 of control valve
266 through bleed orifice 302, increment vent con-
duit 304, control conduit 288, axial passage 284 of
seat cartridge 270, and out past vent ball 278, its
vent chamber 280 and vent passage 282. Such
venting has caused control valve piston 296 to shift
fo the right to its full vent position in which pressur-
ized fluid has been vented from low pressure inten-
sifier cylinder 254 through inlet/vent passage 256,
cylinder 296 and primary vent conduit 308, thus
causing respective low and high pressure intensi-
fier pistons 252 and 258 to be in their fully re-
tracted or full lift positions, with injector needle 262
closed. Ball 314 of control valve 266 is seated,
blocking rail pressure fuel from entering low pres-
sure intensifier cylinder 254.

Energization of solenoid 290 shifts the control
system 250 to its condition illustrated in Figure 15.
When solenoid 290 is energized, its armature pin
292 is extended, to the left as illustrated, seating
vent ball 278 and unseating supply ball 272. Fuel
at rail pressure passes into the system from supply
passage 276 through supply ball chamber 274,
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past supply ball 272 through axial passage 284 of
cartridge 270, and thence through control conduit
288, supply conduit 298 and past open check valve
300 into control valve cylinder 294, moving piston
296 to its fully advanced position, to the left as
viewed. In this position, piston 296 closes off pri-
mary vent conduit 308 and unseats ball 314, allow-
ing rail pressure fuel to pass from supply passage
276 through conduit 318, ball chamber 316, ball
seat member 312, cylinder 294, and inlet/vent pas-
sage 256 into low pressure intensifier cylinder 252,
producing the downward intensification stroke of
intensifier pistons 254 and 258 and thereby charg-
ing the accumulator. The control system 250 has
thus prepared the injector for an injection event,
and as long as solenoid 290 is energized, the
system will remain ready to effect the two-stage
needle lift sequence.

The two-stage injection event is initiated by de-
energization of solenoid 290, which instantaneously
shifts solenoid valve 264 to its condition illustrated
in Figure 16, with supply ball 272 seated and vent
ball 278 unseated. Check valve 300 is now seated,
and the only escape path for fuel from control valve
cylinder 294 behind piston 296 is through bleed
orifice 302. At the instant solenoid 290 is de-
energized, full rail pressure is present in cylinder
294 in front of piston 296, such pressure biasing
piston 296 in the direction of refraction, to the right
as viewed. Piston 296 now retracts to the right at a
rate controlled by the variable bleed orifice 302,
first allowing ball 314 to seat, and then enlarging
the volume in cylinder 294 on the head side of
piston 296, which reduces the fluid pressure in low
pressure intensifier cylinder 254 and allows in-
cremental upward movement of intensifier pistons
252 and 258, reducing the intensified pressure
above the needle and causing the low-lift or prelift
increment of needle lift for the pilot charge to be
injected.

Figure 16 illustrates the control system 250 in
this low-lift or prelift condition, the space between
the vertical arrows to the left of Figure 16 illustrat-
ing the low-lift increment of movement of the inten-
sifier pistons. The low-lift condition remains in ef-
fect as long as piston 296 blanks off primary vent
conduit 308 as seen in Figure 16, the timer interval
of the low-lift condition being determined by the
rate at which fuel bleeds from behind piston 296
through variable bleed orifice 302. The main injec-
tion event commences when the reduced head
portion 310 of piston 296 comes into registry with
primary vent conduit 308 as piston 296 retracts
from its position shown in Figure 16 to its position
shown in Figure 17. The space between the vertical
arrows to the left of the diagram of Figure 20
illustrates the full lift increment of movement of the
intensifier pistons.
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While the two-stage needle lift hydraulic control
system 250 of Figures 15-17 has been shown and
described above applied to an intensified type ac-
cumulator injector, it is to be understood that it is
equally applicable to an unintensified type accu-
mulator such as is disclosed in co-pending applica-
tion Serial No. 930,981. Applying the system 250 of
Figures 15-17 to an unintensified accumulator in-
jector, the inlet/vent passage for the actuating fluid
would be connected to inlet/vent passage of unin-
tensified injector. Then the hydraulic system 250
will apply the two-stage venting directly to spring
cavity 218 and hence directly to the top of needle
204 so as to produce the two-stage needle lift.

C. Third Embodiment

Another form of two-stage needle lift control
system is shown in Figures 18 and 19, which has a
hydraulic control circuit that is very similar to the
hydraulic circuit of the form shown in Figures 15-
17, but which incorporates a positive stop to ac-
curately define the first increment of needle lift.
The system of Figures 18 and 19 is also shown
applied to an intensified form of accumulator injec-
tor. The control system of Figures 18 and 19
embodies a stop piston in axial alignment with the
needle and its plunger, and has the intensifier
offset to the side. This structural arrangement of
the injector is illustrated in Figure 18, which will
first be described, while the implementing hydraulic
circuit is diagrammatically illustrated in Figure 19.

1. Construction of Third Embodiment

Referring to Figure 18, the injector is generally
designated 330, and has an upper body 332 with
an intensifier portion 334 off to one side, and a
stop piston portion 336 generally axially aligned
with the injector needle. Axially aligned with and
below stop piston body portion 336 is accumulator
body 338, with a lapped seal therebetween. Nozzle
body 340 defines the lower end portion of injector
330, and has a lapped seal fit against the lower
end of accumulator body 338. The three bodies
332, 338 and 340 are clamped together by injector
housing 342, with accumulator body 338 and noz-
zle body 340 seated within housing 342, and the
stop piston portion 336 of upper body 332
threadedly coupled in the upper end of housing
342. An O-ring seal 344 is engaged between the
top of housing 342 and upper body 332.

The intensifier portion 334 of injector 330 is
only diagrammatically illustrated, and it is fo be
understood that it has components similar to those
of the intensifier portion of injector 10 illustrated in
Figures 1-14, and functions in essentially the same
way. The intensifier portion of injector 330 includes
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low pressure intensifier piston 346 slidable in low
pressure cylinder 348, with inlet/vent passage 350
in communication with low pressure cylinder 348.
High pressure intensifier piston 352 is slidable in
high pressure cylinder 354.

An intensified pressure conduit 356 leads from
the inner, lower end of high pressure cylinder 354
downwardly though stop piston body portion 336 fo
a check valve 358 which serves as the inlet to the
primary accumulator cavity. Thus, intensified pres-
sure conduit 356 delivers high pressure fuel
through check valve 358 into a longitudinally ar-
ranged accumulator bore 360 in the same manner
that intensified pressurized fuel in the first form of
the invention is delivered through check valve 88
into accumulator bore 90 as seen in Figure 4.

Below the interface 361 between the bottom of
stop piston body portion 336 and the top of accu-
mulator body 338, the structure and operation of
injector 330 of Figure 18 are essentially the same
as they are in injector 10 of Figures 1-14 below the
top surface 24 of its accumulator body 26. Minor
variations will be noted below. Thus, the primary
accumulator cavity of injector 330 consists of a
series of accumulator bores like bore 360 peripher-
ally spaced about accumulator body 338 which are
in communication with each other through annular
cavity 362 in the bottom of accumulator body 338.
The primary accumulator cavity communicates
from annular cavity 362 through passages 364 in
nozzle body 340 to kidney cavity 366, and thence
to needle cavity 368. Needle 370 is normally bi-
ased to its closed position by needle spring 372
and guide/damper 374 which are located in spring
cavity 375.

Needle plunger 376 extends upwardly from
guide/damper 374 through spring 372 and plunger
guide bore 378 in the upper end portion of accu-
mulator body 342. Needle plunger 376 has a slid-
ing fluid-tight seal in its guide bore 378, and its
upper end is exposed to a small annual intensifier
cavity 380. Intensifier cavity 380 communicates
through a passage 382 and high pressure conduit
356 to the high pressure intensifier cylinder 354.

A minor variation in injector 330 of Figure 18
from injector 10 of Figures 1-14 is that a generally
cylindrical annular clearance 384 is provided be-
tween the outer surface of accumulator body 338
and the inner surface of housing 342. This clear-
ance 384 has an outward frusto-conical flare at its
upper end from which a vent passage 386 extends
upwardly through stop piston body portion 336.
Vent passage 386 is vented to a fuel supply source
at relatively low pressure, as for example about 30
psig. Annular clearance 384 and vent passage 386
serve two functions. First, spring cavity 375 is filled
with liquid fuel through a radial passage 387 from
clearance 384 to cavity 375. Second, any leakage
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between the lapped interfaces between the stacked
bodies will accumulate in the annular clearance 384
and be vented through vent passage 386.

A stop piston 388 is provided in injector 330 to
positively define both the small incremental prelift
of the needle and the extent of the full lift of the
needle. Stop piston 388 is axially slidable a short
distance in a cylinder 390 which is axially aligned
with needle 370 and its plunger 376. Stop piston
388 has a downwardly extending coaxial rod or
plunger portion 392 which is slidable with a fluid-
tight seal in a bore 394. Although stop piston 388
and its plunger 392 are illustrated as an integral
unit, they may, if desired, be separate parts and
will function as a unit. A generally radially oriented
vent passage 396 provides pressure relief from the
bottom of cylinder 390 to the annular clearance
384, and hence to vent passage 386.

Upward travel of stop piston 388 is limited by
piston stop member 396 which is located by
means of a threaded positioning plug 400. Position-
ing plug 400 may, if desired, be threadedly axially
adjustable to adjust the axial position of piston stop
member 398. Stop member 398 determines the
uppermost limit of travel of stop piston 388, and
consequently of needle 370 and its plunger 376, as
will be discussed below. An inlet/vent passage 402
provides alternate rail pressure and vent commu-
nication through positioning plug 400 and stop
member 398 to stop piston cylinder 390.

The small increment 404 of needle prelift for
the pilot charge is defined by the space between
the upper end of needle plunger 376 and the lower
end of stop piston plunger 392 with needle 370 in
its closed position and stop piston 388 in its lower-
most position as these parts are illustrated in Fig-
ure 18. This is the position of the parts after
completion of an intensification stroke with injector
330 prepared for an injection event. At such time
rail pressure is being applied both to low pressure
intensifier piston 346 through inlet/vent passage
350 and to stop piston cylinder 390 through in-
let/'vent passage 402. At such time high intensified
pressure is being applied from high pressure inten-
sifier cylinder 354 through high pressure conduit
356 and passage 382 to the small intensifier cavity
380. The accumulator cavity is at intensified pres-
sure, applied through check valve 358. Full inten-
sification pressure within intensifier cavity 380
holds the needle down, the downward force of high
intensification pressure in intensifier cavity 380
against needle plunger 376 plus the downward
force of spring 372 on needle 370 being greater
than the upward force of accumulator pressure on
the needle.

An injection event is initiated by partial venting
of pressure from low pressure intensifier cylinder
348 out through inlet/vent passage 350, as will be
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explained in connection with Figure 19. Such initial
partial venting of low pressure intensifier cylinder
348 is not accompanied by any venting from stop
piston cylinder 390, which is maintained at rail
pressure. Lowering of the intensifier pressure by
partial retraction or backing off of the two intensifier
pistons 346 and 352 will cause the intensified pres-
sure within intensifier cavity 380 to be lowered
sufficiently for the upward force of accumulator
pressure on needle 370 to overcome the downward
force of intensifier cavity pressure on piston plung-
er 376 and the downward force of spring 372, at
which time needle 370 will shift upwardly in its
small initial increment 404 of lift which is stopped
when the upper end of needle plunger 376 en-
gages the lower end of stop piston plunger 392. At
this time the full rail pressure against stop piston
388 blocks further upward movement of the needle.
The time interval during which the needle is at this
small prelift increment is adjustable by the hydrau-
lic circuit of Figure 19, and at the end of this time
interval rail pressure is vented from stop piston
cylinder 390 through inlet/vent conduit 402, allow-
ing the needle to move upwardly a further incre-
ment 406 to its fully opened position which is
determined by engagement of the upper end of
stop piston 388 against stop member 398. The
main injection event then occurs, and ends when
accumulator pressure drops sufficiently for needle
spring 372 to close needle 370.

Figure 19 illustrates a hydraulic circuit 410 for
operating the positive stop injector of Figure 18.
The hydraulic circuit 410 of Figure 18 is the same
as the hydraulic circuit of Figures 18-20 except for
the addition of circuit components associated with
stop piston 388 and its cylinder 390 which provide
the positive incremental prelift stop for the needle.
These additional components include a stop cyl-
inder feed passage 412 which connects to control
conduit 288 and communicates through a check
valve 414 to stop cylinder inlet/vent passage 402.
Also added in the hydraulic circuit of Figure 19 is a
stop cylinder vent passage 416 which connecis
stop cylinder inlet/vent passage 402 to control
valve cylinder 294 at the same axial position as
primary vent conduit 308.

2. Operation of Third Embodiment

Energization of solenoid 290 produces the in-
tensification stroke of intensifier pistons 346 and
352 by lifting supply ball 272 off of its seat, provid-
ing rail pressure fuel through passages 284, 288
and 298 past check valve 300 into control valve
cylinder 294 to extend control piston 296 to its
fullest extent to the left as viewed in Figure 19. In
this position of piston 296, its ball actuator pin 320
lifts ball 314 off of its seat, admitting rail pressure
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fuel through conduits 276 and 318, chamber 316,
valve seat 312, cylinder 294, and inlet/vent passage
350 to low pressure intensifier cylinder 348.

Simultaneously with pressurization of the inten-
sifier cavity 380, rail pressure fuel is provided to
stop piston cylinder 390 to place stop piston 388 in
its positive stop position illustrated in Figure 18.
Such rail pressure fuel is provided from supply
conduit 276 through chamber 274, conduits 284,
288 and 412, check valve 414, and stop cylinder
inlet/vent passage 402.

Initiation of the fwo-stage injection event is
caused by de-energization of solenoid 290, which
causes solenoid valve supply ball 272 to seat and
vent ball 278 to become unseated. The first, small
increment stage of needle lift is produced by the
hydraulic circuit 410 of Figure 19 in the same way
as it was produced in the hydraulic circuit 250 of
Figures 15-17, except for the positive limitation
placed on the first-stage needle lift by stop piston
388. Thus, upon de-energization of solenoid 290,
control valve piston 296 slowly retracts to the right
in Figure 19 as fuel in cylinder 294 behind piston
296 bleeds out through bleed orifice 302, passages
304, 288 and 284, vent chamber 280, and vent
passage 282. Such retracting movement of piston
296 lowers the pressure on its head side which
lowers the pressure in low pressure intensifier cyl-
inder 348 via inlet/vent passage 350, allowing inten-
sifier pistons 346 and 352 to partially retract. When
such partial retraction is sufficient, lowered pres-
sure in intensifier cavity 380 of Figure 18 will allow
the needle to lift in its small firsi-stage increment
which is positively defined by abutment of the
needle plunger 376 against stop piston plunger
392. At this time the full rail pressure is maintained
in stop piston cylinder 390 because stop cylinder
vent passage 416 is closed off by control valve
piston 296 and stop cylinder feed passage check
valve 414 is closed.

As control piston 296 continues to retract to the
right in Figure 19 because of fuel bleeding through
orifice 302, the piston's reduced head portion 310
comes into registry with both primary vent conduit
308 and stop cylinder vent passage 416 at the
same time, whereby low pressure intensifier cyl-
inder 348 and stop piston cylinder 390 are simulta-
neously vented through control cylinder 294 and
primary vent conduit 308. This simultaneously re-
moves the two barriers of high intensification pres-
sure and stop piston 388 from above needle plung-
er 376, allowing full lift of the needle.

D. Fourth Embodiment

Figures 20-26 illustrate a further form of the
invention which is generally designated 500. Injec-
tor 500 is as intensifier-type fuel injector which
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appears generally similar to the first form shown in
Figure 1-14, but there are a number of distinctions
between the two injectors. First, injector 500 has a
unitary, short, lightweight needle, rather than a lon-
gitudinally divided needle having both lower needle
and upper plunger sections as in Figure 1-14.
Second the stop/rate plate and its cavity in the
injector form 500 are proximate the lower end of
the injector, the plate seating against the top sur-
face of the nozzle body and coacting directly with
the top of the short needle, rather than with a
needle extension plunger as in the Figures 1-14
form. Third, the stop/rate plate of the injector 500 is
the bottom-recessed-type plate like that shown in
Figure 9, with its associated manufacturing advan-
tages. Fourth, the accumulator cavity of injector
500 is coaxial with and located axially between the
needle and the intensifier, with the needle return
spring located in the accumulator cavity, and with
the accumulator ball check valve located coaxially
between the accumulator and the intensifier, rather
than the accumulator cavity consisting of peripheral
bores outside of a separate needle spring cavity
and the accumulator ball check valve being lat-
erally offset from the axis of the injector, as in the
Figures 1-14 form. Fifth, the intensifier low pres-
sure piston and high pressure plunger are hydrauli-
cally returned to their uppermost starting positions
upon injection, without need of a return spring such
as that employed in the Figures 1-14 form. Sixth,
there is an intensifier plunger over-travel safety
feature in injector 500 which stops further and
uncontrolled injection events in the event of injector
nozzle breakage or cracking. Seventh, the hydrau-
lic circuitry in the injector itself is quite different
from the Figures 1-14 form to accommodate these
other differences, although the basic hydraulic cir-
cuitry external of the injector may be the same. In
general, these features of the injector form 500
result in a minimized needle compression column
length which provides a high order of injection
predictability with close control of injection char-
acteristics, a relatively large and free-flowing accu-
mulator input check valve, and simplified, relatively
low-cost manufacturing procedures.

1. Construction of Fourth Embodiment

Referring to Figures 20-26, injector 500 in-
cludes an upper intensifier body 502 which has an
upper end 504 and a flat, transverse lower end
surface 506. Axially aligned with and below intensi-
fier body 502 is an accumulator body assembly
which consists of two stacked portions, an upper
accumulator body portion 508, and a lower accu-
mulator body portion 510. The upper accumulator
body portion 508 has flat, transverse upper and
lower end surfaces 512 and 514 , respectively, the
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upper surface 512 having a lapped seal with lower
intensifier body surface 506. The lower accumula-
tor body portion 510 has respective flat, transverse
upper and lower end surfaces 516 and 518, the
upper surface 516 having a lapped fit with the
lower surface 514 of the upper accumulator body
portion 508. Below the aforesaid axially aligned
stack of body members is nozzle body 520 which
has a flat, transverse upper end surface 522 that
has a lapped seal with the lower end surface 518 of
lower accumulator body portion 510.

All four of the injector body portions 502,508,
510 and 520, are locked together in axial alignment
by means of a housing 524 that is in the form of an
elongated nut. A radially reduced externally thread-
ed lower portion 526 of intensifier body 502 is
threadedly gripped by an internally threaded upper
end portion 528 of housing 524, with an 0-ring seal
530 in the upper end of housing 524 providing a
fluid-tight seal against an external annular surface
of intensifier body 502. From this threaded upper
connection of housing 524 with intensifier body
502, housing 524 extends downwardly in covering
relationship over the two accumulator body por-
tions 508 and 510 and nozzle body 520, housing
524 having a radially inwardly turned annular flange
532 at its lower end which axially upwardly grips
against a downwardly facing annular shoulder 534
on nozzle body 520.

A. Intensifier Body 502 and lts Components

The upper portion of intensifier body 502 de-
fines an axially oriented low pressure intensifier
cylinder or chamber 536 within which a low pres-
sure intensifier piston 538 is axially slidable. The
upper limit of travel of piston 538 is defined by an
upper end plug 540 within intensifier body 502, the
end plug 540 being stopped against upward move-
ment by a lock ring 542 seated in the upper end of
body 502. An O-ring seal 544 provides a fluid-tight
seal between end plug 540 and intensifier body
502 above piston 538.

The low pressure intensifier piston 538 has a
generally flat annular head 548 with an integral
upwardly projecting central boss 550. An integral
cylindrical skirt 552 extends downwardly from pis-
ton head 548 to complete the low pressure intensi-
fier piston 538.

Low pressure intensifier cylinder 536 has a
generally closed, upwardly facing bottom surface
554 which defines an absolute lowermost limit of
travel of piston 538 by engagement of the piston
skirt 552 against it, as seen in Figure 26. This
represents an abnormally low position of piston 538
which will be reached only in the unlikely event of
injector nozzle breakage or cracking, as described
in detail below. The uppermost limit of travel of
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piston 538 is defined by engagement of the piston
head boss 550 against the bottom surface of end
plug 540 or against a spacer shim on the underside
of plug 540 as seen in Figure 20 and 24. Boss 550
thus assures head space 556 above piston head
548 at all times, even when piston 538 is in its
uppermost position of Figures 20 and 24. A gen-
erally transverse actuating fluid inlet/vent passage
558 communicates through the wall of intensifier
body 502 to the upper end of cylinder 536 and
hence to this head space 556. A generally frans-
verse vent passage 560 also extends through the
wall of intensifier body 502 so as to communicate
with low pressure cylinder 536 proximate the bot-
tom of cylinder 536. Vent passage 560 provides
pressure and vacuum relief from the underside of
piston 538 during axial movement of piston 538
within cylinder 536.

Within intensifier body 502 coaxially below low
pressure cylinder 536 is relatively small high pres-
sure intensifier cylinder or chamber 562 which
opens upwardly through the bottom surface 554 of
the low pressure cylinder 536, and extends axially
downwardly through the entire lower portion of
body 502, opening downwardly through the lower
end surface 506 of body 502. High pressure cyl-
inder 562 has an annular inlet recess 564 in its
lower portion. High pressure intensifier plunger 566
is axially slidable within high pressure cylinder 562,
having an upper end 568 which abuts against the
underside of low pressure piston head 548 in all
axial locations of piston 538 and plunger 566.
Plunger 566 has a reduced diameter lower end
portion 570 providing an annular relief that extends
o the lower end 572 of plunger 566.

A rail pressure fuel source conduit 574 extends
generally downwardly through intensifier body 502,
providing a constant connection to rail pressure
within intensifier body 502. Conduit 574 commu-
nicates with a check valve chamber 576 within the
lower portion of body 502, and a ball check valve
578 provides one-way communication of rail pres-
sure fuel through an inlet passage 580 to the high
pressure intensifier cylinder 562 at annulus 564. In
the uppermost position of plunger 566 as seen in
Figures 20, 22 and 24, the lower end 572 of
plunger 566 is offset substantially above inlet an-
nulus 564. At the normal lowermost position of
plunger 566 as seen in Figure 25, the lower end
relief portion 570 of plunger 566 communicates
with the inlet annulus 564. Thus, in all normal
positions of plunger 566, there is communication
with rail pressure fuel for inlet flow of rail pressure
fuel through check valve 578 to provide fuel within
the lower portion of cylinder 562 during each up-
ward fill stroke of plunger 566; while check valve
578 will block reverse flow of fuel during each
downward intensification stroke of plunger 566.
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B. Accumulator Body Upper Portion 508

An intensification fuel communication passage
582 extends from check valve chamber 576 down-
wardly through the entire length of upper accu-
mulator body portion 508, receiving intensified fluid
pressure during downward intensification stokes of
plunger 566, and being relieved back to substan-
tially rail pressure during upper injection and fill
strokes of plunger 566. Communication passage
582 is substantially laterally offset from the axis of
body portion 508.

A central bore 584 extends axially through the
length of body portion 508, having respective up-
wardly opening and downwardly opening counter-
bores 586 and 588. Accumulator ball check valve
590 is freely axially shiftable in upper counterbore
586. A ball guide member 594 is engaged under
ball 590 , and is axially shiftable from an upper
valve-closed position as seen in Figures 20, 22, 24
and 26 to a lower valve-open position as seen in
Figure 25 in which it is engaged against a stop ring
596 in the lower end of upwardly opening counter-
bore 586. Helical check valve compression spring
598 is engaged between stop ring 596 and guide
member 594 to bias ball 590 to a normally closed,
seated position against the lower end rim of high
pressure intensifier cylinder 562 as seen in Figures
20, 22, 24, and 26. A ferrule-shaped needle spring
seat 600 is fixedly seated in the upper end of
downwardly opening counterbore 588.

C. Accumulator Body Lower Portion 510

The lower accumulator body portion 510 has a
relatively large diameter upwardly opening axial
bore portion 602 which communicates with the
downwardly opening counterbore 588 of accumula-
tor body portion 508. Bore portions 588 and 602
together define accumulator chamber 603. A rela-
tively small axial bore extends downwardly through
the lower portion on body 510 for receiving an axial
seal pin 606. An annular spring adapter 608 is
engaged against the top of seal pin 606 in the
lower portion of accumulator chamber 603, and
helical compression needle closure spring 610 in
accumulator chamber 603 is engaged between
adapter 608 and spring seat 600 to provide down-
ward spring closure force through seal pin 606 to
the top of the injector needle as seen in Figures 20
and 23. A needle force adjust shim may be inter-
posed between adapter 608 and spring 610 as
shown. An accumulator pressure fuel communica-
tion passage 612 extends downwardly from the
lower end of accumulator chamber 603 through
body 510 and its lower end surface 518.

Seal pin bore 604 has a downwardly opening,
stepped counterbore consisting of a relatively large
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diameter, downwardly opening counterbore portion
defining the stop/rate plate cavity 614, and a rela-
tively small diameter inner counterbore portion de-
fining a stop/rate plate seating spring cavity 616.
An intensification pressure fuel communication pas-
sage 618 extends from passage 582 in upper accu-
mulator body portion 508 down through lower ac-
cumulator body portion 510 into communication
with stop/rate plate cavity 614.

The stop/rate plate is designated 620, being
generally ring-or washer-shaped with a central cir-
cular aperture through which seal pin 606 extends.
The bottom surface of stop/rate plate 620 is flat,
and has a lapped seal against the upper end sur-
face 522 of nozzle body 520. Stop/rate plate 620 is
biased downwardly to a normally flush engagement
against nozzle body surface 522 by means of plate
seating spring 622 which extends downwardly from
spring cavity 616 into plate cavity 614 and against
the top of plate 620. Plate 620 preferably has a
plurality, such as four, of radially extending ribs on
its upper surface which allow free flow of fuel
above stop/rate plate 620 at all times, and also
serve to center spring 622 above plate 620. Suit-
able peripheral clearance is also provided about
plate 620 for free flow of fluid. Stop/rate plate 620
is preferably of the type shown in Figure 9, having
a downwardly opening axial recess 626 for receiv-
ing the upper end of the needle so as to define the
needle prelift increment of movement. Alternatively,
the plate and needle arrangements may, if desired
, be generally like those shown in Figures 8, 10 or
14,

D. Nozzle Body 520

Nozzle body 520 has an axial needle guide
passage 628 through which the needle, generally
designated 630, extends. Needle 630 is a short,
lightweight, unitary structure having an enlarged
upper guide portion 632 which axially slidably fits
within guide passage 628, and a reduced diameter
lower shank portion 634, portions 632 and 634
being connected by a generally downwardly facing
bevel or chamfer portion 636. The needle shank
portion 634 extends downwardly to a frusto-conical
needle valve closure tip 638.

Nozzle body 520 defines an annular kidney
cavity 640 which communicates in its upper portion
with the needle bevel portion 636. An accumulator
pressure fuel communication passage 642 extends
from kidney cavity 640 upwardly through nozzle
body 520 into communication with the accumulator
pressure fuel communication passage 612 in lower
accumulator body portion 510. Elongated, narrow
needle cavity 644 extends downwardly from kidney
cavity 640 to needle valve seat 646 proximate the
lower end of nozzle body 520.
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2. Operation of the Fourth Embodiment

The mode of operation of the form of the
present invention shown in Figures 20-26 and
structurally described above is essentially the
same as the mode of operation described in detail
hereinabove for the two-stage needle lift form of
the invention shown in Figures 1-14, involving the
same pressure ratios and parameters, ranges,
equations, and other features of operation de-
scribed in detail for the form of Figures 1-14.
Accordingly, all such operational factors described
relative to Figures 1-14 are hereby adopted also for
the form of the invention shown in Figures 20-26.
As with the form shown in Figures 1-14, overall and
specific systems for operating the intensifier-type
accumulator injector of Figures 20-26 are illustrated
and described in detail in the Beck et al. '881
patent, including the high speed solenoid actuated
control valve, and such systems are fully applicable
for operating the intensifier-type accumulator injec-
tor of Figures 20-26. Accordingly, the Beck et al.
'881 patent is hereby incorporated by reference for
its disclosures of apparatus and methods for op-
erating the intensifier-type accumulator injector 500
of Figures 20-26.

Similarly, the two-stage needle lift control sys-
tem applied to an intensified accumulator injector
diagrammatically illustrated in Figures 15-17 and
described in detail in connection with those figures
is equally applicable to the intensified injector 500
of Figures 20-26. Accordingly, the control system
of Figures 15-17 and the foregoing description of
the structure and operation thereof are also hereby
incorporated by reference as applicable to intensi-
fied injector 500 of Figures 20-26.

The specific mode of operation for accumulator
injector 500 of Figures 20-26 will now be de-
scribed, with minor differences noted from the op-
eration of the form shown in Figures 1-14.

In the position of the parts shown in Figures
20-25, an injection event has been effected by
venting fuel from head space 556 in low pressure
intensifier cylinder 536 through inlet/vent passage
558 to a lower-than-rail pressure, which may be
essentially atmospheric pressure. Low pressure in-
tensifier piston 538 and high pressure intensifier
plunger 566 are at their uppermost positions, hav-
ing been moved upwardly to these positions by
fuel at rail pressure entering the injector through
fuel supply conduit 574, passing through check
valve 578 and inlet passage 580 into the high
pressure intensifier cylinder 562 under high pres-
sure intensifier plunger 566. Accumulator ball
check valve 590 is closed under the combined
influence of pressure within accumulator chamber
603 which is considerably higher than rail pressure,
and check valve spring 598. The needle valve is
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closed, needle 630 being moved back down to its
lowermost position after injection under the influ-
ence of needle closure spring 610. The high pres-
sure intensifier cylinder 562 is filled with fluid.

The timed intensification stroke is caused by
introduction of fuel at rail pressure through actuat-
ing fluid inlet/vent passage 558 into head space
556 at the upper end of low pressure intensifier
cylinder 536. Downward movement of low pressure
piston 538 moves high pressure plunger 566 down-
wardly for pressure multiplication of the fuel within
high pressure cylinder 562, and when the fluid
pressure within high pressure cylinder 562 be-
comes greater than the residual fluid pressure with-
in accumulator chamber 603, ball check valve 590
unseats downwardly to its position of Figure 25 to
pass this intensified fuel downwardly through bore
584 into intensifier chamber 603. The downward
intensification stroke terminates when fluid pres-
sure balance is achieved between high pressure
cylinder 562 and accumulator chamber 603, at
which time accumulator ball check valve 590
closes. Figure 25 illustrates the completion of an
intensification stroke just before ball check valve
590 closes. The extent of downward travel of high
pressure plunger 566 during the intensification
stroke will depend upon engine load, longer down-
ward strokes of intensifier plunger 566 correspond-
ing to higher engine loads.

It is presently preferred to employ fuel pres-
sure metering in which fuel rail pressure is varied
to accommodate different engine loads, being high-
er for heavier engine loads and being lower for
lighter engine loads. Higher rail pressures result in
greater compression within high pressure intensifier
cylinder 562, and correspondingly within accumula-
tor chamber 603 with resulting greater injectable
fuel volume. Alternatively, pulse width or time dura-
tion fuel metering may be employed, or if desired,
a combination of pressure metering and pulse
width or time metering may be employed.

During the aforesaid downward compression
stroke, intensified pressurized fuel communicates
downwardly through passage 580, check valve
chamber 576, and communication passages 582
and 618 into the stop/rate plate cavity 614. At this
time, stop/rate plate 620 remains seated against
the upper end surface 522 of nozzle body 520.
Stop/rate plate 620 is fluid-locked in its seated
position during the intensification stroke by means
of hydraulic force differential of the intensified pres-
sure in stop/rate plate cavity 614 on plate 620, the
same intensified pressure being applied o both the
top and bottom surfaces of plate 620, but the
effective top surface being greater than the effec-
tive bottom surface because of the substantial pe-
ripheral portion of the plate 620 which is masked
by the lapped surface contact between the bottom
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of plate 620 and the upwardly facing nozzle body
surface 522.

During intensification, needle 630 is held down
in its seated position by downward hydraulic force
in plate cavity 614 against the top surface of nee-
dle 630 and by the force of needle closure spring
610. At this time, such downward closure forces
are greater than the upward force of accumulator
pressure in kidney cavity 640 and needle cavity
644 against downwardly facing portions of needle
630 (bevel porion 636 and partly masked top por-
tion 638). Such accumulator pressure is applied to
kidney cavity 640 from accumulator chamber 603
through passages 612 and 642.

The two-stage needle lift is caused by timed
venting of the low pressure intensifier cylinder head
space 556 through inlet/vent passage 558 to a
lower-than-rail pressure such as essentially atmo-
spheric pressure. As the pressure decays within
low pressure cylinder 536, it simultaneously decays
within high pressure cylinder 562, and hence
through passages 580, 582 and 618 to within plate
cavity 614 and against the upper end surface of
needle 630. Nevertheless, intensified pressure re-
mains in kidney cavity 640 and needle cavity 644,
this intensified pressure overcoming the decaying
pressure in plate cavity 614 and causing needle
630 to lift in its low-lift increment where it is stop-
ped against the downwardly facing surface in plate
recess 626, needle 630 remaining at this low-lift,
pilot injection position for an increment of time until
the aforesaid downward pressure-area differential is
overcome by the aforesaid upward fluid pressure
force on needle 630 to release stop/rate plate 620
from its seated position and allow needle 630 to lift
to a higher, full injection position, the extent of
plate lift depending upon engine load. By way of
example only, and not of limitation, representative
needle lift increments may be on the order of about
0.0005 inch for the prelift increment and 0.012 inch
for full lift.

The extent of overlap of plate 620 on nozzle
body surface 522 controls the time duration of the
prelift pilot injection, while the depth of plate recess
626 controls the rate of pilot injection fuel flow.
Thus, these two features of the stop/rate plate 620
synergistically control the fuel volume of the pilot
injection.

During injection, intensified pressurized fuel
flows from accumulator cavity 603 through commu-
nication passages 612 and 642, kidney cavity 640
and needle cavity 644 through the injector nozzle,
until the intensified pressure decays to the point
where upward fluid pressure on needle 630 is
overcome by downward fluid pressure on the top
surface of needle 630 and the force of needle
return spring 610, at which time needle 630 closes
against valve seat 646, closing off accumulator
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cavity 603 at substantially higher than rail pressure,
and allowing stop/rate plate 620 to again seat flush
against the upwardly facing nozzle body surface
522. The upward force of fuel at rail pressure in
high pressure intensifier cylinder 562 moves both
intensifier plunger 566 and piston 538 back upwar-
dly to their uppermost positions as viewed in Fig-
ures 20, 22, and 24. Injector 500 is then ready for
sequential injection events.

3. Over-Travel Safety Feature

As described above, the intensifier-type fuel
injector 500 utilizes hydraulic rail pressure to return
the intensifier piston 538 and plunger 566 fo their
uppermost positions. Under normal operating con-
ditions, the downward travel of plunger 566, and
hence also of piston 538, stops during an inten-
sification stroke when the pressure within high
pressure cylinder 562 balances with the pressure in
accumulator chamber 603, and as illustrated in
Figure 25, the return rail pressure inlet annulus 564
remains, effectively, under intensifier plunger 566,
since annulus 564 remains in communication with
the relief portion 570 at the bottom of plunger 566.
Figure 25 shows the lowermost position of plunger
566 under maximum load conditions, with such
communication still fully in effect.

However, in the event of injector nozzle break-
age or cracking, the balancing pressure may be
relieved from accumulator chamber 603 since in-
jector needle 630 cannot effectively close off the
nozzle, and fuel can continue to flow downwardly
from accumulator chamber 603 through commu-
nication passages 612 and 642, kidney cavity 640
and needle cavity 644, and thence out through the
breach. Without a safety feature to prevent further
flow of rail pressure fuel into the high pressure
intensifier cylinder 562, the result could be a series
of further and uncontrolled injection events. How-
ever, in the present invention the intensifier parts
are so arranged that in the event of such a nozzle
breach, the resulting reduced fuel pressure within
accumulator chamber 603 will prevent the normal
fluid balance from occurring and allow plunger 566
to move downwardly to an over-travel safety posi-
tion as illustrated in Figure 26 in which the plunger
body above its relief portion 570 seals off the rail
pressure fluid inlet annulus 564 to prevent further
entry of rail pressure fluid into the intensifier, and
thereby positively block any further injection
events. Such over-travel is stopped when the skirt
portion 552 of low pressure piston 538 bottoms out
against the bottom surface 554 of low pressure
cylinder 536 under the influence of rail pressure
fuel flowing into head space 556 through fluid in-
let/vent passage 558.
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4. Stop Plate\VCO Feature

Improved ignition during the pilot injection
phase can be achieved by replacing the needle
630 and associated nozzle of the injector 500 with
a valve covers orifice (VCO) nozzle and associated
needle. Thus, referring to Figures 27-29, a portion
of the injector 500 is illustrated in which the needle,
nozzle, and needle body have been replaced by a
VCO nozzle, needle, and needle body. All other
portions of the injector 500, including the stop plate
620, remain unchanged.

Nozzle body 720 is generally the same as
nozzle body 520 described above and thus in-
cludes an upper end surface 722 which has a
lapped seal with the lower end surface 518 of lower
accumulator body portion 510 and a downwardly
facing annular shoulder 734 abutting annular flange
532 of housing 524. Nozzle body 720 has an axial
needle guide passage 828 through which the nee-
dle, generally designated 830, exitends. Needle
830, like needle 630 described above, is a short,
lightweight, unitary structure having an enlarged
upper guide portion 832 which axially slidably fits
within guide passage 828, and a reduced diameter
lower shank portion 834. Portions 832 and 834 are
connected by a generally downwardly facing bevel
or chamfer portion 836. The needle shank portion
834 extends downwardly to a frusto-conical needle
valve closure tip 838 mating with a valve seat 846
detailed below.

Nozzle body 720, like nozzle body 520 de-
scribed above, defines an annular kidney cavity
840 which communicates in its upper portion with
the needle bevel portion 836 of needle 830. An
accumulator pressure fluid communication passage
842 extends from kidney cavity 840 upwardly
through nozzle body 720 into communication with
the accumulator pressure fluid communication pas-
sage 612 in lower accumulator body portion 510 of
injector 500. An elongated, narrow needle cavity
844 extends downwardly from kidney cavity 840 to
a needle valve seat 846 of VCO 850.

Referring to Figures 28 and 29, VCO 850 is
formed from a nozzle cap 852 formed on the
lowermost end of nozzle body 720 and defines the
frusto-conical needle valve seat 846 having a
shape which complements that of the mating
frusto-conical needle tip 838 of needle 830. Injec-
tion bores 854 are formed through the cap 852 and
have inlets 856 opening into the valve seat 846.

The use of the VCO 850 to improve the two-
stage fuel injection process of injector 500 will now
be described. When the lower pressure intensifier
cylinder head space is vented through the inlet
vent passage (not shown in Figures 27-29), the
intensified pressure in kidney cavity 840 and nee-
dle cavity 844 overcome the decaying pressure in
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plate cavity 614 and cause the needle 830 to lift its
low lift increment to a position in which it is stop-
ped against the downwardly facing surface in plate
recess 826. At this time, needle 830 would have
risen from its seated position to the prelift position
illustrated in Figure 28 in which the gap 858 be-
tween needle tip 838 and valve seat 846 is less
than 10%, and preferably between 1% and 5% of
the diameter each of the holes 854. The area of a
cylinder formed as an extension of each ejection
hole 854 between the inlet 856 of the hole 854 and
the needle tip 838 (which cylinder has a diameter
equal to the diamter of the hole 854 and a height
equal to the thickness of the gap 858) is thus
between 4% and 20% of the cross-sectional area
the holes 854. Fuel thus flows through the gap 858
at a throttled rate producing a turbulence at the
inlets 856 of holes 854. This turbulent flow into
holes 854 results in the ejection from the holes of a
highly atomized, wide angle spray plume 860 with
low penetration. This plume is easily ignited and
thus facilitates preignition of the pilot charge.

When the needle 830 is lifted to its full lift
position to inject the main fuel charge as described
above, needle tip 838 lifts to a position in which the
gap 858 between needle tip 838 and valve seat
846 has a diameter of about 25% of the diameter
of each of the holes 854 and forms a cylinder
between each hole 854 and the needle tip 838
which is approximately 100% of the cross sectional
area of each of the holes 854. The flow of fuel fo
the inlet 856 of holes 854 is thus no longer throt-
tled. As a result, fuel is ejected from the holes 854
into the cylinder in a considerably narrowed jet 862
having high penetration. This penetrating jet is de-
sired for combustion during the main injection
event.

The injector of the embodiment of the invention
illustrated in Figures 27-29 is designed for the axial
insertion of the injector 500 into the engine cyl-
inder. Each of the injection holes 854 is accord-
ingly drilled into the needle cap 852 at the same
angle 0, which is essentially perpendicular to the
valve seat 846, to produce a uniform injection of
fuel into the cylinder. It should be understood,
however, that if the fuel injector must be inserted
into the engine cylinder at an inclined angle with
respect to the engine cylinder axis, e.g., fo make
room for valves or other devices mounted on the
engine cylinder, the ejection of fuel from injection
holes drilled at the uniform angle ¢ would not result
in uniform dispersement of fuel into the cylinder. It
would accordingly be necessary in this instance to
alter the angles at which some of the injection
holes are drilled to compensate for the inclination
of the injector. For instance, holes on opposed
sides of the injector may, depending upon the
oreintation of the injector, be drilled at respective
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angles of 6 +6 and 0-5 to compensate for injector
tilt.

The combination of the stop/rate plate 620 and
the VCO 850 is believed to provide an improved
two-stage injection event not possible with either
feature alone. That is, the highly atomized plume
860 desired during pilot or initial fuel injection is
assured by the gap 858 which, due to the operation
of the rate plate 620 as described above, remains
constant until accumulator pressure decays to a
designated level permitting the injection of the
main charge. This permits a degree of control of
the two-stage injection system not believed possi-
ble with conventional two-stage injection systems
--even two-stage injection systems utilizing VCOs.

When the present invention has been de-
scribed with regard to particular embodiments, it is
to be understood that modifications may be readily
be made by those skilled in the art, and it is
intended that the claims cover any such modifica-
tions which fall within the scope and spirit of the
invention as set forth in the appended claims.

Claims

1. A method of reducing undesired premixed
burning in an internal combustion engine, com-
prising:

A. lifting an injector needle of a fuel injector
a constant low-lift increment from a valve
seat of a valve covers orifice (VCO) nozzle
having an injection hole opening into said
valve seat;

B. preventing lifting of said injector needle
beyond said low-lift increment for a suffi-
cient interval of time to inject a relatively
small initial fuel charge into the engine from
said VCO nozzle, said injection producing a
highly atomized, wide-angle spray plume
with relatively low penetration, said interval
terminating when lifting forces imposed on
said injector needle overcome holding
forces imposed on said injector needle by a
stop plate, said stop plate having opposed
first and second surfaces exposed to an
ambient fluid pressure and to a fluid vapor
pressure, respectively;

C. lifting said injector needle to a higher lift
position to inject a main fuel charge into the
engine, said main fuel charge being ejected
from said VCO nozzle as a relatively narrow
jet having high penetration.

2. A method as defined in claim 1, wherein said
fuel injector is a pressure intensified-type fuel
injector, and wherein said ambient fluid pres-
sure comprises intensified fluid pressure, and
further comprising applying a biasing force fo
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said injector needle via a needle return spring
located in an accumulator cavity of said injec-
tor.

A method as defined in claim 1, wherein said
preventing step commences when said injector
needle abuts said stop plate and terminates
when said stop plate lifts with said injector
needle.

A method as defined in claim 3, wherein said
fluid vapor pressure is formed from an essen-
tially fluid-tight seal formed by the seating of
said stop plate onto a mating flat stationary
member, and wherein, when said stop plate is
lifted, said seal is broken and fluid pressure at
the interface between said stop plate and said
stationary member increases from said fluid
vapor pressure to said ambient pressure.

A method as defined in claim 1, wherein, dur-
ing the injection of said initial fuel charge, a
needle tip of said injector needle is spaced
from said valve seat by a constant pre-lift gap
the thickness of which is less than 10% of the
diamter of said injection hole.

A method as defined in claim 5, wherein the
thickness of said constant pre-lift gap is be-
tween 1% and 5% of the diameter of said
injection hole.

A method as defined in claim 5, wherein, dur-
ing the injection of said main fuel charge, said
needle tip of said injector needle is spaced
from said valve seat by a gap the thickness of
which is approximately 100% of the diameter
of said injection hole.

A fuel injector for an internal combustion en-
gine comprising:
A. an injector body;
B. a valve covers orifice (VCO) nozzle pro-
vided on said injector body and having a
needle valve seat and an injection hole
opening into said valve seat;
C. an injector needle slidably received in
said injector body and having a needle tip
normally seated on said valve seat; and
D. a stop plate disposed in said injector
body and being normally positioned so as
to have opposed first and second surfaces
thereof exposed to an ambient fluid pres-
sure and to a fluid vapor pressure, respec-
fively.

9. A fuel injector as defined in claim 8, wherein

said second surface of said stop plate com-
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prises a downwardly facing flat and smooth
surface which is normally seated on a flat and
smooth shoulder of said injector body so as to
provide an essentially fluid-tight seal there-
between.

A fuel injector as defined in claim 8, wherein
said fuel injector is an accumulator-type fuel
injector in which the energy for injection is
stored by the compression of liquid fuel within
an accumulator cavity of said injector.

A fuel injector as defined in claim 10, wherein
said fuel injector is a pressure intensified-type
fuel injector having a cavity exposed to intensi-
fied fluid pressure, and wherein said stop plate
is provided in said cavity.

A fuel injector as defined in claim 11, further
comprising
A. a pin which extends through a hole
formed in said stop plate and has a lower
end which abuts said injector needle and an
upper end positioned in said accumulator
cavity, and
B. a needle return spring positioned in said
accumulator cavity and seated on said pin.

A fuel injector as defined in claim 8, wherein
said injector is dimensioned such that, during
the injection of said initial fuel charge, said
needle tip of said injector needle is spaced
from said valve seat by a constant pre-lift gap
the thickness of which is less than 10% of the
diameter of said injection hole.

A fuel injector as defined in claim 13, wherein
the thickness of said gap is between 1% and
5% of the diameter of said injection hole.

A fuel injector as defined in claim 13, wherein
said injector is dimensioned such that, during
the injection of said main fuel charge, said
needle tip of said injector needle is spaced
from said valve seat by a gap the thickness of
which is approximately 20% of the diameter of
said injection hole.

A fuel injector as defined in claim 8, wherein a
plurality of said injection holes are formed in
said nozzle and open into said valve seat at a
uniform angle 6.

A fuel injector as defined in claim 8, wherein a
plurality of said injection holes are formed in
said nozzle and open into said valve seat, and
wherein two of said holes are formed in op-
posed sides of said nozzle and open into said
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valve seat at different angles of to compensate
for injector tilt.

A method of reducing undesirable premixed

burning in an internal combustion engine, com-

prising
A. raising an injector needle of an accu-
mulator-type fuel injector off a valve seat a
small constant low-lift increment for a suffi-
cient interval of time to inject a small initial
fuel charge into the engine through a valve
covers orifice (VCO) nozzle having an injec-
tion hole opening into said valve seat; and
then
B. raising said injector needle to a higher lift
position to inject a main fuel charge into the
engine.

A fuel injector comprising:
A. an injector body having
(1) a longitudinal bore formed therein,
(2) a valve covers orifice (VCO) nozzle
formed in a bottom end of said bore and
defining a frusto-conical needle valve
seat, and
(3) a pressurized cavity formed therein
located above and in communication with
an upper end of said bore;
B. an injector needle slidably received in
said bore and having a lower frusto-conical
needle tip normally seated on said valve
seat and an upper end normally disposed
proximate a junction between said pressur-
ized cavity and said bore; and
C. a stop plate disposed in said pressurized
cavity and having
(1) an upper surface exposed to an am-
bient fluid pressure in said cavity,
(2) a lower surface sealingly contacting a
shoulder of said injector body, and
(3) a hole formed therethrough permitting
the imposition of forces, generated by
said ambient fluid pressure in said pres-
surized cavity, on said upper end of said
injector needle.

A fuel injector as defined in claim 19, wherein
said injector is an intensified accumulator type
injector having an intensifier chamber and an
accumulator chamber, and wherein said am-
bient fluid pressure comprises intensifier pres-
sure in said intensifier chamber, and further
comprising a needle spring which is provided
in said accumulator chamber and which biases
said injector needle towards said valve seat.

A fuel injector as defined in claim 20, further
comprising a pin extending through said hole
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of said stop plate and having a lower end
abutting said upper end of said injector needle
and an upper end located in said accumulator
chamber and abutting said needle spring.

A fuel injector as defined in claim 19, wherein
A. the pressure at an interface between said
lower surface of said stop plate and said
shoulder of said injector body is approxi-
mately fluid vapor pressure, and
B. the net pressure forces on said stop
plate are the product of 1) the area of said
interface and 2) the difference between an
ambient pressure in said pressurized cavity
and said fluid vapor pressure.

In an internal combustion engine accumulator-
type fuel injector, a method of reducing un-
desirable premixed burning in the engine
which comprises:
A. raising an injector needle off a valve seat
of a nozzle a small, constant low-lift incre-
ment for a sufficient interval of time to inject
a small initial fuel charge into the engine,
said nozzle comprising a valve covers ori-
fice (VCO) nozzle having an injection hole
opening into said valve seat;
B. then lifting said injector needle to a full
lift position to inject a main fuel charge into
the engine; and
C. controlling needle lift by controlled vent-
ing of pressurized liquid from a pressurized
zone located above said injector needle.

A method as defined in claim 23, wherein said
step of controlling comprises:
A. first relatively slowly venting said pres-
surized liquid from said pressurized zone to
produce said constant low-lift increment of
lift of said injector needle; and
B. then relatively rapidly venting said pres-
surized liquid from said pressurized zone to
produce said lifting of said injector needle
to its said full lift position.

A method as defined in claim 24, further com-

prising:
A. placing a stop plate at a first stop posi-
tion in which it is spaced said low-lift incre-
ment above the upper end of said injector
needle prior fo said relatively slow venting
so as to positively stop said injector needle
at its said low-lift increment of lift during
said relatively slow venting, thereby permit-
ting only throttled fuel flow to said injection
hole of said VCO; and
B. releasing said stop plate from its first
stop position during said relatively rapid
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venting so as to enable said injector needle
to lift to its said full lift position, thereby
permitting unthrottled fuel flow to said injec-
tion hole of said VCO.

A fuel injector for an internal combustion en-
gine comprising:
A. an injector body having a flat, smooth
surface;
B. a nozzle provided on said injector body
and defining an needle valve seat;
C. an injector needle slidably received in
said injector body and being normally seat-
ed on said valve seat; and
D. a stop plate disposed in a cavity which is
formed in said injector body above said
injector needle and which is subject to an
ambient fluid pressure, said stop plate hav-
ing a smooth, flat axial surface and an op-
posed rough, flat axial surface, said stop
plate being normally seated on said smooth
surface of said injector body.

A fuel injector as defined in claim 26, wherein
said smooth surface of said stop plate faces
said smooth surface of said injector body and
seals against said smooth surface of said in-
jector body when said stop plate is seated on
said injector body.

A fuel injector as defined in claim 26, wherein
said rough surface of said stop plate faces said
smooth surface of said injector body and does
not seal against said smooth surface of said
injector body when said stop plate is seated on
said injector body.

A method of injecting fuel into an engine com-

prising:
A. lifting an injector needle of a fuel injector
a constant low-lift increment from a valve
seat of said fuel injector into an abutting
relationship with a stop plate to inject an
initial fuel charge into said engine, said stop
plate being positioned in a cavity exposed
to an ambient fluid pressure and having a
smooth, flat axial surface and an opposed
rough, flat axial surface, said stop plate be-
ing normally seated on a smooth, flat sur-
face of an injector body in which said injec-
tor needle is slidable; and then
B. lifting said injector needle to a higher lift
position to inject a main fuel charge into the
engine.

A method as defined in claim 29, wherein said
smooth surface of said stop plate is normally
sealingly seated on said smooth surface of
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said injector body so that said ambient fluid
pressure and a fluid vapor pressure are im-
posed on said rough surface and a portion of
said smooth surface, respectively, thereby im-
posing holding forces on said stop plate, and
further comprising preventing lifting of said in-
jector needle beyond said low-lift increment for
a sufficient interval of time to inject a relatively
small initial fuel charge into the engine, said
interval terminating when lifting forces imposed
on said injector needle overcome said holding
forces imposed on said stop plate.

A method as defined in claim 29, wherein said
rough surface of said stop plate is normally
nonsealingly seated on said smooth surface of
said injector body so that said ambient fluid
pressure is imposed on both said rough sur-
face and said smooth surface of said stop
plate, and further comprising lifting said injec-
tor needle beyond said low-lift increment im-
mediately upon contact between said injector
needle and said stop plate.
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