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57 ABSTRACT 
Means for control of the rate of fuel injection in a diesel 
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engine injection system characterized by a separate 
fuel injector for each engine cylinder. Each injector is 
supplied with discrete metered quantities of fuel which 
are discharged therefrom upon actuation of the injec 
tor by an injector piston which is driven by a high pres 
sure fluid to pump the fuel through an associated injec 
tion nozzle. The rate of injection is controlled by vary 
ing the rate of flow of the high pressure fluid into the 
piston chamber. In the preferred embodiment, the pis 
ton comprises an elongated cylindrical member having 
a concentric bore open at one end and having ports 
opening into said bore through which the high pressure 
fluid passes from a communicating annulus. The piston 
ports are shaped in a predetermined configuration to 
cooperate with the annulus as the piston travels across 
the annulus to regulate the rate of flow of fluid into the 
piston bore and hence the rate of travel of the piston 
and the rate of injection of the fuel through the injec 
tion nozzle. In a modified embodiment, a plurality of 
piston ports are utilized to produce a pilot injection 
prior to the main injection. To facilitate the return of 
the piston following injection, a spill conduit connect 
ing with the end of the piston chamber is provided 
which is opened in proper timed relationship to the pis 
ton movement by the valve controlling the admission of 
the high pressure fluid to the piston chamber. 

13 Claims, 11 Drawing Figures 
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APPARATUS FOR CONTROLLING RATE OF FUEL 
NJECTION 

The invention herein described was made in the 
course of or under a Contract DAAE07-70-C-4647 
with the Department of the Army. 
The present invention relates generally to diesel en 

gine fuel injection systems and relates more particu 
larly to a means for controlling the rate of fuel injection 
in a system characterized by a separate injector for 
each engine cylinder for injecting metered quantities of 10 
fuel to an associated nozzle, the injectors being actu 
ated by a high pressure common rail fluid upon com 
munication of a timing signal thereto. 

In U.S. Pat. No. 3,587,547 issued on June 28, 1971, 
which patent is hereby incorporated by reference, a 
"universal' fuel injection system is disclosed. This sys 
tem in brief is characterized by a separate fuel injector 
for each cylinder of the diesel engine, which injector is 
supplied with discrete metered quantities of fuel which 
are discharged from the injector through associated 
fuel injection nozzles. A common rail high pressure 
fluid is admitted to each injector in response to a timing 
signal to actuate a piston in the injector, the movement 
of which discharges the metered fuel through the noz 
zle into the engine cylinder. The present invention is 
directed to means for varying the rate of the fuel injec 
tion by control of the rate of movement of the injector 
piston. 
The rate of injection of fuel into the engine combus 

tion chamber and particularly the pattern of injection 
rate variation during the injection interval are impor 
tant factors which must be considered in designing an 
engine. Since the injection nozzle spray characteristics 
are dependent upon the injection pressure, it can be 
understood that the variations in the rate of injection 
during the injection interval are of considerable signifi 
cance. Since the rate of fuel combustion is dependent 
on the rate of injection of the fuel, for certain combus 
tion chamber designs it may be desirable to initially 
limit the rate of injection to prevent objectionable en 
gine knocking. A more uniform controlled rate of com 
bustion of the remaining fuel may then be achieved 
after combustion of the initial injection has raised the 
combustion chamber temperature to an elevated level. 
Since combustion can be controlled by combustion 

chamber and nozzle design, it is recognized that the 
rate of injection should be tailored to suit the require 
ments of the engine. Recent experiments indicate that 
the control of the rate of injection can be of material 
benefit in reducing the emissions content of exhaust 
gases. With the increasing concern with the ecological 
effects of internal combustion engines, the desirability 
of an effective means for controlling the injection rate 
becomes especially significant. 
The present invention is particularly adapted for con 

trolling the injection rate in a universal fuel injection 
system such as that disclosed in the above recited U.S. 
Pat. No. 3,587,547. In the injector construction shown 
in the patent, an amplifier piston is actuated by the high 
pressure common rail fluid to cause a downward pump 
ing stroke of the adjacent spill-control piston. The pres 
ent invention comprises an elongated cylindrical ampli 
fier piston having a hollow bore open at one end and 
into which the high pressure common rail fluid passes 
from an annulus through shaped ports to produce a 
power stroke of the plunger. To control the rate of the 
plunger stroke and hence the rate of injection, the am 
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plifier piston ports are shaped in such a manner as to 
cooperate with the annulus to vary the rate at which the 
fluid flows into the piston bore as the ports traverse the 
annulus. 

In one embodiment of the invention, a plurality of ax 
ially spaced ports are utilized to produce a pilot injec 
tion prior to the main injection. For spaced ports of this 
type or to facilitate the return of the amplifier piston 
with any type port, a by-pass drain conduit from the 
amplifier piston chamber to the injector sump is pro 
vided, which drain path is opened in phase with the am 
plifier piston movement by the servo valve controlling 
the introduction of the common rail fluid into the am 
plifier piston chamber. 

It is accordingly a first object of the present invention 
to provide apparatus for controlling the rate of fuel in 
jection in an injector type fuel injection system. 
A further object of the invention is to provide an ap 

paratus as described which is of a relatively simple con 
struction which can be readily modified to produce the 
desired injection rate pattern. 
Another object of the invention is to provide an ap 

paratus for controlling the rate of fuel injection as de 
scribed which is particularly adapted for pilot type in 
jection. . . . . 

A further object of the invention is to provide means 
for reducing the undesirable exhaust gas emissions of 
diesel type internal combustion engines. 
Additional objects and advantages of the invention 

will be more readily apparent from the following de 
tailed description of embodiments thereof when taken 
together with the accompanying drawings in which: 
FIG. 1 is a longitudinal sectional view through an in 

jector assembly similar to that shown in FIG. 6 of U.S. 
Pat. No. 3,587,547 but modified to embody the present 
invention for control of the rate of fuel injection; 
FIG. 2 is a view similar to FIG. 1 showing a modified 

form of the invention adapted to produce a pilot injec 
tion and including a servo piston actuated by-pass pas 
sage to facilitate the return of the amplifier piston; 
FIG. 3 is an enlarged view of the amplifier piston uti 

lized in the FIG. 1 embodiment showing the configura 
tion of the high pressure fluid ports; 
FIG. 4 is a sectional view taken along line 4-8-4 of 

FIG. 3; 
FIG. 5 is a partial view taken along line 5-5 of FIG. 

4; 
FIG. 6 is a graph showing the rate of injection plotted 

against the injection duration for the injector embodi 
ments of FIGS. 1, 3-5; 
FIG. 7 is a view of an amplifier piston similar to that 

shown in FIG. 3 illustrating a modified form of the fluid 
ports; 
FIG. 8 is a graph showing the rate of injection plotted 

against the injection as produced by the modified am 
plifier piston ports shown in FIG.7; 
FIG. 9 is a view showing the isolated amplifier piston 

of the modified FIG. 2 embodiment of the invention; 
FIG. 10 is an enlarged sectional view taken along line 

10-10 of FIG. 9; and 
FIG. 11 is a graph showing the rate of injection plot 

ted against the injection duration to illustrate the pilot 
injection pattern produced by the embodiment of 
FIGS. 2, 9 and 10. 
Referring to the drawings, and specifically to FIG. 1 

thereof, a fuel injector 40' is illustrated which is essen 
tially the same as that described in the incorporated 



3,752, 137 
3 

U.S. Pat. No. 3,587,547 and illustrated in FIG. 6 
thereof. In view of the thorough description of the uni 
versal type system and particularly the injector 40 
thereof in the incorporated patent, it is not deemed 
necessary to recite in detail the manner of construction 
and operation of the system or the injector. Since the 
structure of the injector of FIG. is nearly identical 
with that shown in FIG. 6 of the patent except for the 
amplifier piston and the amplifier piston chamber, the 
same identifying numbers are utilized to facilitate an 
understanding of the construction and operation of the 
injector assembly. 
Reviewing briefly the salient features of the device, 

the injector 40' includes a housing 200 having a central 
bore 202 within which is disposed the barrel 206". An 
electromagnetic valve actuating means 64 controls a 
servo valve 66 which in turn controls the injection pis 
ton means 68 to inject fuel from the fuel chamber 70 
into and through an associated fuel injection nozzle. 
The servo valve 66 comprises the piston 94 which in 
cludes the abutting piston portions 94a and 94b which 
are reciprocable within the barrel under the influence 
of the high common rail pressure entering the injector 
through inlet 98 which through suitable passages is 
caused to act on both ends of the piston 94. The valve 
actuating means 64 by opening the control valve 114 
permits the high pressure fluid directed into chamber 
108 at the left hand end of the piston 94 to drain to 
tank thus permitting the piston to move to its left hand 
position under the influence of the pressurized fluid 
bearing against the right hand end thereof. Such move 
ment of the piston 94 permits the high pressure com 
mon rail fluid from the inlet 98 to pass into the annulus 
135 through passage 134, and into the amplifier piston 
annulus 144a to actuate the injector piston means 68. 
The injection piston means 68 includes an amplifier 

piston 145' and a smaller spill-control piston 146 in 
contact therewith. The movement of the amplifier pis 
ton 145 toward the spill-control piston 146 under the 
influence of the high pressure common rail fluid forces 
the metered fuel in the fuel chamber 70 out of the 
chamber and through the fuel injection nozzle. The de 
livery passages for directing the injected fuel from the 
injector to the nozzle as well as the means for delivering 
the metered fuel to the fuel chamber 70 are thoroughly 
described in the incorporated U.S. Pat. 3,587,547. 
The injector of FIG. 1 differs from that of FIG. 6 of 

the aforementioned patent only in the structure of the 
amplifier piston 145' and the size of the barrel bore 
within which the amplifier piston is slidably disposed. 
In the present invention, the amplifier piston is of a sub 
stantially cylindrical elongated configuration and in 
cludes a concentric bore 230 extending thereinto from 
the right hand end thereof. Diametrically opposed 
ports 232 and 234 in the walls of the amplifier piston 
are adapted to communicate with the annulus 144a to 
permit entrance of the high pressure fluid into the bore 
230 of the amplifier piston. The pressurized fluid acts 
against the inner end of the bore 230 to move the pis 
ton away from the surface 236 of the end-cap 208 
which the piston engages between pumping strokes. 
Upon movement of the piston away from the surface 
236, the pressurized fluid acts against the entire cross 
sectional area of the piston. 
Referring to FIGS. 3-5, wherein the amplifier piston 

ports are clearly illustrated, it will be noted that the 
ports 232 and 234 are of a shape chosen to permit a 
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4. 
predetermined increase in the rate of flow of the high 
pressure fluid into the amplifier piston bore 30 as the 
piston moves across the annulus 144a to expose the full 
area of the ports to the annulus. The port 232 in partic 
ular is characterized by a narrow slot portion 232a 
which as shown in FIG. 1 is the only portion of the ports 
in communication with the annulus 44a at the begin 
ning of the piston stroke. The slot 232a opens at its 
right hand side into the apex end of a wedge-shaped 
portion 232b of the port which in turn opens into the 
parallel walled main port portion 232c. Except for the 
absence of a slot portion, the port 234 is similarly 
shaped with a wedge-shaped portion 234a and a paral 
lel walled main portion 234b. 
Upon operation of the injector 40", the valve 114 is 

opened venting the high pressure fluid in chamber 108 
and permitting the servo valve 66 to open the annulus 
135 to the high pressure common rail fluid in passage 
98. The high pressure fluid flows through the barrel 
passage 134 from the annulus 135 to the annulus 144a 
whereupon an initial flow into the amplifier piston bore 
230 takes place through the slot 232a to start the am 
plifier piston and hence the spill-control piston 146 to 
the left. It will be evident that the fluid flow is greatly 
throttled by the small size of the slot 232a so that the 
initial movement of the piston and hence the initial rate 
of injection is relatively low as indicated in the graph 
of FIG. 6. However, as the wedge-shaped portion 232b 
of the port 232 moves into communication with the an 
nulus 144a the rate of injection increases and continues 
to increase as the main portion 232c of port 232 and 
the opposed port 234 move into communication with 
the annulus 44a. 
The piston stroke is concluded when the groove 174 

of the spill-control piston communicates with the fuel 
outlet annulus 153 thereby cutting off injection by re 
ducing the pressure in the fuel chamber 70 by means 
of the passage system thoroughly described in the in 
corporated U.S. Pat. No. 3,587,547. The valve. 114 is 
then closed and the chamber 108 is pressurized to 
move the servo valve 94 to the right thereby cutting off 
the flow of high pressure fluid into the annulus 135, and 
venting the annulus 135 to tank by connection 133. 
The right hand position of the servo valve 94 also opens 
the passage 90 to permit metered fuel to flow into the 
fuel chamber 70, causing the spill-control piston 146 as 
well as the amplifier piston 145' to move to the right. 
The fluid in the bore 230 displaced by the movement 
of the amplifier piston 145' to the right passes through 
the annulus 44a, passage 134, annulus 135 and con 
nection 133 to tank. The cycle is thus completed and 
the injector is then ready to receive a further signal to 
begin the injection cycle anew. 

In the modification shown in FIGS. 7 and 8, the am 
plifier piston 45'' is identical with that of the de 
scribed embodiment except that the ports 232’ and 
234' are turned around 180. In this embodiment, both 
ports at the beginning of the injection stroke communi 
cate with the annulus 144a so that the rate of injection 
is at a maximum almost immediately as illustrated in 
the graph of FIG. 8. Due to the decrease in effective 
combined width of the ports as the stroke progresses, 
the rate of injection decreases in the manner shown in 
FIG. 8, tapering off to a very low rate at the end of the 
injection duration as the slot portion 232a' forms the 
sole flow path for the fluid just prior to injection cutoff. 
The injection rate pattern shown in FIG. 8 is thus the 
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opposite of that shown in FIG. 6 and illustrates the type 
of injection rate variation which can be obtained by the 
shaping of the piston ports. Other port configurations 
than those illustrated may be effectively utilized to pro 
duce the desired injection rate pattern. 

In FIGS. 2, 9-11, a further modified embodiment of 
the invention is illustrated which is adapted to produce 
a pilot injection prior to the main injection. As was the 
case with the FIG. 1 embodiment, the injector shown 
in FIG. 2 is in structure and operation essentially the 
same as that of FIG. 6 of U. S. Pat. No. 3,587,547. In 
view of the summary description of the structure and 
operation of the injector set forth above with respect to 
FIG. 1, the structure of FIG. 2 need only be described 
in those respects in which it differs from that already 
described. 
The injector of FIG. 2, which is generally designated 

40', comprises an amplifier piston 145'' which as il 
lustrated in FIGS. 9 and 10 is similar to the amplifier 
pistons 145' and 145'' in including a concentric bore 
230' extending thereinto from the right hand end 
thereof. The amplifier piston 145' differs, however, in 
that it includes a plurality of axially spaced ports to pro 
duce the pilot injection pattern shown in FIG. 11. Spe 
cifically, the amplifier piston includes the pilot injec 
tion ports 250 spaced at 90 intervals about the circum 
ference of the piston adjacent the inner end of the bore 
230' which, as shown in FIG. 2, communicate with 
the annulus 144a at the beginning of the injection 
stroke. A similar set of main injection ports 252 also 
spaced at 90 intervals about the piston circumference 
are disposed in axially spaced relation from the pilot 
ports 250, close to the right hand end of the piston. 
Spaced axially intermediate the pilot injection ports 
250 and the main injection ports 252 is a single smaller 
transition port 254, the purpose of which is explained 
herebelow. As particularly evident in FIG. 9, annular 
grooves 250a and 252a in the piston 145' facilitate 
the communication of the ports 250 and 252 with the 
annulus 144a. 

In addition to the recited differences in the amplifier 
piston, the FIG. 2 embodiment further differs in the in 
clusion of a by-pass passage means 256 for venting the 
right hand end of the amplifier piston chamber to tank 
during the return stroke of the amplifier piston. The 
means 256 comprises a conduit 258 in the end cap 
208' which communicates with the amplifier piston 
chamber portion 259 thereof. The conduit 258 com 
municates with a conduit 260 in the barrel 206' which 
in turn opens into annulus 262 through which the servo 
valve piston 94b' passes. Means are provided in the 
servo valve piston to vent the conduit 260 to tank when 
the servo valve is in the right hand position illustrated 
in FIG. 2. This venting means comprises a transverse 
passage 264 in the piston portion 94b' which aligns 
with the annulus 262 in the right hand position of the 
piston, and diagonal passages 266 intersecting the pas 
sage 264 and opening into an annular groove in the 
servo valve piston formed by a necked down portion 
268 of the piston portion 94a'. The groove formed by 
the necked down portion aligns with vent annulus 96 
when the piston is in the right hand position, which an 
nulus by means of passage 95 is vented to the injector 
tank. W 

It will be apparent that to accommodate the servo 
valve means for opening and closing the by-pass con 
duit means, the injector has been somewhat elongated, 
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but without changing the essential structure or function 
of the components thereof. Principally, the barrel 
206', spill-control piston 146' and the servo valve 
piston portion 94b' are those elements which have 
been axially elongated for the purpose described. 
The embodiment of FIG. 2 functions essentially as 

that of FIG. 1. Upon opening of the control valve 114 
by the valve actuating means 64, the servo piston 
moves to the left permitting the high pressure common 
rail fluid to flow into the annulus 135, through passage 
134 and into annulus 144a. An initial flow of fluid 
through the pilot injection ports 250 produces an initial 
relatively rapid movement of the amplifier piston and 
spill-control piston to the left, producing the pilot injec 
tion as shown in FIG. 11. As the pilot injection ports 
250 pass out of communication with the annulus 144a, 
the transition port 254 is opened to the annulus and 
permits only a greatly throttled flow of fluid to pass into 
the amplifier piston bore 230', resulting in a very low 
rate of injection during the transition period between 
the pilot and main injections. Just before the transition 
port 254 passes out of communication with the annulus 
144a, the main injection ports 252 are opened to the 
annulus and the rapid piston movement resulting from 
the consequent fluid flow into the amplifier piston pro 
duces the main full rate injection as shown in FIG. 11. 
The invention is cut off when the annulus 174 of the 
spill-control piston 146' reaches the annulus 153 in 
the same manner described in the incorporated U.S. 
Pat. No. 3,587,547. 
The return of the amplifier and spill-control pistons 

to the right under the influence of the metered fuel ad 
mitted to the fuel chamber 70 is normally permitted by 
the emptying of the amplifier piston bore 230' 
through the amplifier piston ports back into the annu 
lus 135 and hence out through the connection 133 to 
the tank. However, in the pilot injection embodiment 
of FIG. 2, the spacing of the sizable pilot and main in 

40 jection ports with only the transition port therebetween 

45 
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prevents the necessarily rapid emptying of the amplifier 
piston bore. To permit a rapid emptying of the ampli 
fier piston chamber, the by-pass passage means 256 is 
provided which supplements the usual fluid discharge 
path. Accordingly, as shown in FIG. 2, when the servo 
valve is in the right hand position as it would be during 
the return of the amplifier piston, the conduits 258 and 
260 provide a flow path from the right hand end of the 
amplifier piston chamber through the servo piston pas 
sages 264 and 266 into the annulus 96 and through pas 
sage 95, to the injector tank. This passage will, of 
course, be closed when the servo piston moves to the 
left, since the passage 264 will then no longer align with 
the annulus 262. Thus, during the pumping stroke of 
the amplifier piston, the by-pass conduit means 256 will 
be closed by the movement of the servo piston, but will 
be opened by the servo piston during the return stroke 
to permit the rapid emptying of the samplifier piston 
chamber and hence the rapid return of the amplifier 
piston. 
Although the by-pass conduit means illustrated in 

FIG.2 is essential for the pilot injection amplifier pis 
ton port configuration, it will be apparent that this by 
pass conduit means may also be employed with other 
types of amplifier port configurations such as those 
shown in the embodiments described above. An injec 
tor equipped with the by-pass conduit means may thus 
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be utilized with any type of amplifier piston port config 
uration. 
Manifestly, changes in details of construction can be 

effected by those skilled in the art without departing 
from the spirit and the scope of the invention. 

claim 
1. In a fuel injector comprising cylinder-piston means 

for injecting discrete metered quantities of fuel from a 
fuel chamber to an injection nozzle, said cylinder 
piston means being actuated by a high pressure fluid, 
the improvement comprising means for controlling the 
rate of fuel injection, said means comprising an open 
ended bore within the piston of said cylinder-piston 
means, an annulus in the piston chamber of said piston 
cylinder means, means for introducing pressurized fluid 
into said annulus, port means in said piston providing 
communication between said annulus and said piston 
bore to permit high pressure fluid to flow into said pis 
ton bore to drive said piston toward the fuel chamber, 
said port means being configured to cooperate with 
said annulus to provide a predetermined variation in 
rate of piston movement and hence fuel injection dur 
ing the injection interval. 

2. The invention as claimed in claim 1 wherein said 
port means comprises at least one port in said piston, 
said port being disposed so as to travel across said an 
nulus during movement of said piston whereby the area 
of said port communicating with said annulus varies 
during the piston stroke. 

3. The invention as claimed in claim 1 wherein said 
piston port means comprises a plurality of axially 
spaced ports. 

4. The invention as claimed in claim 3 including by 
pass conduit means for venting said piston chamber to 
tank, and valve means for closing said by-pass conduit 
means during the injection stroke of said piston. 

5. The invention as claimed in claim 3 wherein said 
plurality of axially spaced ports comprise a first port 
adapted to initially communicate with said annulus to 
produce a pilot injection of fuel, a second port axially 
spaced therefrom of reduced area, and a third port axi 
ally spaced from said second port for producing the 
main fuel injection stroke of the piston, said second 
port providing a transition movement of said piston be 
tween the pilot and main injection movements of said 
piston. 

6. In a fuel injector comprising a fuel injecting piston 
means reciprocably disposed for delivering discrete 
metered quantities of fuel from a fuel chamber at one 
end thereof to a fuel injection nozzle, said piston being 
actuated toward said fuel chamber by the introduction 
of a high pressure fluid into a piston chamber adjacent 
the end thereof opposite said fuel chamber, valve 
means for controlling the introduction of metered fuel 
to the fuel chamber and the introduction of high pres 
sure fluid to the piston chamber in timed sequence in 
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8 
response to engine generated timing signals, the im 
provement comprising means for controlling the rate of 
fuel injection, said means comprising an open-ended 
bore within said piston, an annulus in said piston cham 
ber for receiving the pressurized fluid from said valve 
means, port means in said piston providing communi 
cation between said annulus and said piston bore to 
permit the pressurized fluid to flow into said piston 
bore to drive said piston toward said fuel chamber, said 
port means being configured to cooperate with said an 
nulus to provide a predetermined variation in rate of 
piston movement and hence fuel injection during the 
injection interval. 

7. The invention as claimed in claim 6 wherein said 
valve means is adapted to vent said annulus to tank fol 
lowing the completion of the piston injection stroke 
whereby said fluid within said piston bore may empty 
through said port means to permit return of said piston 
prior to a successive injection stroke. 

8. The invention as claimed in claim 6 wherein said 
port means comprises at least one port in said piston, 
said port being disposed so as to travel across said an 
nulus during movement of said piston whereby the area 
of said port communicating with said annulus varies 
during the piston stroke. 

9. The invention as claimed in claim 8 wherein said 
piston port is shaped so as to increase the area of com 
munication thereof with said annulus and hence in 
crease the rate of injection as said piston travels toward 
said fuel chamber. 

10. The invention as claimed in claim 8 wherein said 
piston port is shaped so as to decrease the area of com 
munication thereof with said annulus and hence de 
crease the rate of injection as said piston travels toward 
said fuel chamber. 

11. The invention as claimed in claim 6 wherein said 
piston port means comprises a plurality of axially 
spaced ports. 

12. The invention as claimed in claim 11 including 
by-pass conduit means for venting said piston chamber 
to tank, and means for closing said by-pass conduit 
means during the injection stroke of said piston, said 
means for closing said by-pass conduit means compris 
ing said valve means. 

13. The invention as claimed in claim 11 wherein said 
plurality of axially spaced ports comprise a first port 
adapted to initially communicate with said annulus to 
produce a pilot injection of fuel, a second port axially 
spaced therefrom of reduced area, and a third port axi 
ally spaced from said second port for producing the 
main fuel injection stroke of the piston, said second 
port providing a transition movement of said piston be 
tween the pilot and main injection movements of said 
piston. 
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