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PRESSURE FLUCTUATIONS IN A COMMON-RAIL FUEL INJECTION SYSTEM

By A. M. Rorerock

SUMMARY

The tests reported herein were conducted at the Langley
Memorial Aeronautical Laboratory, Langley Field, Va.,
fo defermine experimentally the instantaneous pressures
at the discharge orifice of a common-rail fuel injection
system 1in which the timing valve and cut-off valre were
at some distance from the automatic fuel injection valre,
and also to determine the methods by which the pressure
Auctuations could be controlled.

The instantaneous pressures ai the discharge orifice
of a common-rail fuel injection system were determined
by analyzing the stem-liff records of an automatic injec-
tion valve. The fuel injection was obtained by releasing
fuel from a reservoir under high pressure by means of a
cam-operated timing ralre. The period of injection was
controlled by the opening of a cam-operated by-pass ralte
which reduced the fuel pressure between the timing rvalve
and the ingection ralve.
assures the same rate of fuel discharge regardless of engine
speed. The results show that pressure ware phenomena
occur between the high-pressure reservoir and the dis-
charge orifice, but that these pressure wares can be con-
trolled so as to be advaniageous to the injection of the fuel.
The results also give data applicable to the design of such
an injection system for a high-speed compression-ignition
engine.

INTRODUCTION

In order to control the injection of fuel into the
combustion chamber of a compression-ignition engine,
it is necessary to know the pressure variations at the
discharge orifice as well as the time interval of injec-
tion. These pressure variations are controlled by the
design of the fuel injection system and the physical
properties of the fuel. The system should be designed
to meet the requirements imposed by these physical
properties in such a manner that the instantaneous
pressures &t the discharge orifice cause injection of the
fuel eccording to the requirements of efficient combus-
tion. Since fuel oils are compressible, they are subject:
to pressure wave phenomena. Because of the fluctua-
tions of these pressures in the injection system, the
instantaneous pressures can not be recorded with a
static gauge. In fact, the pressure fluctuations may
be so rapid and so violent as to make it impossible to

Amn injection system of this type

predict the rates of discharge from the orifice by means
of such pressure gauge readings.

.The quantity of fuel delivered by a common-rail
fuel injection system is controlled either by the Iift
of a mechanically operated fuel injection valve or by
the time interval during which the oil in the high-pres-
sure reservoir is released to the injection valve. The
first type has not been used extensively with high-speed
engines, becauss of the difficulty of controlling the rate
of fuel flow by controlling the lift of & mechanically
operated valve. With the second type it is necessary
to have one or two mechanically operated valves in
conjunction with either an automatic injection valve
or an open nozzle. When one mechanically operated
valve is employed, the fuel under pressure is released
to the discharge orifice for the time interval during
which the mechanicsally operated valve remains opened.
When this valve closes the fuel continues to discharge
until the oil pressure between the mechanically oper-
ated valve and the injection valve drops to a value
less than the injection valve opening pressure, or to the
pressure in the combustion chamber if an open nozzle
is used. This results in a comparatively slow cut-off
of the fuel spray. If, however, an automatic injection
valve is used and a second mechanically operated
valve is employed, which causes the stop of fuel dis-
charge by releasing the pressure between the high-

pressure reservoir and the injection valve to some

value less than the valve closing pressure, & sharp
cut-off of the fuel spray is assured. Such a fuel injec-
tion system should have the following characteristics:
1. Constant time for a given fuel quantity to
be discharged regardless of engine speed.
2. Sharp start of fuel spray.
3. Sharp cut-off of fuel spray.
4. Constant fuel dispersion and penetration
regardless of engine speed, except for the
effect of air flow.

To design a fuel injection system of this type with

8 definite rate of fuel discharge, the effect of the
different parts of the injection system on the instan-
taneous pressures must first be determined. If these
are known, the pressure fluctuations throughout the
injection system and the rate at which the fuel is
discharged can be varied almost at will.
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The instantaneous injection pressures in an injec-
tion system have been measured either directly or
indirectly by several investigators. Hesselman (Ref-
erence 1), using & combination common-rail and pump
injection system, recorded the movement of the auto-
matic injection valve stem, and from the area exposed
for discharge into the combustion chamber computed
the rate -of fuel discharge. Ricardo (Reference 2)
measured the instantaneous pressures from a fuel
pump by means of the R. A. E. indicator. A third
investigator (Reference 3) recorded the stem move-
ment of an automatic .injection valve and from it
attempted to predict the pressure variations at the

Inftial pressure
confrof volve

results of these tests showed that the sautomatic
injection valve was opened by a pressure wave.

METHODS AND APPARATUS

The injection system of the N, A. C. A. Fuel Spray
Photography Equipment (Reference 6) was used for

this investigation. It is illustrated diagrammaticaelly

in Figure 1. The timing valve cam was operated by

& clutch which, when engaged, caused the cam to
make one revolution. As the timing-valve needle was
lifted from the seat the oil under pressure in the high-
pressure reservoir was released through the injection
valve tube to the injection valve.

The oil pressure

Com

FIGURE 1.—Fuel spray injection system

discharge orifice. Unfortunately his analysis is incom-
plete and consequently the pressure curves prezented
are not justified.

Gelalles and the a.uthor (Reference 4) have recorded
the movement of the.timing valve stem on the injec-
tion system of the N. A. C. A. Spray Photography
Equipment when the stem was operated hydraulically
and, in addition, have computed the stem movement
from an analysis of the flow of oil through the valve,
The computed movement of the stem was in close
agreement with the asctual movement. From these
results the movement of the stem. of an automatic
injection valve was computed, but due to limitations
of the apparatus at the time, the actual movement
was not determined.

The euthor (Reference 5) has determined exper-
imentally the time interval between the opening of
the timing valve and the start of the fuel spray from
an injection valve for the injection system of the
N. A. C. A. Spray Photography Equipment. The

acting on the annular area of the valve stem forced
the stem from the seat and the oil was sprayed into
the chamber. The by-pass or spray cut-off valve then
opened, the hydraulic pressure in the injection valve
tube dropped due to the rapid flow of the oil through
the hy-pass vealve, and the injection valve spring
returned the stem to its seat, cutting off the fuel
spray. The time interval between the start of open-
ing of the timing valve and by-pass valve could be
varied as shown. The by-pass velve was soadjusted
that it opened before the timing valve started to close.

The initial pressure in the injection valve tube was
adjusted to any desired value by means of the initial
pressure control valve. The hydraulic pressures were
obtained by a hand pump. The static pressures were
indicated by a Bourdon spring gauge mounted in the
line between the hand pump and the high-pressure
reservoir. An initial pressure of 300 pounds per
square inch and & camshaft speed of 1,140 r. p. m.
were used in all the tests except where otherwise

1t
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stated. Particular care was taken to remove all air
from the injection system before each test was made.
The fuel used was & high grade Diesel fuel oil with a
specific gravity of 0.86 at 80° F., and an absolute
viscosity of 0.048 poises at 80° F., and atmospheric
pressure.

The injection valve shown in Figure 1 was altered

as shown in Figure 2, so that the stem movement |

could be recorded. The timing valve was also altered
in the same manner. The movement of each valve
stem was recorded by directing a beam of light from
a point source onfo a mirror operated by the valve stem
and focusing the reflected beam onto a film mounted on
arevolving drum. The two film drums
were mounted on the same shaft, and
driven by a synchronous motor at a
peripheral speed of 1,038 inches per
second. Electromagnetic shutters op-
erated by the camshaft were placed in
front of the film drums so that the
beam of light fell on them for not
more than three revolutions. This
was done so that the line of zero Iift
would not appear as a heavy band.
During the preliminary part of the in-
vestigation the injection valve was
mounted in thespray chamberas shown
in Figure 1, and records were taken si-
multaneously of the timing valve stem
movement, the injection valve stem
movement, and the development of the
fuel spray. In order to synchronize
the three records, small spark gaps were
placed in front of the two stem move-
ment films, These were connected in
series with the main spark gap for tak-
ing the high-speed motion pictures of
the fuel spray. Hence, for each spray
photograph there appesred a short
line on each of the two films, Fig-
ure 3 shows records of the movements of the valve
stems and of the development of the fuel spray teken
in this manner. For this particular test the stem
stop of the injection valve was set to limit the maxi-
mum lift to 0.021 inch.

An examination of the figure shows that both the
start of the spray and the start of the injection valve
stem movement occurred between the seventh and
eighth photographs, and that spray cut-off came
between the fifteenth and sixteenth photographs. The
stem did not stey against the stop because of the pres-
sure fluctuations. The three records taken simul-
taneously showed that the start and stop of the spray
followed the start and stop of the injection valve
stem movement within a few hundred thousandths of
a second, that is, within the accuracy of the experi-
mental data. The effect of the several variables on the

time interval between the opening of the timing valve
and the start of the fuel spray had been determined
previously (Reference 5). Therefore, spray end timing
valve records were not taken for the majority of
the tests, and the injection valve was mounted
in theholder shown in Figure 2 so that calibra-
tion records could be tsken after each stem lift
diagram.

In order that the stem movement could be used as
the instantaneous pressure indicator, all of the injec-
tion-valve records for the pressure analysis were taken
| with the stem stop backed off, so that the stem did not

| strike it. A typical record is shown in Figure 4. It

y \‘-‘.. Eleciro-
Stem sfop /Z ens \ . magaefic
- Shutter

/ _
A&

Vo N X
T

. Film drum
Light source.

FIGURE 2—Aunfomatie fnlection valve and apparatus for recording valve sfem movement

is seen that the stem came in contaet with the seat
after the first oscillation, but did not touch it again
until spray cut-off, at which time it struck the seat and
meade a series of short bounces. Such bounces are the
cause of the discharges which Beardsley defines as
secondary discharges and discusses in his report on
the reproducibility of spray data. (Reference 7.)
They occur when the pressure in the injection valve
tube'is great enough during the bouncing of the stem
to cause discharge. They are not due to a pressure
wave oscillating between the by-pass valve and the
injection valve, since their frequency is too high for
such an oscillation.

The calibration of the spring in the injection valve
wes obtained by closing the valve A shown in Figure 2.
The stem recording mechanism was removed, and s
dial indicator graduated in thousandths of an inch

IR IaTRanne
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was placed against the spring follower of the injection | was obtained on the revolving film with straight lines
valve. The hydraulic pressure was built up in stages | representing the lift for each increment. This record

of 500 pounds per square inch and the lift readings
recorded. From thess data the spring scale of 3,600

.

N
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was converted into actual lift of the valve stem in
inches from the spring calibration. It was necessary

. Time, Sec.

Fuel spray phofographs

.005  .006  .007 .008 - . ol
T e 7. 008 009 .00 00

Stem lift_in.

Record of injection valve stem motion with stem stop set at 0.021 inch lift

" .005 7
Time, sec.

Record of timing valve stent motion
FIGURE 3.—Fuel spray development, injection vaive stem motion, and timing valve stem metion recorded simultaneously

pounds per square inch was computed. The cali-
bration of the lift as recorded on the film was obtained
by replacing the lift recording mechanism and build-
ing up the pressures in stages of 500 pounds per square
inch. At each pressure increment the point source
light was flashed on for an instant, so that a record

to take film calibration records after each lift record,
for, in changing the conditions between successive
tests, the angle of the point source light was changed
and any difference in this angle changed the recorded
lift—scale. The calibration record for Figure 4 is
shown_in Figure 5. The corresponding pressures for



PRESSURE FLUCTUATIONS IN A COMMON-RAIL FURL INJECTION SYSTEM 675

each line have been marked on the film. In this par-
ticular case the valve opening pressure was 2,50
pounds per square inch; consequently, there was no
lift recorded until this pressure was reached.

In order to obtain the frequency of the diaphragm
steel link, the diaphragm was deflected slightly and |

= 5=

Ry

P - ! ! ; 1.
o .eor  .002 .003 005 006 . .007

the time #, m the mass of the moving parts, and a the
accelerption of the stem at the time £ The spring
scale has already been given. The mass of the moving
parts was taken as the mass of the valve stem, plus the
mass of the spring follower and its attachments plus half
the mass of the valve spring and the mirror and its

t - l U [
N ) o208 .. 009 Ws/ls Ol
Time, sec. e : - s SRR
FI6URE 4.—Record of injection valve stem motion with no stop

then released, and at the same time a photographic
record was taken of the vibration of the refiected light
beam. The record, Figure 6, shows that the fre-
quency of vibration was 5,000 per second. In the
stem records the effects of these vibrations are notice-
able to an appreciable degree only when the stem

support. For the valve tested the total moving mass
was 0.069 pound. The spring compression at any
instant was the sum of the initial compression of the
spring, obtained from the calibration record, plus the
stem lift at the instant under consideration, obtained
from the stem lift record. The acceleration at any

FIGURE 5.—Pressure calfbretion record

strikes the seat during the bouncing after cut-off,
Figure 4.

DERIVATION OF THE INSTANTANEOUS PRESSURES

| instant was obtained by first drawing the time velocity
| eurve from the tangents to the time lift curve taken at
| 0.0001-second intervals and then drawing the time

AT THE DISCHARGE ORIFICE FROM THE STEM
LIFT RECORDS

At every instant the hydraulic force on the valve
stem was opposed by the resisting force of the valve
spring plus the product of the.mass of the moving
parts and their acceleration at that instant plus or
rainus the friction of the stem in its guide. With the
injection valve used the lapped stem slid freely in the
valve body when the valve was assembled, and con-

rms:
n

7o
i .

pircd

'\ Tima, sac.”

sequently the friction force was neglected. The force
equilibrium equation is therefore:

f=Ars+ma (1)

in which f is the hydraulic force at any time ¢, A the ;

spring scale, s the compression of the valve spring at
41630—31——44

F16URX 8.—Record of vibrations caused by diaphragm steel link

t acceleration curve from the tangents of the velocity
curve taken at the same intervals. The mean pressure
on the stem was the total force divided by the area of
the stem —0.0398 square inch.

SN
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Figure 7 shows the velocity, acceleration, and
pressure curves, together with the lift curve for the
experimental record shown in Figure 4. The bouncing
of the stem after cut-off is omitted since it was not the
purpose of these tests to investigate secondary dis-
charges. The time scale in Figure 7 was enlarged over
that in Figure 4 so that the tangents for the velocity
curve were for angles less than 45 degrees, since the
rate of change of the tangent is less for the smaller
angles. The curves in Figure 7 are characteristic of
the curves obtained for the stem movement in the
majority of the tests. ‘There is first an oscillation of
high amplitude, then one of small amplitude, followed

COMMITTEE FOR AERONATUTICS

the expression gives a value of 0.0020 second. The
actual period as obtained from the figure is 0.0026
second. The difference between the actual period
and the theoretical period can be accounted for in part
by the fact that the value of E has not been accurately
determined, but chosen from the values of other oils
of similar properties. The curves show in nearly all
cases a sharp drop in pressure about 0.0004 second
after the start of injection caused by the start of the
dischaige from the orifice. _There is a sharp increase
the stem reaches or nearly reaches the seat during iis
oscillations.

N
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F16URE 7.—8tem lift record shown in Figure 4 plotted together with stem veloclty and acceleration curves and pressure at dischargs orifice

by one of a slightly greater amplitude. These oscilla-
tions indicate that the stem movement was controlled
by two harmonics imposed upon each other. One
was the fundamental harmonic of the valve spring.

Its period was 21\/‘ which for the spring. used was

0.0014 second, approximately the period of the first
oscillation, 0.0018 second. The other was the funda-
mental harmonic of the oil column between the dis-
charge orifice and the high-pressure reservoir. Its

3 E in which [ is the length of the oil

column between the discharge orifice and the high-
pressure reservoir, 26.7 inches for the 13-inch tube,
p the density of the Diesel oil, 53 pounds per cubic
foot, E the modulus of elasticity of the oil, 284,000
pounds per square inch (Reference 8), and g the
gravitational constant. Substituting these values in

period was 24l

In order to determine the accuracy of the tangent
method for obtaining the accelerations and pressures
on the injection valve stem, an equation was derived
by means of Fourier’s series for the record in which the
fluctustions were most violent. In the computation
it was assumed that the lift curve was symmetrical to
the time axis and that the stem movement during the
complete injection period represented a half period of
& harmonic curve. The equation was determined for
the first seventeen odd harmonics. The computed
points checked the experimental points within 0.0002
inch.. The second derivative of the equation was
determined and transformed into terms of acceleration
in inches per second per second. These values of
acceleration were then used in deriving the instanta-
neols pressures from Equation (1). The results are
shown in Figure 8. The end points are not given, since
i in assuming a curve symmetrical to the time axis the
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computed curve must necessarily deviate from the
actual curve for 0 and 180 degrees because of the
difference in slope at these two points. The computed
points shown, however, fall sufficiently close to the
curves obtained by the tangent method to indicate the
accuracy with which the tangents were drawn.

The flow of oil through the discharge orifice was
computed from the pressure curves and the conven-

(Reference 9) showed that the coeflicients of discharge
of these orifices over the range of pressures investigated
did not vary materially from 0.94. '

The actual discharges were obtained by screwing a
small container onto the injection valve and weighing 10
injections. In each weighing the nozzle and end of
the valve were cleaned with benzol before attaching
the container, and the nozzle and end of the valve were

- g% .00 R O P L
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< d e
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FiGURe 8.—Velacity, acceleration, and pressure curves obtalned by tangent method and valnes of acceleration and pressure obtalned from Fourier's
serfes

tionel fow formula, @=ait. The total mass Af dis- |

charged in any time { is

M=p0Q
=T%C%-\‘-Ppg (2)

in which P is the effective pressure, d the diameter of
the orifice, and ( the coefficient of discharge. The
effective pressure was taken as the square of the mean
of the square roots of the instantaneous pressures. It
was obtained by plotting the square roots of the instan-
taneous pressures, integrating the curve with a plani-
meter, dividing the integral by the total time of
injection, and squaring this mean of the square roots
to obtain the effective pressure of injection. Coeffi-
cient of discharge tests made on the 0.008 and 0.020
inch orifice with the apparatus employed by Joachim

cleaned with a piece of cotton when the container was
removed. The weight of the oil collected on the cotton
was added to that collected in the container. A
certain amount of oil vapor escaped while the con-
teiner was being removed from the valve and the cap
was being screwed on, and it was impossible to wipe
all the oil off the nozzle. The exact magnitude of
these two losses is difficult to estimate. In every case

two or three sets of 10 discharges were weighed and -

the mean taken. In no case did the individual weights
vary more than 3 per cent from the mean.

TEST RESULTS

Effect of the Ratio of Discharge Orifice Area to Areq
of Smallest Restriction between the High-pressure Reser-
roir and Discharge Orifice—The tube connecting the
high-pressure reservoir with the timing valve had an
internal diameter of 0.063 inch. The diameter of the
passage connecting the timing valve to the injection
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valve tube was 0.094 inch. The injection valve tube
was made of seamless steel tubing with an outside
diameter of % inch and an inside diameter of 0.125
inch., The oil passage in the injection valve between
the injection velve tube connection and the passage
around the valve stem had a diameter of 0.094 inch.
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F1aurz 0.—Effect of orifica diameter on stem Jift and oil pressurs

Injection pressure........ 3,500 1b./sq. in.
Vealve opening pressure. 2,600 Ib.fsq. in.
Initlal pressure. 800 1b./sq. in.
Tube length______ - - 18 In.

Consequently, the smallest restriction was the 0.063-
inch tube between the high-pressure reservoir and the
timing valve. Two series of tests were conducted to
determine the effect of the ratio of the discharge orifice
area to the area of the smallest restriction in the line.
In the first series the stem lift was determined for differ-
ent diameter discharge orifices. In the second series the
stem lift was determined with a constant discharge
orifice diameter, but with various restriction orifices
inserted in the injection line at the entrance to the
automatic injection valve.

The effect of varying the discharge orifice diameter
is'shown in Figure 9. The ratio of the dicharge orifice
area to the restriction ares is symbolized by Ad/a. As
the ratio was increased, more of the energy of the
initial pressure wave was expended in discharging the
fuel oil, and less of it was utilized in a wave reflected
back to the -high-pressure reservoir. Consequently,
the intensity of the pressure waves and the stem lift
decreased as the orifice diameter increased. Between

the ratio of 0.25 and 0.45 there is a ratio above which
the wave energy was apparently entirely transformed
into the kinetic energy of the discharging oil and the
pressures at the discharge orifice remained virtually
constant, although the stem oscillated.

Figure 10 shows the effect of the ratio Afa when
the discharge orifice remained constant and the diame-
ter of the restriction orifice was varied. The same
phenomenon occurred as is shown in Figure 9. The

important fact to notice in these two figures is the

similarity of the curves for the same ratio. For the
0.020-inch restriction orifice with a ratio of 1.0 the
valve stem oscillated to a greater extent than with
the ratio of 0.45. Although the values given for the
instantaneous pressures in this particular case are open
to question because of the difficulty of analyzing the

_curve at the line of zero lift, the curve does show that

there were violent fluctuations of pressure, because of
the rapid opening and closing of the valve.

g .- Afa=0.063 080 in. restriction orifice

9;6000 .06 T I

3 -8 Pressure

Q g— 1\0\ i

Q;M:"\E.Otf {//

2 2000 § .02 A ~1—

‘L, ") \/Lfff’ \

S 0 0% '

e - Ala=0.103  .060 in. restriction orifice I
6000 o8 !

!: F}—Isssulr'e
7000%.04 /Q\ 3 -

£
[v
n \ S ey
S, / \ N N\
9 E 4
3 2009 .02 — N
-t h
¢ 5 / N Lift N
g; o o
N Afa=0.250  .040 in. restriction orifice |
Q4000 t 04 L r .
= : ~Pressure
S § NN T
20¢0 E 02 N
. 0§ Lir” N
g o= 1
g Ala=[.000 .a20 in. restriction orifice ’
s L
8-4000-': o4 ~Pressure
by
S coooS 02 A NI
N R Ay A (S=vaY
~Li
S o2 4l N
= “ oo .007 .002 .003 -004
Q 7ime, sec.

FiGrrE 10.—Eflect of restriction orifices on stem 1ift and oil pressures
Injection pressure. 3,500 Ib.fsq. in,
Valve opening Pressire. . occceecccocccccmaccamcacccaassmanmen 2,500 Ib./sq. In.
Inltial pressure..co-voooo-- 300 1b./sq. In.
Tobe length. oo oo eeeee . 13 In,
Orifice dlameter. . ... oo e 0.020 fn.

The effect of the ratio of discharge orifice ares to

the restriction orifice area on the effective pressures is

shown in Figure 11. As the ratio decreased, the ef-
fective pressure approached the static pressure in the
high-pressure reservoir. The difference between the
static pressure and the effective pressure was directly
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proportional to the ratio. Because the effective pres-
sure decreased as the orifice ares was increased, the
quantity of fuel discharged, Figure 12, did not vary

4000
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N3Jooo

\\I\
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Rofio of discharge orifice areo
tfo restriction orifice area
Fieure 11.—Effect of ratio of dischargs orifics area to restriction orlfice area on
effective pressure

Effective press. Ib

directly with the orifice area. Both the computed
and actual discharge curves follow the same general
trend. The discrepancy between the two is due fo
the losses in weighing the fuel, to the restriction to
flow when the valve stem approached the seat, and
also because the mean pressure across the stem was
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FiorRrE 12.—Efect of restriction orifice area and discharge orifice area on
fuel quantity discharged

probably greater than the mean pressure across the
discharge orifice. In Figure 12 it is also seen that as
the ratio Afe decreased, the fuel quentity discharged
increased.

It can be concluded from the figures thet for an in-
jection system of this type the area of the smallest
restriction in the fuel line should not be less than four
times the srea of the discharge orifice.

Effect of Injection Valre Tube Length.—The effects of
the injection valve tube length on the stem Iift and
pressure variations are shown in Figure 13. As the
length of the injection valve tube was increased the
period of vibration of the oil column was increased.
The computed periods for the tube lengths are 0.0020
second for the 13-inch tube, 0.0028 second for the
24-inch tube, 0.0037 second for the 37-inch tube, and
0.0063 second for the 70-inch tube. With the 13-inch
tube the pressure reached a second maximum and had
started to decrease when cut-off occurred. VYith the
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F1cUurx 13.—Effect of tube length on stem IHft and ofl pressurs
Orlfice diamefer. 0.020 in.
Injection pressare_._.____ 3,500 1b./sq. In.
Initial Dressure. oo e ece e mcmm e am—— 300 1b.jsq. in.
Valve opening pressure 2,500 1b./sq. in.

24-inch tube the pressure reached a minimum and
had sterted to increase when cut-off ocecurred. With
the 37-inch tube cut-off occurred when the pressure
had reached a minimum. The 70-inch tube gave vir-
tually a constant pressure during the whole injection
period, as the initial wave had just started to decrease
at cut-off. If is interesting to note that there was a
slight increase in the injection period for the longer
tubes, although the setting of the cut-off valve was
the same for all the tubes. Consequently, the time
lag between the opening of the timing valve and the
opening of the injection valve, instead of increasing
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directly with the tube length, should show a slight
negative curvature, as has already been shown in the
experimental work on the time lag (Reference 5).
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FIGURE 14.—Eflect of fube length on effective pressure and fuel discharged

The curves show that to obtain a high con-
stant pressure with an injection system of this
type the period of injection should be one-half the
period of the pressure waves in the injection valve
tube, or the length of the injection tube in inches
should be twice the injection period in ten-thousandths
of a second

The effects of the tube length on the effective pres-
sure and fuel quantltms discharged are shown in Figure
14. "As Figure 13 indicates, the effective pressure
increased with tube length until with the 70-inch tube
the effective pressure was approximately the same as
the static injection pressure in the reservoir. The
curves for the weight of oil discharged show that the
weight increased with the tube length. Itisinteresting

. to note that with the 70-inch tube, in which the pressure

remgined virtuelly constant, there is considerably less
deviation between the computed and the actual
discharges. This indicates that the oil flow in the
shorter tubes d1d not follow the rapid fluctuations in

' pressure _
By using a smaller discharge orifice, thatis, a smaller

ratio of discharge orifice area to restriction area, effec-
tive pressures greater than the pressure in the reservoir
can be obtained. TFigure 15 shows the stem lift and
pressure curves for & 0.008-inch orifice and a ratio of

As the tube length was increassed the pressure /3" tube

and the lift at the point of cut-off decreased, the g 8000 .08

bouncing of the stem after cut-off decreased and § =

with it the tendency towards secondary discharges. Q GOOO'E_ 06 ﬂQ Dressure

This is in accordance with the work of Beardsley ¢ 4000-l< el k { A~

(Reference 7), in which he found that with a tube 3 g7V / \\f\ AL \

length of 7 inches secondary discharges appeared, @ 2000??3,03 +—Y % //

but with a tube length of 41 inches there were no & _ LiFE?

secondary discharges. It can be concluded thatsec- S ¢ _0 '

ondary discharges will occur when spray cut-off l I 70" i‘ube\

oceurs during the peak of & pressure wave. §8000 .08 oressure

These . curves also substantiate Beardsley’s 56000 .06 A :

results (Reference 7) which showed that the spray < o 70\ \/‘“\—/-\L/\

penetration was slightly increased with an increase g 2000 gal2 / e P

in tube length. The penetration of the spray is & / / . Lift” \

largely dependent on the maximum pressure of ¥ 2000%.02 X

the initial wave and the time required to reach N _ N\

this maximum, but is aided to some extent by ° 0 g4 .00/ .002 003 .004 .005

i:ﬁf;g;es O;VhlEGlh; u:zllo;g ts];:zwlsnatx}i:;m?he Arillam- - - F1oURE 15.—Effect of tube 1:::: ;f:; Uft and ofl pressure

mum pressures and the time required. to resch | e eI TIIIIT Maenig b

these pressures were nearly the same for the 13, 24, VAI¥0 ODENINE PIOSTUIB.cacs s - - mmrmmcsmm emmm <o m e mammmen 2,000 1b./sq. in.
OrIﬂoa diameter. .- ameme e e - 0.008 in.

and 37 inch tubes. However, as the tube length was
increased, the rate of pressure drop after the maxi-
mum was reached decreased and the resultant penetra-
tion was, therefore, greater. With the 70-inch tube the
maximum pressure was less than with the other tubes,
but remained at this maximum value for & longer time.

Afa equal to 0.016 with 13-inch and 70-inch injection
tubes. The effective pressure with the 13-inch tube
was 3,500 pounds per square inch and for the 70-inch
tube_was 4,500 pounds per square inch—29 per cent
higher than the static injection pressure. Such a small

il
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ratio of discharge orifice diameter to injection valve
tube diameter would, however, not be practicable from
a construction standpoint.

Effect of Timing-valre Camshaft Speed and Ingection
Period—The effect of the timing-valve camshaft

pounds per square inch at 1,140 r. p. m. to 3,150 pounds
per squere inch at 480 r. p. m. As the rate of fuel dis-
charge varies as the square root of the pressure, the
mean rate of discharge at 480 r. p. m. is only 2 per cent
less than at 1,140 r. p. m. If can be concluded from

1140 rpum.
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F1curk 16.—Effect of timing valve camshaft speed and Injection perlod on stem Hft and ofl pressure

Injection pressure.......... - 8,500 Ib.fsq. in.
Initial pressare. ... o oo oaoioioocaoan 300 Ib.fsq. In,
Vealve opening pressure. ..o oo ccca e e e 4,500 1b./sq. In.

speed and the injection period on the pressure fluctua-
tions is shown in Figure 16. As the timing-valve cam-
shaft speed was decreased, the maximum pressure
reached on the first and second waves decreased slightly.

Tube length. oo et — 1Bin
Orffies diameter ... .. 0.020 Iz

these curves that for an injection system of this type
the fuel spray penetration and distribution, except for
the effect of air flow, and the time for delivering a given

fuel quantity, are practically independent of engine

The pressure wave was damped out before the third | speed
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Freure 17.—Effect of timing valve camshaft speed and injection period on effective pressure and fuel discharged

oscillation, so that for the lowest r. p. m. the pressure
after the first 0.0045 second remained virtually con-
stant at the pressure in the reservoir. Figure 17 shows
the effect of the camshaft speed and injection period
on the effective pressure and the fuel quantity dis-
charged. The effective pressure dropped from 3,300

Effect of High-pressure Reservotr Volume.—Another
factor in the design of a common-rail fuel injection
system is the volume of the high-pressure reservoir.
The volume should be sufficient so that the pressure
drop during injection is small, and at the same time
the reservoir should be small enough to be in propor-
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tion to the rest of the injection system. For the
tests already presented the volume was 20 cubic
inches. A test was made with a 10-cubic inch reser-
voir. The results of this test in comparison to one
with the 20-cubic inch reservoir are shown in Figure

10 cuin. oif reservoir

6000 .06 — S -
BN A~ Fressure
4000 .04 A ™ £ S
U
SN A AN
2000 E, 02 DY V4N
Iy 5 ' \\ /Lift >\_/ X
S 00
g I 20 cr.r.ini oif reservoir : ‘
86000 .06 — -
P RN AN Pressure
~ 40007 .04 = \ )_\ ~
Q -~ /
2000 § .02 /\ \ N\
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LI;ff’A / \_4
g o 007 002 .003 .00

Time, sec.
Fiaune 18.—Eflect of oll reservolr volume on stem 1ift and ofl pressure

Injectlon Pressure. - o o.oeooom oo ccecccman oo mecaaa 3,500 1b./sq. in.
Initial pressure......... 300 1b./5q. in.
Valve opening Pressure. o oeecicccaccaomaee-e 2,5001b./sq. In,
Orifice dfameter. .- oo oo et e e 0.020 In.
Tube length._.... 13 ins,

18. 'The stem lift and pressure curves are virtually
the same for the two reservoirs. Further research is
necessary, however, to determine the minimum
high-pressure reserveir volume that can be ero-

pllloyed “;lighout affecting the pressures at the dis- 6000_2- % ere‘S'su,.e

charge orince & 4000 $2.04 [N }

Effect of Initial Tube Pressure—The effect of & T } \ VY\_.\ | /\‘/\

the initial pressure in the injection valve tube 2000 g 5.0 S /

before the opening of the timing valve on the stem v 3 Lift? N T \

lift and the pressure variations is shown in Figure 3 0 --Oi I ] | I

19. As the initial pressure was increased, the ¥ ..., s 1000 b sq.n irtial pressure
maximum pressure decreased, and the pressure \,'i ¢ Dressure

curve changed from a wave curve to & curve of S 40008204~ ’(\\

almost constant pressure. There was, however, = ) \ Nt | /x

little change in the effective pressures—3,100 ¢ 2000§.02 P2 — /

pounds per square inch for the 300 pounds per § “ Lift " ~—

square inch initial pressure, 3,300 pounds per & 0 0| T ’
square inch for the 1,000 and 2,500 pounds per 9.n00 o5 lesao b fsgin. initial pressurel )
square inch initial pressures. The totel injection 3 ¢ Pressure

period increased with the initial pressure. There- @4000{-.04 > S

fore, since the setting of the by-pass valve remained X = /"/ T —

the same for all the tests, the time lag of injection S 2 0005 02 //_ T
decreased as the initial pressure increased. In w Lift [~~~ ,T\
the report on the time lags of injection (Ref- 2 o .00l . .002 .003 .004  .005
erence 5) it was stated that the time lag was Time, sec.

. o e . 3 Frourg 19.—Eflect of initlal pressure on stem lift and oll pressure
independent of the initial pressure, providing ..o iressure..ooooooo P
the injection pressure was considerably in ex- Valve opening pressure......oeeeeeooo..... - 2,600 Ibs./sq. In.
cess of the valve_opening pressure. However, gt SElcc— e e

the results presented here show that when the
valve opening pressure is comparable to the injec-
tion pressure the time lag is dependent on the initial
pressure.

To maintain an initial pressure in the injection

valve tube of an injection system of this type pre-

ceding the opening of the timing valve the same
pressure must be left in the tube at cut-off of each
injection. Consequently, the cut-off of the spray

. would not be as sharp as shown in Figure 19 where

the fuel pressure was released to atmospheric. Beards-
ley (Reference 7) has shown that the spray penetration
increases slightly with the initial pressure. The curves
show that this increase as the initial pressure increases
is due to the slower rate of pressure drop after the
first wave. It can be concluded from the figure that
a high initial pressure in the fuel injection line does
not present any advantages which can not be obtained
by lengthening the injection tube, but on the contrary
does cause a slower cut-off of the fuel spray.

Effect of Valve Opening Pressure.—Decreasing the
valve opening pressure (fig. 20) had little effect on the
stem movement and pressure variations other than to
increase the stem lift and so prevent the stem from
touching the seat during its oscillations. The injec-
tion period increased as the valve opening pressure
decreased, as has already been pointed out in the work
on the time lags. (Reference 56.) High valve opening
pressures cause the fuel spray to start at a higher
pressure and consequently some increase in spray
penetration should be expected. The effective pressure

300 ib.[sq.in. initiol pressure

increased slightly with the valve opening pressure,
Figure 21, since the pressures at the start of injection
were higher. The increase in the effective pressure

[
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was more than offset by the increase in the time lag | spray penetration, dispersion, and atomization desired.
and consequent decrease in the injection period. | The curves show that unless the total hydraulic force
Hence, the fuel quantity discherged decreased slightly | on the stem after it is lifted is sufficiently greater than

with en incresse in the valve opening pressure. . .
Valve opering pressure 1000 /b[sq.in.

(Fig. 21.) From these curves it can be concluded  sog0 .08 l :
that the valve opening pressure has little effect Pressure
on the effective pressure and the fuel quantity 6000.L.06 SRAW
discharged, but does affect the stem Iift. E_ 1\5‘ / /N P
Effect of Injection Pressure.—Figure 22 shows n\.4000 5‘04 / / N = - \
the effects of the injection pressure on the stem < 2000?:‘;.02 N X_{
lift and pressure variations. In the first example § LifEl. \|
the valve opening pressure was greater than the ﬁ o 0f | [ i I
injection pressure of 1,800 pounds per square inch. § Valve opering pressure (500 ib{sq.in.
. . ~ 6000 .06
However, the first wave from the reservoir built § g lore Slsure
up to a pressure of 2,400 pounds per square inch 4000£~ 04 \\I:’
and consequently lifted the stem slightly. The S \\ \7<--§ﬂ

second wave reached it. The second wave was
of less intensity than the first, but was sufficient
to again lift the stem. The period of this wave
obtained from the figure was 0.0034 second.
The computed value is 0.0028 second. With
an injection pressure of 2,500 pounds per square
inch the valve opened four times during the in-
jection period. With an injection pressure of

_E- —
valve then closed and remained closed until the 2000 5.02 > == }\

fyin.

:
R

{4

0il pressure,lb/s
3

2ooo §.02 [_;’{f_}\\ //'\\///\ \\

Ste

3,500 pounds per square inch, as has been shown 2 o0 ool T.002 .003 .604 .005
Time, sec.

before, the valve remained open during the whole

injection period. When the injection pressure gy .o pressme...

Fiouzrk 20.—Effect of valva opening pressure on stem lift and ofl pressure

i 2,500 Ib.fsq. In.
was further increased to 4,000 pounds per square Intial pressure... pootaagy
inch the pressure and stem lift curves were of the oo e 131n.

' Orifics diameter. 00201,

same form as for the 3,500-pound per square inch

injection pressure, but of greater intensity. The
effective pressure for the 3,500 end 4,000 pound per
square inch injection pressures were 3,300 and 3,900
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the spring force on the stem when the valve is closed,
the stem will not remain off the seat during the whole
injection period.
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FIGURE 21.—Eflect of valve opening pressurs on effective pressure and fuel discharged

pounds per square inch, respectively. As the injection
pressure increased the injection period increased, due to
the shorter time lag of injection. (Reference 5.) The
injection pressure to be used in the design of an injec-
tion system of this type is based on the time required to
inject & given fuel quantity into the engine and the

CONCLUSIONS

There are two main conclusions to be drawn from
these tests: First, with-a common-reil fuel injection
system in which the source of high pressure is at some
distance from the discharge orifice, pressure waves will
oceur between the high-pressure reservoir and the dis-
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charge orifice; second, these pressure waves can be
controlled in a manner advantageous to the injection
system.

Several conclusions can also be drawn as to the
design of such an injection system.

§ I jection pressure, (800 Ibfsq.in.
§4000 & .04 — T
5 ¥ |_ Pressure
2000 .02 =—>4—] -
s I~ Lift
ﬁ 0% o ' ] i
h Injection pressure, £500 bfsq.im, |
~ 4000 5 .04 T
S g /\/'\-J“ Pressure
2000 .02 ot 7
IN _S Liff _ “ N
g l Injection pressure, 3500 b./sq.in. I
:; 8000 .06 T
5 g : 7\ Pressure
N i~ - I~
B 4000 §°.04 //‘ O g
8 po00 E 0zl 1 N
] E
~ 2000 § .02 == /
S %) Lift- ~al \
e o0 i
g Injection pressure, 4000 lb[sq.ir. I
S6000 .06 -
2 £ /) \ -Pressure
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FIGURE 22.—Eflect of injection pressure on stem lift and ofl pressure

300 Ib.fsq. in.
............... emmmeimmmcammemmemmmne £,5001b./5q. in.
24 In.
Oriflcs dlameter. . oo 0.020 In.

1. All oil passages between the high-pressure
reservoir and the discharge orifice should have areas at
least four times the total ares of the discharges orifice.

2. The injection tube connecting the high-pressure
reservoir to the discharge orifice should have a length
in inches equal to twice the injection period in ten-
thousandths of a second.

3. The 'instantaneous injection pressures are vir-
tually independent of engine speed.

4. The injection period in seconds for a given fuel
quantity is independent of engine speed.

5. A high initial or residual pressure in the injection
tube has no material ‘advantages to the injection of
the fuel.

LaNgLEY MEMORIAL AERONAUTICAL LABORATORY,
NirioNaL Apvisory COMMITTEE FOR AERO-

NAUTICS,
LANGLEY, Va., May 20, 1930.
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