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[571 ABSTRACT

A fuel injector includes an injector housing having a
plunger assembly disposed within a central axial bore
and including a lower plunger, an intermediate plunger,
and an upper plunger. The lower plunger reciprocates
within the central bore to meter a variable quantity of
fuel during downward portions of the reciprocating
motion. A timing spring is wound around the upper
portion of the lower plunger to bias the lower plunger
upwardly. A timing chamber formed between the upper
and intermediate plungers receives timing fluid to cre-
ate a hydraulic link between the plungers. Timing fluid
exits the timing chamber through a central passage,
which may have a reduced area regulating orifice,
formed through the intermediate plunger, which is ordi-
narily closed by a valve mechanism. The valve mecha-
nism is acted upon in part by the timing spring. To
improve the pressure regulation using a higher spring
load and to accommodate a larger area drainage pas-
sage, a valve spring biases closed the passage. The force
provided by the valve spring is predetermined to open
the valve mechanism and drain timing fluid when the
timing fluid pressure exceeds the maximum pressure
during injection. After injection is completed, timing
fluid exits from the timing chamber either through the
central passage or through a spillport which is closable
by the nonbeveled lower portion of the upper plunger.

27 Claims, 12 Drawing Sheets

METERING & TIMING
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HIGH PRESSURE UNIT FUEL INJECTOR WITH
TIMING CHAMBER PRESSURE CONTROL

TECHNICAL FIELD

The present invention relates to unit fuel injectors
having an open nozzle and a reciprocating injection
plunger that is mechanically actuated by an engine cam
shaft. More particularly, the present invention relates to
a low speed valve, high pressure unit fuel injector in
which the timing metering and the timing chamber
pressure are independently controlled.

BACKGROUND OF THE INVENTION

The need for improved pollution control and in-
creased fuel economy have caused internal combustion
engine designers to seek substantially improved fuel
supply systems. In response, unit fuel injectors having a
simplified design have been developed to reduce costs,
while providing reliable, precise, and independent con-.
trol over injector timing and metering. The following
patents owned by the assignee of the present application
disclose such unit injectors, and are representative of
the prior art unit injectors upon which the present in-
vention improves: Perr, U.S. Pat. No. 4,471,909; Peters,
U.S. Pat. No. 4,441,654; Peters, U.S. Pat. No. 4,410,138;
and Perr, U.S. Pat. No. 4,410,137. All of these patents
disclose fuel injectors having an open nozzle and a re-
ciprocating injection plunger mechanically actuated by
an engine camshaft.

Despite the advancements achieved heretofore, it had
not been possible to obtain sufficiently high injection
pressure over the entire range of engine speeds. High
pressures (on the order of 30,000 psi and above) are
desirable in achieving the higher levels of performance
and pollution abatement demanded of modern engines.
Additionally, the latter two patents disclose hydrauli-
cally controlled injection timing using a timing chamber
in which a hydraulic link is formed of a variable length
dependent upon the pressure of timing fluid supplied to
the injector. When the injector reaches the end of its
injection stroke, the timing fluid is dumped through a
spillport which is constricted (see Perr '137, col. 12,
lines 16-30) to insure sufficiently high pressure in the
timing chamber to hold the lower injector plunger in its
closed position to resist reopening of the injector spray
orifices. While these prior patents disclose important
advances, none discloses how to maintain the injector
orifice closed near the end of timing fluid chamber
collapse when the size of the spillport becomes propor-
tionally too large for the decreasing outflow of timing
fluid to maintain adequate pressure within the timing
fluid.

New legal restrictions on vehicle emissions have cre-
ated still higher performance requirements for engine
manufacturers which must be met in a cost effective and
fuel efficient manner not addressed by the injectors
disclosed in the above patents. Dealing with the pollut-
ants at the source, in the combustion chamber, requires
increasing the efficiency of the combustion process
which requires injecting the fuel at considerably higher
pressures, particularly during low speed operation.
However, in these injectors the clamped high pressure
joints limit the injection pressure capabilities of the fuel
injector to sac pressures (fuel pressures in the injection
chamber upstream of the injector spray holes) under
20,000 psi. Furthermore, because injection commences
shortly after a sealing portion of the plunger has
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blocked the supply port, the seal length of the plunger
presents an interface which leaks if high sac pressure
levels (over 30,000 psi) occur.

U.S. Pat. No. 4,721,247 to Perr, also owned by the
assignee of the present invention, addresses the prob-
lems of achieving high sac pressures throughout the
entire range of engine speeds. Perr 247 discloses an
open nozzle type unit fuel injector capable of achieving
sac pressures exceeding 30,000 psi during injection even
at low engine speed. This type of injector is known as a
high pressure injector (HPI) and includes a plunger
assembly having three plungers arranged to form a
hydraulic variable timing fluid chamber between the
upper and intermediate plungers and an injection cham-
ber below the lower plunger. An increase in sac pres-
sure is obtained under both low and high speed operat-
ing conditions by being designed to achieve high pres-
sures at low engine speed and by being provided with a
pressure actuated valve for draining timing fluid from
the timing chamber when the engine is operated at
higher speed. o

The *247 patent uses a single spring mounted between
the intermediate and lower plunger to bias the interme-
diate plunger upwardly. By careful design of the spring
rate characteristics of the intermediate plunger bias
spring, it becomes possible to control the amount of
timing fluid which is metered into the timing chamber
during each cycle of injector operation by changing the
pressure of the timing fluid supplied to the injector.
However, in the 247 patent, the intermediate plunger
bias spring also supplies the bias force necessary to
operate the pressure actuated relief valve. Accordingly,
it becomes very difficult to optimize timing fluid meter-
ing without affecting adversely the operation of the
pressure actuated relief valve and vice versa. Moreover,
the size of the drain passage from the timing chamber
affects both the opening pressure of the pressure limit-
ing valve and the flow rate of timing fluid drained from
the timing chamber, through the pressure limiting
valve. Thus, although fuel injectors having relatively
simple designs capable of high injection pressure at low
operating speed conditions have been developed, there
is still a need for an injector that allows independent
control over the metering of timing fluid and the open-
ing characteristics of the timing pressure limiting valve,
and separate control of the opening pressure of the
pressure limiting valve and the flow rate of timing fluid
discharge flow.

No known prior art fuel injector incorporates a sys-
tem for reducing wear, increasing durability, and. in-
creasing  performance characteristics by means of a
variable length hydraulic link forming timing chamber
and associated structure whereby the timing fluid me-
tering function can be optimized independently of the
pressure limiting valve mechanism which allows high
pressure operation of the injector at low engine speed.
Similarly, the prior art fails to disclose an end-of-injec-
tion spillport mechanism for maintaining the injector
orifices closed to eliminate secondary injection.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
high pressure unit fuel injector having a variable length
hydraulic link for controlling injection timing and an
injection pressure limiting valve wherein improved
pressure regulation is achieved without adversely af-

fecting the metering of timing fluid.
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Another object of the present invention is to achieve
the above object with a high pressure unit fuel injector
using a dual biasing system in conjunction with the
valve in which both biasing devices act on the valve to
tend to move the valve toward its closed position,
thereby regulating the pressure against which timing
fluid must act to control the pressure and discharge of
the timing fluid, whereas only one biasing device con-
trols the metering of timing fluid.

It is a further object of the present invention to
achieve the above objects in which the operation of one
biasing device to affect the pressure and discharge of
the timing fluid may be optimized without adversely
affecting the operation of the other biasing device or the
metering of timing fluid.

It is another object of the present invention to
achieve the above objects with a high pressure unit fuel
injector using a dual biasing system in which the two
biasing devices are generally concentric coil springs,
and the inner spring acts directly on the valve and the
outer spring acts on the valve via a cross pin and spring
guide.

Still another object of the present invention is to
provide a dual spring high pressure three plunger unit
fuel injector in which a valve controls timing chamber
fluid drainage during injection to limit peak injection
pressures while a separate timing fluid spillport located
in the injector housing permits a restricted discharge of
timing fluid at the end of injection.

It is yet another object of the present invention to
provide a dual spring high pressure three plunger unit
fuel injector having a timing chamber spillport separate
from the valve drain passage in which operation of the
valve and the spillport can be separately optimized,
wherein use of the spillport improves performance and
durability of the valve and reduces noise levels during
idle, low speed operation and low load operation.

It is a further object of the present invention to pro-
vide a high pressure unit fuel injector having a timing
chamber spillport closure that maintains high spill loads
at low speeds and prevents secondary injection.

It is another object of the present invention to pro-
vide a high pressure unit fuel injector having a timing
chamber spillport closure formed on the upper plunger
wherein the upper plunger includes a cylindrical side-
wall and a perpendicular, non-beveled lower surface
such that the timing chamber spillport is closable by the
lower surface passing over the spillport during down-
ward motion of the upper plunger during the down-
ward portion of reciprocating lower plunger move-
ment.

It is another object of the present invention to pro-
vide a high pressure unit fuel injector having a timing
chamber in which the variable length hydraulic link is
formed, having a valve disposed adjacent a timing
chamber drain passage which controls the timing cham-
ber pressure, and having increased flow area capabilities
in the valve sufficient in some cases to eliminate the
need for a spillport in the injector housing.

It is yet another object of the present invention to
provide a high pressure unit fuel injector having a pres-
sure relief valve designed with increased flow capabili-
ties without interferring with the opening pressure of
the valve when it is acting as a regulator of the timing
fluid pressure.

It is a further object of the present invention to pro-
vide a high pressure unit fuel injector having a variable
length hydraulic link from which timing fluid is drained
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on a cycle by cycle basis through a timing fluid drain
passage by means of a pressure limiting valve and fur-
ther including a valve seat which defines the opening
operating pressure of the valve, and a reduced area
portion upstream of the valve seat which controls the
rate of discharge flow of the timing fluid to permit a
reduced flow than would otherwise be permitted by the
valve seat.

It is another object of the present invention to pro-
vide a high pressure unit fuel injector wherein the tim-
ing fluid drain passage is disposed in the intermediate
plunger and has a valve seat with an effective cross-sec-
tional flow area that is at least four percent of the copla-
nar cross-sectional area of the intermediate plunger.

It is still another object of the present invention to
provide a high pressure unit fuel injector in which at
rated speed the valve oscillations are reduced and the
pressure regulation capabilities are increased to thereby
improve the durability of the valve and its biasing
spring.

These and other objects are attained by a high pres-
sure unit fuel injector with timing chamber pressure
control designed in accordance with the present inven-
tion. The fuel injector includes an injector housing hav-
ing a central axial bore with a plunger assembly dis-
posed within the central bore. The plunger assembly
includes upper, lower, and intermediate plungers. A
collapsible timing chamber, having a drain passage clos-
able by a valve having a valve element, is formed be-
tween the upper and intermediate plungers to receive
timing fluid to create a variable length hydraulic link
between the upper and intermediate plungers to ad-
vance injection timing. The valve element is acted upon
in part by the upward bias of a timing spring which
tends to move the valve element toward its closed posi-
tion in addition to establishing a biasing force which
resists metering of timing fluid into the timing chamber.
However, to improve the pressure regulation using a
higher spring load and to accommodate a larger area
drain passage, in one embodiment, an additional valve
spring acts directly on the valve element to bias the
valve element toward its closed position without affect-
ing the metering of timing fluid. The valve opens to
drain timing fluid when the timing fluid pressure ex-
ceeds the maximum preset pressure governed by the
springs at any time during the injection cycle. Also,
after the injection stage is completed by the seating of
the lower plunger in the injection chamber portion of
the central bore, the valve opens to drain the timing
fluid. The use of separate timing and valve springs ena-
bles the biasing force tending to close the valve to be
increased, thereby permitting an increased valve area to
be exposed to the valve opening pressure without caus-
ing this valve area to operate merely as an orifice. This
arrangement also obviates in some embodiments the
need for a timing spillport due to the increased flow
capabilities.

Additionally, in another embodiment, the intermedi-
ate plunger axial passage for draining timing fluid may
be formed having a regulating orifice portion, upstream
of the valve seat, with a smaller cross-sectional area
than the valve seat. This permits a reduced rate of dis-
charge flow than would otherwise be permitted by the
valve seat which governs the operating pressure of the
valve. This feature may be incorporated into the valve
with or without the dual spring feature.

In another alternative embodiment, an independently
operating timing fluid spillport is used in addition to the
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pressure relief valve. The valve regulates and limits
peak pressures during the injection stroke at high speed
and high load conditions as in the above embodiment,
but the spillport controls the collapse of the hydraulic
link after the injection stroke. The use of the spillport in
combination with the valve in a unit fuel injector im-
proves the pressure regulation and performance capa-
bilities of the valve and improves the durability of the
valve by reducing the use of the valve at the end of
injection. This feature can also be combined with the
valve modifications discussed above. Additionally, ac-
cording to the present invention, in any high pressure
unit fuel injector embodiment incorporating a timing
chamber spillport, the lower edges of the upper plunger
portion of the plunger assembly may be formed with
straight, nonbeveled edges created by the cylindrical
sidewall of the upper plunger intersecting at a perpen-
dicular angle the lower planar surface of the plunger.
The cylindrical sidewall passes over the spillport to
gradually close the spillport to maintain high spill loads
at low speeds and prevent secondary injection.
Various additional advantages and features of nov-
elty which characterize the invention are further
pointed out in the claims that follow. However, for a
better understanding of the invention and its advan-
tages, reference should be made to the accompanying
drawings and descriptive matter which illustrate and
describe preferred embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a dual spring high
pressure unit fuel injector according to one embodiment
of the present invention.

FIG. 2a is an enlarged cross-sectional view of the
valve mechanism of the fuel injector of FIG. 1.

FIG. 2b is a broken away side view of the valve
mechanism of FIG. 2a.

FIGS. 3a and 3b are enlarged broken away cross-sec-
tional views of the valve mechanism employed in the
injector of FIGS. 1, 2a, and 2b wherein the valve mech-
anism is illustrated in the closed and open positions,
respectively. .

" FIGS. 4a and 4b are views similar to FIGS. 3a and 3b
showing another embodiment of the valve mechanism.

FIGS. 5a-5d are cross-sectional views of the fuel
injector of FIG. 1 in the different phases of its opera-
tion.

FIGS. 6a and 6b are graphs comparing the operation
of the dual spring low speed valve with a prior art single
spring low speed valve.

FIGS. 7a through 7c¢ are three different embodiments
of the drain passage which may be formed in the inter-
mediate plunger of an injector designed in accordance
with the subject invention.

FIG. 8 is a graph comparing the sac pressures versus
time of the valves of FIGS. 7b and 7c with the valve of
FIGS. 1-5 at an operating speed of 3,000 rpm.

FIG. 9 is a graph comparing the sac pressures versus
time of the valves of FIGS. 7b and 7c with the valve of
FIGS. 1-5 at an operating speed of 4,200 rpm.

FIG. 10 is a graph comparing the highest, average,
and lowest pressures, the amount of secondary injec-
tion, and the peak-to-peak difference for the valves
compared in FIG. 8.

FIG. 11 is a graph comparing the highest, average,
and lowest pressures, the amount of secondary injec-
tion, and the peak-to-peak difference for the valves
compared in FIG. 9.
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FIG. 12 is a graph comparing injection duration at
various speeds and operating conditions of six test runs
for the valves of FIGS. 7b and 7c and the valve of
FIGS. 1-5.

FIG. 13 is a cross-sectional view of a dual spring low
speed valve high pressure unit fuel injector having a
timing chamber spillport according to another embodi-
ment of the present invention.

FIGS. 14a, 14b, and 1dc are enlarged cross-sectional
views of the timing chamber spillport closure of FIG.
13 showing the various stages of spillport closure.

FIGS. 15a, 15b, 15¢, and 15d are graphs of the perfor-
mance of the high pressure unit fuel injector of FIG. 13
illustrating the upper plunger travel, camshaft velocity,
upper plunger load, and injection pressure versus crank
angle.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Referring to the figures, a high pressure unit fuel
injector having a pressure limiting valve according to
the present invention is shown. The unit fuel injector is
of the open nozzle type as shown in commonly assigned
U.S. Pat. No. 4,721,247 to Perr and is part of a fuel
injection system wherein each injector is driven by a
rotating camshaft via a conventional drive train assem-
bly (not shown), in which a cam is mounted on a rotat-
able camshaft and a cam follower rides on the cam to
cause the injector plunger to reciprocate in synchro-
nism with camshaft rotation.

Attempts by the inventors named herein to improve
upon the valve devices of prior art fuel injectors by
simply using larger timing fluid flow holes resulted in
the determination that the larger total hole area serves
as a restriction that causes the valve to act as an orifice
rather than a regulator. As the total hole size is in-
creased, the valve operating pressure decreases. The
spring load cannot be increased sufficiently to prevent
this opening pressure decrease because the valve spring
also serves as the timing metering spring, and increasing
this force would adversely affect the metering of timing
fluid into the timing chamber.

To overcome the problems noted above, the inven-
tors developed an open nozzle unit fuel injector illus-
trated in FIG. 1 incorporating a dual spring low speed
valve. The fuel injector of FIG. 1 is adapted to be used
in an injection system including one cam driven unit
injector per cylinder and a fuel pump which supplies all
the injectors by a common rail or supply line. The fuel
injection system requires three common fluid rails (not
illustrated) within the cylinder head to communicate
with each fuel injector. One rail supplies fuel to each
injector for metering into the injection chamber, a sec-
ond rail drains away fuel that is not injected, and a third
supplies-timing fluid (which may also be fuel) to vary
the timing of the injection event. These functions are
described in greater detail in commonly assigned U.S.
Pat. No. 4,721,247. By varying the timing fluid pressure
in the third rail, the effective length of the plunger is
caused to increase and advance the beginning of injec-
tion, or to decrease and retard the beginning of injec-
tion. The fuel pump and engine throttle operate to sup-
ply fuel at a variable rail pressure in the first rail, which
controls the quantity of fuel injected. The rail pressure
may be varied in accordance with pressure/time (PT)
metering principles and the timing pressure may be
varied in accordance with pressure metering principles
as further described in the *247 patent noted above.
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In particular, FIG. 1 shows a fuel injector 10 which is
intended to be received within a recess contained in the
head of an internal combustion engine (not shown). The
fuel injector injects a variable quantity of fuel that is
metered into the injection chamber 11 (shown col-
lapsed) into the combustion chamber of the engine. The
body or housing 16 of the fuel injector is formed of two
sections, an injector barrel 12 and a one-piece injector
cup 14. Extending axially through the fuel injector is a
bore 18 within which a reciprocating plunger assembly
20 is disposed for injecting fuel into the combustion
chamber of the internal combustion engine. The
plunger assembly is shown in its fully advanced posi-
tion.

The reciprocating plunger assembly 20 includes three
plungers. An injection or lower plunger 22 is the lower-
most plunger as shown in FIG. 1 and injects fuel into
the combustion chamber of an engine as discussed be-
low. Serially arranged above lower plunger 22 are an
intermediate plunger 24 and an upper plunger 26. A
compensating chamber 32 is formed below intermediate
plunger 24 and surrounds the upper end of injection
plunger 22. A plunger assembly return spring 28 en-
gages the upper end 20 of upper plunger 26 at one end
and seats against the top of the injector barrel 12. Re-
turn spring 28 biases the upper plunger 26 to return it to
an uppermost position within bore 18 as allowed by the
injection cam which acts thereon via the drive train
assembly.

Between upper plunger 26 and intermediate plunger
24 a collapsible timing chamber 34 is formed. Timing
chamber 34 receives hydraulic timing fluid, such as fuel,
from a timing fluid passageway 36 formed through the
barrel portion 12 of injector housing 16. As described
below, timing fluid disposed in timing chamber 34 forms
a hydraulic link between intermediate plunger 24 and
upper plunger 26, and is discharged therefrom under
certain conditions through timing chamber drain pas-
sage 38 preferably formed centrally axially through
intermediate plunger 24. The bottom of timing chamber
drain passage 38 opens into compensating chamber 32
and is closed by valve mechanism 40 which is sand-
wiched between the lower end of intermediate plunger
24 and the upper end of lower plunger 22 disposed
within compensating chamber 32. When valve mecha-
nism 40 opens, timing fluid drains from timing chamber
34, through drain passage 38, into compensating cham-
ber 32, and out of the injector through drainage pas-
sageway 42. Drainage passageway 42 also may be used
for scavenge flow as described below. Valve mecha-
nism 40 controls the pressure of the timing fluid in tim-
ing chamber 34, which, in turn, controls the timing of
fuel injection as well as the upper limit of injection
pressure of the injected fuel.

Valve mechanism 40, as better illustrated in FIGS.
2-4, includes a valve element 44 reciprocally slidable
within a valve guide 46, which is an upper portion of
lower plunger 22 and has a fluid flow passage 48 (FIG.
3) formed therein. An actuating member such as a cross
pin 50 is disposed through a bore 52 in valve body 44
and extends radially outwardly from valve element 44
across most of the width of compensating chamber 32.
Alternatively, cross pin 50 may be integrally formed
with valve element 44. Cross pin 50 is received without
clearance in bore 52 and is disposed, with clearance,
through a radial bore 53 formed in lower plunger 22.
This bore forms the lower portion of the valve guide 46.
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Spring guide 54 is disposed beneath the outermost por-
tion of cross pin 50 and around lower plunger 22.

Valve mechanism 40 has improved pressure regula-
tion capabilities and improved durability, which goais
are accomplished to various degrees by different as-
pects of this invention. In the first aspect, two separate
and independent springs are used as follows. A timing
spring 56, which preferably is a coil spring, is positioned
within compensating chamber 32 around lower plunger
22. The upper end of timing spring 56 acts against valve
mechanism 40 by engaging the outer end of cross pin 50
preferably through the spring guide 54. The lower end
of timing spring 56 rests on a seat 57 formed in the
bottom of compensating chamber 32. Thus, the force of
timing spring 56 serves to draw lower plunger 22 up-
wardly into engagement with intermediate plunger 24
to force the three plungers, lower plunger 22, interme-
diate plunger 24, and upper plunger 26, together after
completion of an injection cycle until metering and
timing has commenced for the next cycle. This estab-
lishes a biasing force which resists the metering of tim-
ing fluid into the timing chamber to vary the advance-
ment of injection timing in a known manner. Addition-
ally, because the timing spring 56 acts on the valve
mechanism 49, it also tends to move the valve mecha-
nism upwardly toward its closed position. The upper
portion of lower plunger 22 that resides predominantly
within compensating chamber 32 includes a hollow
bore 58 and contains a valve spring 60 which also is
preferably a coil spring. The lower end of valve spring
60 is seated at the bottom 61 of the hollow bore 58. The
upper end of valve spring 60 acts directly against the
lower surface of valve element 44. Thus, the force of
valve spring 60 acts between lower plunger 22 and
valve element 44, and valve spring 60 supplements the
force of timing spring 56 against valve mechanism 40 to
bias the valve mechanism toward its closed position.
The use of a second, separate valve spring 60 allows the
valve opening pressure to be increased without placing
additional unnecessary loads on timing spring 56 which
also is required, as discussed above, to bias lower
plunger 22 upwardly. This is accomplished in the fol-
lowing manner. Both timing spring 56 and valve spring
60 provide an upward force on the the valve element 44
to maintain the valve in a closed position until the tim-
ing fluid pressure exceeds the combined pressure caused
by the two springs. Thus, increasing the spring force of
valve spring 60 increases the valve opening pressure.
However, such an increase does not affect the force
tending to resist the metering of timing fluid into the
timing chamber which are governed by the timing
spring 56. This is accomplished because the valve spring
60 does not provide a force on the lower plunger 22
relative the injector housing 16 and because the free-
dom of upward movement of valve element 44 relative
to lower plunger 22 is quite limited as discussed below.
Pressure regulation is improved using a higher spring
force supplied by valve spring 60, and a larger valve
area may be used to prevent the valve from operating as
an orifice rather than as a timing fluid pressure regula-
tor.

Furthermore, once the valve mechanism 40 has been
moved to its closed position to completely seal the
timing chamber drain passage 38, any additional biasing
force supplied by the valve spring 60 is ineffective to
cause additional relative movement. This motion limit-
ing feature is best illustrated in FIGS. 3 and 4 and is
accomplished by limiting the diameter of the radial bore
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53 through the lower plunger 22 with a height equal to
the thickness of the cross pin 50 passing therethrough
plus the desired valve opening distance. When the valve
element 44 of the valve abuts against the intermediate
plunger 24 to close the timing chamber drain passage, as
shown in FIGS. 3z and 4g, the cross pin abuts against
the upper surface of the lower plunger radial bore 53.
Any further upward expansion of the valve spring 60 or
further upward movement of the valve element 44 or
the cross pin 50 is prohibited. Thus, in this position, the
ends of the valve spring are pushing against spaced
portions of the lower plunger which is not formed of
separate components relatively movable. The valve
spring cannot move any of the components of the
plunger assembly or valve mechanism and, therefore,
the valve spring does not impair or affect the perfor-
mance of the timing spring.

The operation of fuel injector 10 is as follows as illus-
trated in FIG. 5, and the first of the four stages of each
injection cycle is shown in FIG. 5a which illustrates the
metering and timing stage. Upper plunger 26 has been
retracted sufficiently by return spring 28 to uncover
timing fluid passageway 36 so that timing fluid enters
through the timing fluid passageway into timing cham-
ber 34 and exerts a pressure that separates intermediate
plunger 24 from upper plunger 26 by causing timing
spring 56 to compress. The amount of separation of
upper plunger 26 from intermediate plunger 24 is deter-
mined by the equilibrium between the spring force of
timing spring 56 and the force produced by the timing
fluid pressure acting on the area of intermediate plunger
24. The greater the separation between plungers 24 and
26, the greater the advance of injection timing.

Spring 56 also moves plunger 22 upwardly a suffi-
cient extent for fuel to pass into injection chamber 64
adjacent the injection nozzle 66 having a plurality of
orifices disposed at the bottom of injection chamber 64.
This spring also establishes a biasing force which resists
the metering of timing fluid into the timing chamber 34.
Then, at the same time that the injection timing is being
established by the feeding of timing fluid into timing
chamber 34, fuel for injection is caused to flow through
a feed orifice of fuel supply passage 62 into the upper
portion of injector cup 14. During metering of injection
fuel, injection chamber 64 will be partially filled with a
precisely metered quantity of fuel in accordance with
known pressure/time principles whereby the amount of
fuel metered is a function of the supply pressure and the
total metering time that fuel flows through fuel supply
passage 62, which has carefully controlled hydraulic
characteristics in order to produce the desired press-
ure/time metering capability.

In the second stage shown in FIG. 55, cam rotation
causes upper plunger 26 to be driven downwardly via
the drive train assembly. As a result, timing fluid is
forced back out through timing fluid passageway 36
until the passageway is closed by the leading edge of
upper plunger 26. The leading or lower edge of upper
plunger 26 may be beveled as is conventional, or it may
be straight, forming a right angle with its lower edge to
improve closure of a spillport, where used, as described
below. At this point, the timing fluid becomes trapped
between plungers 24 and 26 to form a hydraulic link
which causes all three plunger elements to move in
unison toward the nozzle tip at the bottom of injection
chamber 64. If, during the downward movement of
plunger assembly 20 the timing fluid pressure exceeds
the maximum preset pressure as determined by the com-
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bined force of valve spring 60 and timing spring 56,
valve mechanism 40 opens to drain timing fluid from
timing chamber 34 through timing chamber drain pas-
sage 38 and drainage passageway 42 to reduce the pres-
sure to within the preset limits. Regardless, as shown in
FIG. 5b, plunger 22 closes fuel supply passage 62 as it
moves downwardly to terminate fuel metering. How-
ever, the fuel metered into injection chamber 64 does
not begin to be pressurized until plunger 22 has moved
into injection chamber 64 sufficiently to occupy that
part of the injection chamber’s volume that was not
filled with fuel. The distance measured from this point
to the point where downward injection plunger travel is
completed is termed the “solid fuel height” and deter-
mines the point in the plunger’s travel when injection
actually begins.

Injection continues with further downward move-
ment of lower plunger 22 and ends sharply when the tip
of lower plunger 22 contacts its seat in the nozzle tip as
shown in FIG. 5¢. During this third portion of the injec-
tor operation, the overrun stage, the hydraulic link
between plunger 24 and 26 is collapsed. During this
stage, upper plunger 26 continues to move downwardly
to force the timing fluid out of timing chamber 34. The
flow resistance created by valve spring 60 is chosen to
ensure that the pressure developed in the collapsing -
timing chamber 34 between plungers 24 and 26 is suffi-
cient to hold lower plunger 22 tightly against its seat to
prevent secondary injection. Alternatively, as also
shown in FIG. 5c¢ and as will be described in further
detail below, injector housing 16 may be formed with a
timing fluid spillport 70, separate from timing chamber
drain passage 38 and drainage passage 42, through
which timing fluid drains at the end of the overrun
stage.

FIG. 5d shows the injector scavenge stage after all of
the timing fluid has been drained so that plungers 24 and
26 no longer are separated. At this point, the entire
injection train, from the injection cam to the nozzle tip,
is in solid mechanical contact. In both the overrun and
scavenge stages (FIGS. 5c and 5d), the system is scav-
enged of gases and the injector is cooled. In particular,
when injection has ended by plunger 22 seating in the
nozzle tip, fuel passes from fuel supply passage 62 to an
axially relieved portion 63 of lower plunger 22 and
travels upwardly into compensating chamber 32 (via a
passage not shown) and then out of injector housing 16
via drainage passageway 42. Alternatively, as shown in
FIGS. 1 and 24, a separate scavenge flow drain port 68
may be used.

As explained above, as long as injection pressure
remains less than a preset value determined by valve
spring 60 and timing spring 56, injection continues nor-
mally until it is ended sharply by the seating of lower
plunger 22 in the nozzle tip. At this point, the pressure
in timing chamber 34 rises to a level sufficient to unseat
valve element 44, thereby allowing the fuel to drain
from timing chamber 34 through timing chamber drain-
ing passage 38, compensating chamber 32, and drainage
passageway 42. Furthermore, valve mechanism 40 reg-
ulates the pressure of the hydraulic link in timing cham-
ber 34 formed between plungers 24 and 26 to prevent
uncontrolled collapse and secondary injection. On the
other hand, if during the injection cycle the injection
pressure exceeds the preset value as embodied in valve
spring 60 while plunger 22 is still being driven toward
the nozzle tip, the pressure in the timing chamber be-
tween plungers 24 and 26 will overcome the sealing
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pressure exerted by valve spring 60 and timing spring
56, thereby allowing fuel to escape from timing cham-
ber 32 to drainage passageway 42 via timing chamber
drain passage 38. In this case, valve mechanism 40
serves to regulate the pressure in the hydraulic link so
that injection is completed at pressures which are close
to the preset maximum. Thus, valve spring 60 controls
the timing fluid pressure independently of timing spring
56, and control of the timing fluid pressure does not
affect the setting of the injection timing. This pressure
regulating action of valve mechanism 40 also ensures
that the duration of injection is minimized and that
injection ends sharply, without secondary injection.

Referring again to FIGS. 3 and 4, two embodiments
of valve mechanism 40 are shown. FIGS. 3a and 3b
illustrate valve mechanism 40 in its closed and opened
positions. When valve element 44 moves away from the
opening of timing chamber draining passage 38 to per-
mit drainage of timing fluid, valve element 44 prefera-
bly is less than 0.01 inch away from the passage. That is,
the valve element moves less than 0.01 inch between its
open and closed positions. Preferably this distance is
approximately 0.008 inch. FIG. 4 illustrates an alternate
embodiment for valve mechanism 40 shown in both the
closed and open positions. In this embodiment, valve
element 44 is lengthened as compared with the first
embodiment. Although this increases the mass of the
valve element the spring force of the valve spring can
be similarly increased to compensate for the increased
mass. Additionally, in this embodiment shorter timing
spring and valve springs are used to prevent spring
buckling. As shown in FIGS. 4¢ and 4b, valve body 44
travels 0.356 mm or approximately 0.01 inch between its
closed and open positions.

As compared with earlier attempts using single spring
three hole valves and single spring single hole valves as
described above and the single spring valves disclosed
in the "247 patent, the dual spring low speed valve can
achieve significantly higher flow areas. In the injector
of FIGS. 6 and 7 of the *247 patent, the flow area of the
valve seat formed by the passage adjacent the valve is
approximately 1.5% of the coplanar cross-sectional area
of the intermediate plunger. In the present invention,
the area of the valve seat formed by passage 38 adjacent
valve element 44 is approximately 4.4% of the coplanar
cross-sectional area of intermediate plunger 24. Thus,
the area of the passageway in the present invention is
almost three times the area of the prior art passageways.
The increased area is made possible by using two sepa-
rate springs 56 and 60 and produces the numerous im-
provements and advantages achieved by the present
invention.

The dual spring unit fuel injector of the present in-
vention improves the pressure regulation by the valve
and increases the flow area capability of the valve to
eliminate the need in some circumstances for a spillport
in the injector housing. The increased spring load
achieved by the valve spring (from 12.1 Ibs to 23.6 1bs in
one embodiment) enables the cross-sectional flow area
of the timing chamber drain passage (the valve seat
area) to be increased while still maintaining the same
valve opening pressure (because opening pressure
equals spring load divided by timing chamber drain
passage area). The timing chamber drain passage is
large enough that the main restriction in the valve is the
distance the valve body moves (the valve opening size)
during opening of the valve mechanism, thereby im-
proving the regulating capability. The combination of
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the mass of the valve mechanism combined with one
third of the mass of the timing and valve springs is less
than the mass of equivalent components in single spring
type injectors. This decreases the inertia and provides a
better and quicker valve response. This allows the valve
mechanism to open and close more frequently during a
given time period to act as a regulator rather than an
orifice, and to decrease the possibility of secondary
injection caused by a relatively slow valve response.
Additionally, at rated speed (e.g., 5,000 rpm) and load,
the number of large oscillations of the valve is de-
creased and the pressure regulation capabilities are in-
creased over three-hole valve designs, as shown graphi-
cally in FIG. 6. The decrease in the number of valve
oscillations improves the valve and spring durability
because a single spring tends to fatigue and wear faster
than a dual spring design. This valve design allows the
spillport to be eliminated obtaining better performance
than a three hole valve and spillport combination de-
sign.
In the alternative embodiment shown in FIG. 7, the
performance of the dual spring high pressure unit fuel
injector is improved further by forming timing chamber
drain passage 38 of at least two portions having differ-
ent cross-sectional areas. The remainder of the fuel
injector is as described above. FIG. 7a illustrates, for
comparison, the drainage passage of the embodiments
of FIGS. 1-5. FIGS. 7b and 7c are two different ver-
sions of the alternate embodiment having a multiple
area drain passage 38. A main orifice is formed at the
bottom of timing chamber drain passage 38 adjacent
valve element 44. The main orifice or valve seat 384 has
a cross-sectional area that is selected to control the
opening operating pressure of valve mechanism 40, and
therefore the pressure of timing fluid within the timing
chamber 34. Valve seat 38z controls the valve opening
for a given spring rate and preload. Thus, the size of
valve seat 38a controls the injection pressure of the fuel
injector. Regulating orifice 38b is formed upstream of
valve seat 382 and has a cross-sectional area that is
smaller than the cross-sectional area of valve seat 38a.
Regulating orifice 385, in combination with valve seat
38a and the valve opening distance, controls the flow
rate of timing fluid through timing chamber drain pas-
sage 38 in intermediate plunger 24. In most instances,
because the cross-sectional area of regulating orifice 385
is smaller than that of valve seat 38a, the flow rate is
dominated by the size of regulating orifice 385 and the
flow rate is less than otherwise permitted by the size of
the valve seat. For a given size of valve seat 38a, the
opening pressure of valve mechanism 40 remains the
same. However, by using a smaller size regulating ori-
fice 38b, the effective flow area is reduced and con-
trolled by the regulating orifice. Thus, the injection
pressure can be more easily regulated to achieve better
injection characteristics. This provides for a smoother
discharge flow and prevents an undesirably large dis-
charge flow which could result in a large pressure drop
before the valve mechanism closes. Furthermore, by
restricting the flow rate, the exiting timing fluid pres-
sure remains higher after the valve mechanism is open.
This increased pressure and the lower flow rate prevent
the hydraulic link from totally collapsing before the
lower plunger 22 is seated at the bottom of the injection
chamber 64 and maintains the lower plunger in its
seated position to prevent secondary injection. The
restriction imposed on the flow by regulating orifice
38b when combined with the inertia effect of valve
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element 44 creates high peak pressures which can be
countered by using a lower spring load. The lower
spring load improves the durability and increases the
life of the system. Additionally, the improved pressure
regulation accomplished with this design typically
yields higher mean injection pressures, lower peak-to-
peak values, and shorter injection duration. These bene-
fits appear to increase with increasing operating speeds.

In the embodiment of FIG. 7b, regulating orifice
housing 39 is formed as an insert portion disposed
within timing chamber drain passage 38. For a drain
passage 38 having a predetermined main orifice or valve
seat cross-sectional area, any one of a plurality of differ-
ent regulating orifice housings 39 may be used, each one
having a regulating orifice 385 having a different cross-
sectional area. Thus, for a given valve seat area, which
solely determines the operating pressure of valve mech-
anism 40, a regulating orifice housing 39 having regulat-
ing orifice 38 may be selected so that the area of regu-
lating orifice 385 creates the desired timing fluid dis-
charge flow rate. In FIG. 7c an intermediate plunger 24
having a predetermined regulating orifice 38b area is
shown. In either embodiment of FIGS. 7b and 7c, be-
cause the sizes of valve seat 38a and regulating orifice
38) differ, by varying these orifices, one of the operat-
ing pressure and the timing fluid discharge flow rate can
be changed without altering the operating characteris-
tics of the other.

As graphically illustrated in FIGS. 8-12, this multiple
area orifice design achieves better pressure regulation,
higher mean injection pressures, shorter injection dura-
tion, reduced spring stress, and the elimination of some
secondary injections. FIGS. 8 and 9 compare the per-
formance of the valve having the regulating orifice of
FIGS. 7b and 7c with the dual spring valves of FIGS.
1-5 by comparing the attained sac pressures during
injection at operating speeds of 3,000 rpm and 4,200
rpm. Note that secondary injection is reduced with the
modified valve of FIGS. 7b and 7¢. FIGS. 10 and 11 are
bar graphs comparing various characteristics of the two
types of valve systems as derived from the graphs of
FIGS. 8 and 9. In particular, FIGS. 10 and 11 compare
high, average, and low sac pressures, incidence of sec-
ondary injection, and differences between high peak
and low peak sac pressures. FIG. 12 compares six test
runs of the valve having the regulating orifice with a
valve having no regulating orifice, three at 3000 rpm
and three at 4200 rpm at three different operating condi-
tions indicated as A, B, and C. Due to the difficulty in
metering a precise predetermined quantity of fuel, the
duration is determined for a given amount of fuel to
render valid comparisons. As can be seen from these
figures, the valve with the regulating orifice (FIGS. 7b
and 7¢) achieves larger high pressures, larger low pres-
sures, and larger average pressures at both operating
speeds, while significantly reducing occurrences of
secondary injection and reducing the difference be-
tween the peak-to-peak (highest-to-lowest) pressures.

In an alternative use, it is envisioned that the timing
fluid discharge passage having a main orifice or valve
seat and a reduced area upstream regulating orifice may
be used without the dual spring system for the valve
mechanism. Furthermore, this timing fluid discharge
orifice may be used with HPI fuel injectors without the
valve disclosed herein (such as those of the 247 patent)
as well as with other fuel systems using differently oper-
ating fuel injectors to control the injection pressure
directly.
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FIG. 13 illustrates an alternative embodiment of the
fuel injector of the present invention in which two addi-
tional -important features are shown. The first feature
involves forming a timing chamber spillport 70 in barrel
12 of injector housing 16 in addition to valve mecha-
nism 40 with its timing chamber drain passage 38 and
drainage passageway 42. Although the use of valve
mechanism 40 and its accompanying components obvi-
ates the need for a timing chamber spillport in some
circumstances, it has been found that using a timing
chamber spillport in conjunction with a valve in a high
pressure unit fuel injector provides several unexpected
advantages. -

The spillport 70, as shown in FIG. 13 and also in FIG.
Sc, is used to drain timing fluid from timing chamber 34
during the overrun stage of the injection cycle after the
fuel has been injected into the engine cylinders. As
described above with respect to FIG. 5¢, overrun be-
gins when injection ends by the tip of lower plunger 22
contacting its seat in the nozzle tip. Because upper
plunger 26 continues to move downwardly, timing fluid
is forced out of timing chamber 34 and the hydraulic
link therein collapses. However, rather than draining
the timing fluid past valve mechanism 40, the timing
fluid drains through timing chamber spillport 70. In this
way, timing chamber spillport 70 and the valve means
controlled passage 38 independently control the drain-
age of timing fluid and the two fuel draining paths oper-
ate separately and at different times of the injection
cycle. The valve mechanism operates to control pres-
sure in the timing chamber by regulating and limiting
peak timing fluid pressure during the second and the
third stages, the injection and overrun stages, particu-
larly at high speed and high load operating conditions,
while the spillport controls collapse of the hydraulic
link after injection during the overrun stage.

The presence and use of timing chamber spillport 70
decreases the use of valve mechanism 40 by over 50%
as the valve mechanism will operate only when timing
fluid pressure exceeds a preset limit and not during the
overrun stage of each injection cycle. Thus, valve
mechanism 40 would operate only during high load and
middle to high speed conditions, because in other oper-
ating modes the timing fluid pressure typically does not
approach the level set by the valve mechanism. This
extends the life and improves the durability of valve
mechanism 40 and particularly of valve spring 60 and
the valve seat areas which are highly stressed. Addi-
tionally, the overall injection performance may be im-
proved by this configuration because spillport induced
hydraulic link collapse and valve induced hydraulic link
collapse can be separately set and optimized. The spill-
port is sized to control collapse of the timing chamber
after injection has ended and the valve mechanism is
selected and set to limit peak injection pressures during
injection. The flow area of the valve mechanism can be
decreased significantly because it is sized only for pres-
sure limiting and not timing fluid spill. This prevents a
large pressure drop when the valve mechanism is ini-
tially opened to allow better control of the load during
and after injection. Thus, valve mechanism 40 can oper-
ate over a much smaller pressure range which improves
the quality of the valve regulation.

Moreover, by combining the spillport with the valve
mechanism, operation of the fuel injector is observed to
produce less noise at idle, low speed operating condi-
tions, and at low load conditions for all speeds of opera-
tion. Furthermore, at the desired 60 mm3/stroke injec-
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tion rate, the combination of the valve mechanism with
the spillport achieves higher cam velocities than the
valve mechanism alone. At both low (1000 rpm) and
high (5000 rpm) speeds the combination achieves higher
peak sac pressures, and at both rated and high idle oper-
ating conditions the combination produces lower Hertz
stresses. As shown, the timing chamber spillport has
been combined with valves using a dual spring system
in high pressure fuel injectors. However, the same ad-
vantages are obtainable by combining the timing cham-
ber spillport with any type of valve. Even without the
dual spring configuration or the dual orifice timing fluid
discharge passage, using a spillport with a valve mecha-
nism improves the pressure regulation capabilities of the
valve mechanism and therefore the fuel injector.

The second modification of the high pressure unit
fuel injector with timing chamber pressure control
which is shown in FIG. 13 includes providing an im-
proved closure formed on the lower portion of upper
plunger 26 for timing chamber spillport 70. Upper
plunger 26 is formed of a cylindrical sidewall 72 and a
planar lower wall 74. Sidewall 72 intersects lower wall
74 at a generally sharp perpendicular angle in the vicin-
ity of timing chamber spillport 70, and this perpendicu-
lar relationship may extend completely around upper
plunger 26. Thus, sidewall 72 extends parallel to the
inner walls of axial bore 18 all the way to lower wall 74.
There is no beveled or chamfered portion. This is in
contrast with known and currently used configurations
as illustrated in FIG. 1, for example, in which the lower-
most portion of sidewall 72 is beveled or chamfered as
at dashed line 76. In these known fuel injectors without
a timing fluid spillport closure as described herein, the
spillport area is too large to maintain a sufficient load on
the injection plunger to prevent secondary injections
with a beveled upper plunger 26. This is because the
beveled lower portion of sidewall 72 does not reduce
the area of or close the spillport to maintain sufficient
pressure to hold lower plunger 22 tightly on its seat. As
shown in FIG. 13, which illustrates the end of injection
stage of operation similar to that of FIG. 5c in which
timing chamber 34 is being collapsed, camshaft velocity
and upper plunger velocity are very low, and the lower
wall 74 of upper plunger 26 is nearing direct mechanical
contact with the upper wall of intermediate plunger 24.
The nonbeveled portion of sidewall 72 serves to close
timing chamber spillport 70 at least partially but possi-
bly completely. This decreases the effective area of
timing chamber spillport 70 at the end of injection not-
withstanding the decreasing plunger speed to maintain a
relatively high pressure in the timing chamber which, in
turn, maintains a sufficiently high spill load on lower
plunger 22 to prevent lower plunger 22 from rising off
of its seat in injection chamber 64 and causing second-
ary injection. Additionally, the closure of spillport 70 in
this manner has been found to increase power and re-
duce unburned hydrocarbon emissions in the engine.

As more clearly shown in FIGS. 14a, 14b, and 14c,
the closure of spillport 70 is shown in three stages. In
the first stage, FIG. 14a, the spillport is completely
open. In the second stage, FIG. 145, upper plunger 26
partially closes spillport 70, and the spillport is com-
pletely closed in the third stage, FIG. 14c. A bevel or
chamfer 76, characteristic of prior art upper plungers is
shown in broken line. The arrows depict the drainage of
timing fluid.

In prior fuel injectors the bevel is formed to eliminate
flow restrictions during the metering of timing fluid into
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the timing chamber. According to this invention, the
use of a non-beveled upper plunger 26 also eliminates
these flow restrictions by either using a larger timing
fluid metering port, opening the metering port further,
or forming an undercut or internal barrel groove in the
barrel at the location of the metering port. All of these
solutions prevent flow restrictions during filling' while
maintaining high spill loads to prevent secondary injec-
tions during spilling. The preferred solution is to in-
crease the size of the metering port and to open the
metering port further.

FIG. 15 is a series of four graphs, plotting the upper
plunger travel, the camshaft velocity, the upper plunger
load, and the injection pressure versus crank angle.
Corresponding crank angles on each graph are so indi-
cated. In the graph of FIG. 154, the upper plunger
travel is shown. In FIG. 15b cam velocity is shown. The
standard HPI unit fuel injector has a relatively low load
on the upper plunger near the end of injection as shown
by the dip identified as “load on standard HPI” iilus-
trated in FIG. 15c. As shown in FIG. 154, this low
permits the injection or lower plunger to rise off of its
seat and create secondary injection. In contrast, using
the spillport closure on the upper plunger of the present
invention increases the upper plunger load as compared
with known high pressure injector loads as shown in
broken line in FIG. 15¢. This produces a sharper,
cleaner end of injection without high crush loads as are
produced in prior art injectors and eliminates secondary
injections common to prior injectors as shown in FIG.
15d. This is also accomplished without the use of a lost
motion mechanism which complicates the fuel injector
and which creates an overtravel distance as required in
FIG. 3 of the ’137 patent noted above. Additionally, this
timing spillport closure is not limited to high pressure
fuel injectors using low speed valves but may be used
with any fuel injector having a timing chamber spill-
port.

Thus, the high pressure unit fuel injector according
to the present invention provides improved pressure
regulation with increased fluid flow capabilities in the
valve. Because two separate springs are used with the
valve mechanism, the timing can be optimized simulta-
neously with and separately from setting the required
operating pressure of the valve mechanism. The in-
creased flow capabilities therefore can be achieved
while maintaining the valve opening pressure. The use
of two springs also improves the durability of the valve
mechanism and the injector as a whole by spreading the
spring loads over two springs to reduce spring fatigue.
These advantages are significant improvements over
prior single spring systems in which one spring was
used to both control the valve pressure and control
timing by biasing the lower plunger. Moreover, the
valve opening pressure and the discharge flow rate can
be controiled separately by varying the area of the
draining passage in the intermediate plunger to further
improve and optimize operation of the fuel injector.
Finally, a timing chamber spillport may be provided to
drain timing fluid after injection and to supplement the
valve and improve operation of the valve, and an im-
proved closure for the timing chamber spillport may be
used to prevent secondary injections.

Numerous characteristics, advantages, and embodi-
ments of the invention have been described in detail in
the foregoing description with reference to the accom-
panying drawings. However, the disclosure is iilustra-
tive only and the invention is not limited to the precise
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illustrated embodiments. Various changes and modifica-
tions may be effected therein by one skilled in the art
without departing from the scope or spirit of the inven-
tion.

INDUSTRIAL APPLICABILITY

The high pressure unit fuel injector of the present
invention finds application in a large variety of internal
combustion engines. One particularly important appli-
cation is for small compression ignition engines adopted
for automotive uses such as powering automobiles.
Lighter truck engines and medium range horsepower
engines also could benefit from the use of fuel injectors
according to the present invention.

We claim:

1. A high pressure unit fuel injector for injecting fuel
into the combustion chamber of an internal combustion
engine comprising:

an injector housing having a central bore and an

injection orifice located at the lower end of said
injector housing and communicating between said
central bore and the combustion chamber;

upper and lower plungers mounted for reciprocating

movement within said central bore;

hydraulic timing means for varying the timing of the

injection of metered fuel, said hydraulic timing
means including an intermediate plunger mounted
for reciprocating movement within said central
bore between said upper plunger and said lower
plunger to form a collapsible timing chamber dis-
posed between said upper plunger and said inter-
mediate plunger;

a drain passage for draining timing fluid from said

timing fluid chamber;

valve means movable from a closed position to an

open position to limit the pressure of timing fluid in
said timing chamber by releasing timing fluid from
said timing chamber through said passage;

first biasing means for biasing upwardly said lower

plunger into engagement with said intermediate
plunger to establish a biasing force which limits the
metering of timing fluid into said timing chamber
and which tends to move said valve means toward
its closed position; and

second biasing means for adding additional biasing

force which tends to move said valve means
toward its closed position without increasing the
biasing force which resists metering of timing fluid
into said timing chamber.

2. The fuel injector according to claim 1 further com-
prising motion limiting means for limiting the move-
ment of said valve means toward its closed position
induced by said second biasing means.

3. The fuel injector according to claim 2 wherein said
first and second biasing means each comprises a coil
spring, said first biasing means is disposed around said
lower plunger, and said second biasing means is dis-
posed within a hollow portion in an upper end of said
lower plunger.

4. The fuel injector according to claim 3 wherein said
passage is contained in said intermediate plunger and
communicates with said timing chamber and the por-
tion of said central bore below said intermediate
plunger, and said valve means comprises a valve ele-
ment having an upper surface sealingly disposed across
the lower opening of said passage when said valve
means is in its closed position.
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5. The fuel injector according to claim 4 wherein said
hollow portion in said upper end of said lower plunger
is formed as a valve guide and said valve element is
translatably received within said valve guide, and
wherein said second biasing means provides a directly
upwardly biasing force on the lower surface of said
valve element. ‘

6. The fuel injector according to claim 5 wherein said
valve guide is formed with aligned radial openings adja-
cent said valve guide, and wherein said valve element
includes a pin affixed to said valve element and extend-
ing in opposite directions into said openings, respec-
tively, to define the limits of movement of said valve
element relative to said lower plunger.

7. The fuel injector according to claim 6, wherein the
distance through which said valve element moves be-
tween its open and closed positions is approximately
0.01 inch.

8. The fuel injector according to claim 1 wherein said
valve means is formed having a low mass to limit inertia
effects on the movement of said valve means and to
increase the response time of said valve means.

9. The fuel injector according to claim 1 wherein said
passage is disposed through said intermediate plunger to
form a seat for said valve means on the lower surface of
said intermediate plunger, wherein the flow area of said
valve seat is at least four percent of the coplanar cross-
sectional area of said intermediate plunger.

10. The fuel injector according to claim 1 wherein
said passage includes a valve seat disposed adjacent said
valve means, said valve seat defining an effective cross-
sectional area on said valve element subjected to the
pressure of the fluid in said timing chamber when said
valve element is closed, said passage further including a
regulating orifice positioned upstream of said valve
seat, said regulating orifice having an effective cross-
sectional area which is smaller than the effective cross-
sectional area of said valve seat whereby said valve seat
controls the opening pressure of said valve means, and
said regulating orifice controls the rate of discharge
flow of the timing fluid.

11. The fuel injector according to claim 1 further
comprising a timing chamber spillport formed in said
injector housing for draining timing fluid from said
timing fluid chamber, said timing chamber spillport
being positioned to be opened only as said lower
plunger nears its lowest position at which said injection
orifice is closed, said timing chamber spillport having
sufficient flow rate capabilities to cause timing fluid to
drain from said timing chamber primarily through said
spillport rather than through said valve means when
said upper plunger nears its lowest position.

12. The fuel injector according to claim 11 wherein
said timing chamber spillport is sized to restrict dis-
charge of timing fluid from said timing chamber upon
said lower plunger reaching its lowest position to main-
tain sufficient pressure on said lower plunger to tend to
hold said lower plunger in its lowest position.

13. The fuel injector according to claim 11 wherein
said upper plunger comprises a cylindrical sidewall and
a generally planar lower surface, wherein said cylindri-
cal sidewall intersects said lower surface at a generally
sharp perpendicular angle such that said timing cham-
ber spillport is gradually restricted by said cylindrical
sidewall of said upper plunger as said upper plunger
nears its lowest position and said timing chamber nears
its substantially fully collapsed condition.
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14. The fuel injector according to claim 13 wherein
the lower portion of said cylindrical sidewall is shaped
to at least partially close said timing chamber spillport
as said upper plunger nears its lowest position and the
velocity of said upper plunger is decreasing whereby
the effective area of said timing chamber spillport is
reduced to maintain high fluid pressure in said timing
chamber which, in turn, maintains high downward
pressure on said lower plunger to prevent secondary
injection.

15. The fuel injector according to claim 14 wherein
said passage includes a valve seat disposed adjacent said
valve means, said valve seat defining an effective cross-
sectional area on said valve element subjected to the
pressure of the fluid in said timing chamber when said
valve element is closed, said passage further including a
regulating orifice positioned upstream of said valve
seat, said regulating orifice having an effective cross-
sectional area which is smaller than the effective cross-
sectional area of said valve seat, whereby said valve seat
controls the opening pressure of said valve means and
said regulating orifice controls the rate of discharge
flow of the timing fluid.

16. A high pressure unit fuel injector for injecting fuel
into the combustion chamber of an internal combustion
engine comprising:

an injector housing having a central bore and an

injection orifice located at the lower end of said
injector housing and communicating between said
central bore and the combustion chamber;

upper and lower plungers mounted for reciprocating

movement within said central bore;

hydraulic timing means for varying the timing of the

injection of metered fuel, said hydraulic timing
means including an intermediate plunger mounted
for reciprocating movement within said central
bore between said upper plunger and said lower
plunger to form a collapsible timing chamber dis-
posed between said upper plunger and said inter-
mediate plunger;

a drain passage for draining timing fluid from said

timing fluid chamber;
valve means movable from a closed position to an
open position to limit the pressure of timing fluid in
said timing chamber by releasing timing fluid from
said timing chamber through said drain passage;

biasing means for acting on said valve means to con-
trol the valve opening pressure of said valve means;
wherein said passage includes a valve seat disposed
adjacent said valve means, said valve seat defining
an effective cross-sectional area on said valve ele-
ment subjected to the pressure of the fluid in said
timing chamber when said valve element is closed,
said passage further including a regulating orifice
positioned upstream of said valve seat, said regulat-
ing orifice having an effective cross-sectional area
which is smaller than the effective cross-sectional
area of said valve seat, whereby said valve seat
controls the opening pressure of said valve means
and said regulating orifice controls the rate of dis-
charge flow of timing fluid.

17. The fuel injector according to claim 16 further
comprising a timing chamber spillport formed in said
injector housing for draining timing fluid from said
timing fluid chamber, said timing chamber spillport
being positioned to be opened only when said lower
plunger reaches its lowest position at which said injec-
tion orifice is closed, said timing chamber spillport hav-
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ing sufficient flow rate capabilities to cause timing fluid
to drain from said timing chamber primarily through
said spillport rather than through said valve means
when said upper plunger nears its lowest position.

18. The fuel injector according to claim 17 wherein
said timing chamber spillport is sized to restrict dis-
charge of timing fluid from said timing chamber upon
said lower plunger nearing its lowest position to main-
tain sufficient pressure on said lower plunger to tend to
hold said lower plunger in its lowest position.

19. The fuel injector according to claim 17 wherein
said upper plunger comprises a cylindrical sidewall and
a generally planar lower surface, wherein said cylindri-
cal sidewall intersects said lower surface at a generally
sharp perpendicular angle such that said timing cham-
ber spillport is gradually restricted by said cylindrical
sidewall of said upper plunger as said upper plunger
nears its lowest position and said timing chamber nears
its substantially fully collapsed condition.

20. The fuel injector according to claim 19 wherein
the lower portion of said cylindrical sidewall is shaped
to at least partially close said timing chamber spillport
as said upper plunger nears its lowest position and the
velocity of said upper plunger is decreasing whereby
the effective area of said timing chamber spillport is
reduced to maintain high fluid pressure in said timing
chamber which, in turn, maintains high downward
pressure on said lower plunger to prevent secondary
injection.

21. A high pressure unit fuel injector for injecting fuel
into the combustion chamber of an internal combustion
engine comprising:

an injector housing having a central bore and an

injection orifice located at the lower end of said
injector housing and communicating between said
central bore and the combustion chamber;

upper and lower plungers mounted for reciprocating

movement within said central bore;

hydraulic timing means for varying the timing of the

injection of metered fuel, said hydraulic timing
means including an intermediate plunger mounted
for reciprocating movement within said central
bore between said upper plunger and said lower
plunger to form a collapsible timing chamber dis-
posed between said upper plunger and said inter-
mediate plunger for receiving timing fluid and
forming a collapsible hydraulic link;

a passage for draining timing fluid from said timing

fluid chamber;

valve means for opening and closing said passage;

biasing means for acting on said valve means to con-

trol the valve opening pressure of said valve means;
and

a timing chamber spillport formed in said injector

housing for draining timing fluid from said timing
fluid chamber, said timing chamber spillport being
positioned to be opened only when said lower
plunger nears its lowest position at which said
injection orifice is closed, said timing chamber
spillport having sufficient flow rate capabilities to
cause timing fluid to drain from said timing cham-
ber primarily through said spillport rather than
through said valve means when said upper plunger
nears its lowest position.

22. The fuel injector according to claim 21 wherein
said timing chamber spillport is sized to restrict dis-
charge of timing fluid from said timing chamber upon
said lower plunger nearing its lowest position to main-
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tain sufficient pressure on said lower plunger to tend to
hold said lower plunger in its lowest position.

23. The fuel injector according to claim 21 wherein
said upper plunger comprises a cylindrical sidewall and
a generally planar lower surface, wherein said cylindri-
cal sidewall intersects said lower surface at a generally
sharp perpendicular angle such that said timing cham-
ber spillport is gradually restricted by said cylindrical
sidewall of said upper plunger as said upper plunger
nears its lowest position and said timing chamber nears
its substantially fully collapsed condition.

24. The fuel injector according to claim 21 wherein
the lower portion of said cylindrical sidewall is shaped
to at least partially close said timing chamber spillport
as said upper plunger nears its lowest position and the
velocity of said upper plunger is decreasing whereby
the effective area of said timing chamber spillport is
reduced to maintain high fluid pressure in said timing
chamber which, in turn, maintains high downward
pressure on said lower plunger to prevent secondary
injection.

25. A unit fuel injector for injecting fuel into the
combustion chamber of an internal combustion engine
comprising: )

an injector housing having a central bore and an

injection orifice located at the lower end of said
injector housing and communicating between said
central bore and the combustion chamber;

a lower plunger mounted for reciprocating move-

ment within said central bore;

an upper plunger mounted for reciprocating move-

ment within said central bore, wherein said upper
plunger comprises a cylindrical sidewall and a
generally planar lower surface, wherein said cylin-
drical sidewall intersects said lower surface at a
generally sharp perpendicular angle;

hydraulic timing means for varying the timing of the

- injection of metered fuel, said hydraulic timing
means including an intermediate plunger mounted
for reciprocating movement within said central
bore to form a collapsible timing chamber disposed
between said upper plunger and said intermediate
plunger;

a passage for draining timing fluid from said timing

fluid chamber; and
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a timing chamber spillport formed in said injector
housing for draining timing fluid from said timing
fluid chamber, wherein said timing chamber spill-
port is gradually restricted by said cylindrical side-
wall of said upper plunger as said lower plunger
nears its lowest position and said timing chamber
nears its substantially fully collapsed condition.

26. The fuel injector according to claim 25 wherein
the lower portion of said cylindrical sidewall is shaped
to at least partially close said timing chamber spillport
as said upper plunger nears its lowest position and the
velocity of said upper plunger is decreasing whereby
the effective area of said timing chamber spillport is
reduced to maintain high fluid pressure in said timing
chamber which, in turn, maintains high downward
pressure on said lower plunger to prevent secondary
injection.

27. A high pressure unit fuel injector for injecting fuel
into the combustion chamber of an internal combustion
engine comprising:

an injector housing having a central bore and an

injection orifice located at the lower end of said
injector housing and communicating between said
central bore and the combustion chamber;

upper and lower plungers mounted for reciprocating

movement within said central bore;
hydraulic timing means for varying the timing of the
injection of metered fuel, said hydraulic timing
means comprising a collapsible timing chamber
formed between said upper and lower plungers;

valve means movable from a closed position to an
open position to limit the pressure of timing fluid in
said timing chamber during fuel injection by releas-
ing timing fluid from said timing chamber;

first biasing means for biasing upwardly said lower

plunger during metering of timing fluid into said
timing chamber to establish a biasing force which
limits the metering of timing fluid into said timing
chamber and which tends to move said valve
means toward its closed position; and

second biasing means for adding additional biasing

force which tends to move said valve means
toward its closed position without increasing the
biasing force which resists metering of timing fluid
into said timing chamber.

* * * x %



