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SOME CHARACTERISTICS OF FUEL SPRAYS FROM OPEN NOZZLES.

By A. M. Rothrock and D. W. Lee.

Summary.

The penetration and cone-angle of fucl sprays from open
nozzles were recorded with the N.A.C.d. Spray Photography
Equipment. The results show that for injection systems in
which the rate of pressure rise at the discharge orifice is
high, open nozzles give spray-tip velocities and penetrations
which compare favorably with those of closed nozzles. The
spray conc-angle was the same for all tests, although open
nozzles having different orifice diameters were used, and one
nozzle was used both as an open and as & closed nozzle. In
designing a fuel systenm using open nozzles, particular care
must be taken to avoid air pockets. The cheeck valve should

be placed close to the discharge orifice.

Introduction.

When open nozzles arc used in solid-injection engines,
no injection valve is necessary. Instead, a check valve is
used to prevent the flowing of cylinder gnses into the fuel

system during the part of the cycle when no fuel is being
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injected. This arrangcment simplifies the injection system.
The open nozzle is now uscd on the Packnrd and Junkers air-—-
croft Diesel engines, showing thnt its advnntages are being
recognized. However, with pump injection systems such as are
on these engines, the open nozzle gives low spray-tip veloci-
ties during the start of injection and also at low speeds be-—
cause the pressures forcing the fuel through the discharge
orifice are necessarily low (Reference 1). The ope¢n nozzle
will probably find more favor in a fuel injection system in
which the rate of pressure rise at the discharge orifice is

high at all engine speeds. Sincc the injection system of the

N.A.C.A. Spray Photography Equipment (Reference 2) gives a high

rate of pressure rise at the discharge orifice (Reference 3),
an investigation was undertaken with this equipment to deter-
mine the spray characteristics of open nozzles and to compare

these characteristics with those of closed nozzles. The tests

were conducted at the Langley Hemorial Aeronautical Laboratory,

Langley Field, Va.

Apparatus and Methods.

The common rail injection system of the N.A.C.d. Spray.
Photography Equipment is shown diagrammatically in Figure 1.
The liquid fuel was forced under pressure, by means of & hand
punp, into the high-pressure reservoir. The timing-valve cam

was operated by a clutch, which, when engoged, caused tiae cam—
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shaft to maoke one revolution at & speed of 850 r.p.m. The rate
of prcssure rise at the discharge orifice is independent of the
camshaft speed between the wvalues of 470 and 1140 r.p.m., as
has been shown in Reference 3. As the timing-valve cam lifted
the timing-valve needle from its seat, the fuel under pressure
in the reservoir was released through the injection tube to the
discharge orifice. Approximately 0.004 seccond later, a second
cam opened the by-pass valve, releasing the fuel to atmoppheric

pressure., Since the area of the by-pass valve greatly exceeded

the area of the discharge orifice, the pressure quickly dropped

to atmospheric, which caused the injection to cease. The air in

the spray chamber was maintained at densities corresponding to

those in the combustion chambers of compression—-ignition engines,

but the air was at atmospheric temperature. High-speed motion

pictures of the spray were toaken at the rate of approximately
4000 per second with the H.A.C.A. Spray Photography Equipment
(Reference 2). A typical series of photographs is shown in
Figure 2.

The penetration of the spray tip was measured from a smooth
curve drawn through the spray tips of the successive photographs
(Figure 2). The method of measuring the spray cone-angle is
also indicated. The figure shows that the start of injection
was obtained by extending the time-penetration curve to zero
penetration. This method resulted in an inaccuracy in the time
of the start of injection and in the form of the curve during

the starting interval.
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With the open nozzles, a study of the start of penetration
wos particularly desired. Consequently, continuous photographs
were obtained of the movement of the spray tip. The apparatus
wos altered by mounting a 1000-watt bulb in the reflector of the
spray photography equipment. The light was focused on the spray
chamber as it was with the spark discharges. The camera was
equipped with an automatic shutter which was operated from the
camshaft so that the light from the 1000-watt bulb, reflected
from the fuel spray, was adnitted to the camera lens only during
the injection of the fuel spray. The shutter timing was varied
in the same monner as the spark tinming (Reference 3). 4 char-
acteristic spray photograph, teken in this manner, is shown in
Figure 3. From thcse photographs, continuous spray-tip pene-
tration curves were drawn. In the photographs reproduced in
this report, the start of injection has been retouched because
the light reflected from the edge of the spray chamber obscured
the image of the spray.

The open-nozzle holder and the open nozzles are shown in
Figure 4. The nozzles were all made geometrically similar so
thot their discharge coefficients would be the same (Reference
4), The tests on the open nozzles were made with and without
the ball-check valve shown in the figure. The tests with the
check valve were mode with the valve mountcd as shown, and with
the volve mounted adjacent to the by-pass and timing valve

.

connections. The nminimum flow area in this valve is .005 square

inch, or about seven times the aren of the largest nozzle grifice
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used.
The nozzle used in the comparison of the open and closed
nozzles is shown in Figure 5. For the open nozzle tests it
was mounted in the holder shown in Figure 4; and for the closed
nozzle tests, it was mountcd in the automatic injection valve
shown in Figure 5.
The fuel was a high grade Diesel oil with a specific
gravity of 0.85 at 80°F. and o viscosity of 0.048 poise, or
44 Saybolt Universal seconds, at atmospheric pressure and 80°F.
The injection tubes hnd an internal diameter of 348 inch

and an external diameter of 1/4 inch.

Test Results and Discussion.

Tests without check valve.— The open nozzles were first

tested without the check valve in place. Just before each
photograph was token, the initial-pressure control valve
(Figure 1) weas opened, and fuel forced through the nozzle
with the hand pump to eliminate any air that had entered the
system owing to the absence of the check valve.

Figure 6 shows, for the three orifice sizes, the effects
of injection pressure on tae spray-tip penetration. Each curve
of Figure 6 was obtnined from an average of several records
token under the srme test conditions, since the spray-tip pene-
tration varied in successive tests, although the cxperimental

conditions were apparcntly the same. 4n examination of many
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photographs, taken with the spark dischnrge, led to the con-~

clusion that any deccided change in the spray-tip velocity of

a single spray was accomponied by o change in form of the spray

tip., The spray-tip velocity wos greater when the tips were

pointed than when they were rounded. An exanple of this is

shown in Figure 3., The second and third photographs show

sharp tips and high-tip velocities, whercas the photographs

following show o rounding of the tip and a lower velocity.
Beardsley (Reference 5), in his investigation of the

reéproducibility of fuel sprays, found that cn iInitisdl PrEssure

of 1000 1b. per sq. in. in the injection tube was necessary

to reproduce results consistently. The present tests were

made either with otmospheric initial pressure, or with an

initial pressure equal to the chamber pressure wien the check

valve was not used. However, the variation in photographs

taken under the same test conditions was small (compare Figures

2 and 3). That this variation is not a characteristic of open

nozzles only is shown by Beardsley's work (Reference 5), as

]

well as by records made with closed nozzles in the present

C

investigation.,
The curves in Figure 6 show thnt, when either the orifice

diameter wrs increased or the injection pressure wos decreased,

@

there was a tendency for the curves at the start of injection
to show a reverse curvature, This phenomcnon is explained by

4o

the work of Rothrock (Rcference 3) oa the pressure variations
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in the injection system used in thesc tests. The rate of pres-
sure rise at the discharge orifice was found to decrease either
with an increase in orifice diameter or with a decrease in
injection pressure. The trend of the curves for the varying
pressures and orifice diamcters is the same as found by Gelalles
in his investigation of closed nozzles (Reference 6).

Figure 7, which also represents the average of several
tests, shows the effect of the density of the air in the spray
chamber on the spray penetration. Again, the effect was the
same as with the closed nozzles (Reference 7).

Figure 8 shows the effect of injection-tube length on the
spray-tip penetration. There is little difference in the pene-
tration for the different tube lengths, nor is any definite
trend apparent. Beardsley (Reference 5), in his work on sprays
from closed nozzles, found that the penetration increased
glightly with an increase in tube length. In Figure 8, and in
the figures following, each curve wns plotted from o single

recoxrd.

Effect of check valve on spray penetrations.—~ The effect of

the check valve on the spray characteristics was determined,
The resultg are shown in Figures 9 and 10. In the test from
which curve 1 of Figure 9 was obtained, no check valve was
used, but the line was carefully filled with fuel just before
each injection occurred. Curve 3 was obtained in the same

manner, except that the check valve was inserted in the line
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between the by-pass and timing-valve connection and the injection
tube. A comparison of the two curves indicates that the check
valve restricted the flow. The tests from which curves 3 and 4
were obtained were made under the same conditions as the test

for curve 2, except that the line was not filled with fuel by

the hand pump before each injection. Curve 3 was obtained from

H

an injection made a few scconds after the previous injection,
and ourve 4 is from an injection mnde several minutes after a
preceding injection. The curves show that both injections were
unsatisfactory. Possibly after the timing valve closed, some
of the fuel continued to discharge because of its inertia, and
alr, entering either through the by-pass valve or through the
nozzle, caused the next injection to be materially affected.
The curves obtained from tests in which the check valve
was placed in the nozzle holder gave much better results
(Figure 10). The test from which eaclh curve was obtained was
run under the same conditicns as the corresponding test repre-
gsented in Figure 9. L4 comparison of curves 1, 3, and 3 of
Figure 10 shows that there was virtually no restriction in the
check valve, and thot no air collected in the systenm between
successive injections. In a high-speed engine, the time between
injections is extremely short. Consequently, curve 3 may be
applied to engine operating conditions. When several mninutes
elapsed between injcctions, curve 4 was obtained. The record
from which curve 4 was plotted is shown in Figure 11l. Appar-

ently, at first a small amount of fuel was discharged from the
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orifice at a low velocity. Approximately 0.001 second later,
the maoin discharge occurred. This behavior was possibly due to
the presence of air in the fuel system near the nozzle, the air
having entered into the system during the interval between

injections.

Comparison of spray penetration of open and closed nozzles.-

Figure 12 shows the results of the tests comparing the pene-
tration of sprays from open and closed nozzles, With the closed
nozzle, a vnlve opening pressure of 500 1lb. per sq. in. less
than the injection pressure, and an initial pressure of 500 1lb.
per &g. in., were used., When the system wns first assenbled
with the open nozzle, the pvlotted results gave the curves shown
as long and short dashes, even though the system was filled
with 0il before each injection. The system was disassembled
and then reassembled carefully, removing all air from the
system. The curves shown as shert dashed lines were then
obtained. The conclusion to be drawn is that, in the design

of an injection system employing open nozzles, care must be
taken to prevent the formation of air pockets.

A comparison of the curves in Figure 12 shows that the
penetration at the start of injection was less with the open
nozzles than with the closed. After approximately 0.0005
second, the curves for the open nozzles show & reverse curv-—
ature. Thereafter, the spray-tip velocity is approximately

the same as that with the closed nozzles. The higher initial
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spray-tip velocity for the closed nozzle is due to the fact that

the fuel at the discharge orifice wns under a high pressure before

{ discharge started. With the open nozzle, discharge started as
soon os the fuel pressure at the orifice exceeded the pressure

in the spray chamber,

Spray cone-angle.- In all the data obtained, the spray cone-

angle remained at approximately 180, regardless of orifice size

or whetiher an open or closed nozzle was used.

Conclusions.

The following conclusions are drawn from the test results
presented:

1. When open nozzles are used with an injection system
giving a high rate of pressure rise at the discharge orifice,
the spray-tip velocities and the cone-angles of the sprays.
compare favorably with those of sprays from closed nozzles,

2. When using an open nozzle, the check valve should be
placed close to the nozzle.

3. In designing on injection system for using open nozzles,

carc must be toaken to avoid air pockets in the system.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va., November 5, 1930.
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