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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS.
TECHNICAL NOTE NO. 344.

PERFORMANCE OF A HIGH-SPEED COMPRESSION-IGNITION ENGINE
USING MULTIPLE ORIFICE FUEL INJECTION NOZZLES.

By J. A. Spanogle and H. H. Foster.

S g ey

This report presents test results obtained at the Langley
Memorial Aeronautical Laboratory of the National Advisory Com-
mittee for Aeronautics during an investigation to determine the
relative performance of a single-cylinder, high-speed, com-
pression-ignition engine when using fuel injection valve noz-
zles with different numbers, sizes, and directions of round
orifices. A spring-loaded, automatic injection valve was used,
centrally located- at the top of a vertical disk-type combus-
tion chamber formed between horizontally opposed inlet and ex-
haust valves of a 5-inch by 7-inch engine.

A series of fuel injection valve nozzles with different
arrangements of round orifices were tested, starting with ori-
fices so small that impingement on the combustion chamber walls
was impossible and increasing beyond the start of impingement.
From these data two main jets of 0.018-inch diameter were de-
cided upon and the other jets varied in number, size, and direc-
tion. A nozzle was tested with the area of the orifices propor-

tional to the wvolume of air to be served by the jets using the




NeAeCoA. Technical Note No. 344 2

two 0.,018-inch orifices as a basis.

A table and curves are presented showing the performance
of the engine with different nozzles. Indicator cards and spray
photographs are included. The test results are discussed, and
some probable reasons given for the variation in performance
with different nozzles on a basis of spray distribution. Con-
clusions are drawn as to the possible application of these re-
sults to the design of fuel injection valve nozzles for use

with a combustion chamber having a low rate of air flow.
Introduction

The information available on the performance characteris-
tics of high-speed, compression-ignition engines has usually been
published as results of tests of particular engines, and these
results have been judged entirely on a basis of brake horse-
power and specific fuel consumption. Much more detailed infor-
mation is necessary for a foundation upon which to base fur-
ther development so that the inherent advantages of this type
of engine may be generally used in aerial transportation.

The fundamental problem of the compression-ignition engine
is the bringing of all the fuel into contact with sufficient
air for its combustion. The particular problem of the light-
weight, airless injection engine at high speeds is to obtain,

in the short time available, a complete mixing and burning of a

fuel charge large enough to unite with all the inducted air.
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The two general means of effecting this mixture are the mo-
tion of the fuel and the motion of the air, and both are ef-
fective to a certain extent in every combustion chamber. The
degree of utilization of these motions varies from the combus-
tion chamber depending almost entirely on air flow to that which
has such a low rate of air flow that the motion of the fuel is
but slightly different from that in quiescent air of the same
density.

The use of air flow usually entails a loss in mechanical
efficiency as well as an additional heat loss to the coolant
and at the present time not enough is known about persistent
air flow during injection to utilize this means to its best ad-
vantagee. Sinoe the induced air flow changes its velocity with
engine speed, it can be utilized over only a limited range of
speeds.

Therefore, it seemed gesirable to investigate the possibil-
ity of obtaining the requisite mixture of fuel and air by in-
jecting the fuel through a combination of round orifices in a
nozzle, so that it would be properly distributed throughout the

air in a combustion chamber, It is impossible to eliminate air

flow entirely, but in the combustion chamber used in this investi-
gation the rate appears to be so low that there is no evidence
of its influencing the distribution of the fuel.

Both Ricardo (Reference 1) and Hesselamn (Reference 2) have

used multiple orifice nozzles and have published Tresults ob-
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tained with different combustion chambers. Taylor (Reference 3)
reports excellent performance in his work with multiple orifice
nozzles at the Royal Aircraft Establishment. The National Advi-
sory Committee for Aeronautics has published a report by Gardiner
(Reference 4) on an attempt to make the compression space con-—
form somewhat to the shape of the spray.

This present report includes data from tests made while at-
tacking the problem of distribution in two different ways. The
first was the commonly used method of conducting a series of
engine performance tests and systematically varying the number,
direction, and size of the orifices until the test results in-
dicated an optimum value in any series of changes. The second
method consisted in mathematically proportioning the discharge
of each orifice to the volume of air to be served by the spray
from this orifice. As a matter of convenience and to have a
basis of comparison, results from the first method were used as
a starting point for the second, Neither method alone is en-
tirely satisfactory, as yet, for a basis of nozzle design and
the work along this line is by no means completeé. However, the
results attained are being published at this time to show the
possibilities of improving engine performance through the de-

sign of fuel injection valve nozzles.



Apparatus and Methods

The engine performance tests in this report were made on
an N.A.C.A. Universal test engine (Reference 5) with a special
head (Fig. 1), in which the combustion chamber was formed be-
tween the heads of horizontally opposed intake and exhaust
valves., The cylinder head, fuel injection apparatus, and pis-
ton were designed for research purposes by the staff of the
National Advisory Committee for Aeronautics. The shape pf the
combustion chamber and the locations of the injection valve and
maximum cylinder pressure indicator are shown in Figure 8. The
clearance between the piston crown and cylinder head was between
0.030 inch and 0,040 inch at top center. Figure 3 shows a lon-
gitudinal section of the fuel injection valve, and Figure 4
shows an enlarged section of the fuel injection valve nozzle,

The fuel used was a good grade of Diesel engine oil having
a specific gravity of 0.847 and a Saybolt viscosity of 41 sec-
onds at 80°F. This oil was delivered to a cam-actuated injec-
tion pump by a primary gear pump at a pressure of about 135
pounds per square inch. The injection pump was connected to the
injection valve by a seamless steel tube 1/8 inch inside diam-
eter 36 inches long. A valve opening pressure of 3000 pounds
per square inch was used throughout the tests. The pump cam was
shaped so that the velocity of the plunger increased during its
stroke, and by means of an adjustable cam block control of the

by-pass valve, injection could be timed to occur at various por-
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tions of the pump stroke, thus taking advantage of the varying
velocity of the plunger to obtain different rates of fuel dis-
placement., The injection period indicated by the oscilloscope
varied from 37 to 55 crank degrees (Reference 6). The cam was
driven from the crank shaft through an adjustable 2 : 1 reduc-
tion gear which allowed the angular relation between the cam
and the crank shaft to be changed.

A 50-75 horsepower electric dynamometer was used to absorb
the engine power and to motor the engine for starting and for
the friction runs immediately after power runs. The indicated
horsepower was taken as the sum of the brake and the friction
horsepowers.

The engine speed was determined by a revolution counter
and stop watch, both of which were electrically operated. Fuel
consumption Was obtained by timing the displacement of 0.5
pound of fuel. Air consumption was determined by an electric-
ally operated stop watch which timed the displacement of 80
cubic feet of air from a gasometer.

Except for one test at speeds from 400 to 3000 PeDells, all
tests were conducted at engine speeds of 1500 r.p.ms The com-
pression ratio Wwas 13.6 to 1. Water and oil temperatures (out)
were maintained at 170° and 140°F., respectively. The inlet air
temperature was held constant ot 95°F, during the tests. Test
results as presented are corrected to dry air and to a baro-

metric pressure of 39.92 inches Hg.
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Compression pressures and maximum cylinder pressures were
indicated by o calibrated Bourdon spring gauge connected to an
N.A.C.A. disk-type indicator valve which was operated by the
pressure of the gases in the combustion chamber (Reference 7).
This apparatus could not be depended upon to follow the highér
rates of pressure rise, so the indicated maximum cylinder pTes-—
sureg could not be used as a standard for setting the injection
advance. Instead, the pump was adjusted to give the desired
fuel quantity and rate of injection, and then the timing was
advanced until a faint knock was heard.

Full load fuel quantity, 0.000345 pound per cycle as shown
on the performance curves, is that quantity of fuel which will
be completely burned, assuming perfect combustion, with the
amount of air inducted per stroke at 87.5 per cent volumetric
efficiency. Tests made just before publication indicate that
this value may be too high for full load operation as shown by
the curve in Figure 5. However, no changes have been made in
the performance data because they are used only comparatively
and any alteration on this basis would be favorable to the engine.

Indicator cars were taken with the Dobbie-McInnes electric
indicator in the course of its remodeling at the Langley lemo-
rial Aeronautical Laboratory (Reference 8). Performance is dis-
cussed on the indicated basis, because of the low mechanical

efficiency of the single-cylinder test engine.
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Photozraphs of the fuel sprays were taken with the N.A.C.A.
Spray Photography Equipment (Reference 9). A full scale model
following the outline of the disk-shaped combustion chamber was
placed in the spray photography pressure chamber (Fig. 6), so
that a picture could be obtained of the spray distribution in
the combustion chamber for each nozzle. The edges of the com-
bustion chamber shape were slightly obscured in the photographs
by the pressure-chamber cover plate., The injection pressures
were of the same order as those used in the engine tests at
full load., The spray chamber air density corresponded to that
in a combustion chamber at a compression ratio of 13.6 : 1.

The orifices were measured either on a dividing engine or
with plug gauges. The length of the orifice was made twice the

diameter by counterboring when necessarye
Test Results and Discussion

The test results are presented in the form of curves and a
chart (Fig. 11) which lists the nozzles and gives dimensions of
orifices and the performance obtained. The results presented
may be considered average and are readily reproducible.

The first experimental nozzles were built with the idea of
preventing any impingement on cither the piston or the combus-
tion chamber walls. Figure 7 gives the engine performance with
some of these nozzles. The limited performance of nozzles Nos.

3, 4, and 7 was due to the inability to inject more fuel through

N ST
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these nozzles even with excessively high injection pressures,
because of insufficient flow area through the orifices. Figures
7 and 8 show the results when using high and low rates of injec-
tion, respectively. It may be seen that the performance covers a
a greater range of fuel quantity when the low rate of injection
is used. It should be noted that only with nozzle No. 9 of this
group having an orifice area of 0,00069 square inch could full
load fuel be obtained.

The design of nozzle No. 9, the first of the seven-orifice
type having alternate large and small orifices, was based on the
assumption that the sprays from the small orifices with their
shorter penetration distribute fuel to that part of the combus-
tion chamber mearer the injection nozzle. The value of these
filler sprays as an aid to distribution may be realized when it
is considered that the spray as shown in a photograph does not
contain a uniformly dispersed quantity of fuel, but that it con-
tains a relatively dense core, most of which eventually travels
almost to the spray tipe.

The engine performance obtained using No. 9 nozzle warranted
the continuation of tests, and a definite program was started
to determine the effect on engine performance of varying, first,
the two main orifices which deliver fuel oil to that portion of
the air charge in the rectangular orifice directly above the

piston crown and, second, the other orifices which deliver fuel

to the alr in the upper part of the combustion chamber. Figure
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‘9 shows the engine performance results at full load for a range

of sizes for the two main orifices B from 0.010-inch to 0.031-
inch diameter (Fig. 4). The part of the injection pump cam giv-
ing the highest rate of injection was used in obtaining this
performance. It may be scen from the curves that the 0.018-inch
orifices may be considered the optimum diameter for the two
maim orifices. The results show that the i.m.e.p. increased
from 101 to 185 pounds per square inch, with an increase in ori-
fice diameter from 0,010 inch to 0,018 inch. The corresponding
fuel consumption decreased from 0,586 to 0,468 pound per i.hp
per hour, A further increase in maim orifice diameter from
0,018 inch to 0,021 inch resulted in a slight decrease in power,
This indicates that orifices larger than 0.018 inch supplied
more fuel than could be burned efficiently by the air in that
part of the combustion chamber served by these jets.

Inspection of the carbon formation on the crown of the pis-
ton showed that all the sprays from orifices of 0.013 inch or
larger actually impinged upon the piston crown. Since the spe-
cific fuel consumption decreased as these B orifices were en-
larged to 0.018 inch, it may be said that impingement of a spray
does not necessarily mean that it is not available for combus-
tion after impingement, or that oil particles making contact with
a wall will cling to it and not ignite. I% is true thét these
sprays were striking high temperature walls, but later experi-

ments showed that the same was true of sprays impinging upon



N.A.C.d. Technical Note No. 344 i1

cooler sections of the combustion chamber walls. The 0.018-
inch orifices discharged a larger quantity of fuel than the
0,012-inch orifices, and this extra quantity of fuel seemed to
be necessary for the utilization of the air availasble for theeo..
Sprayss

Figure 10 shows the effect on engine performance of chang-
ing only the tWo outside orifices D (Fig. 4), which deliver
fuel to the air charge in the uppermost part of the combustion
chamber, from 0,008 inch to 0.012 inch for nozzles having two
0.018-inch diameter main orifices. From the results, 0,010
inch appears to be the optimum diameter for the outside orifices.
At full load the i.mee.ps increased from 114 to 136 pounds per
square inch, for an increase in orifice diameter from 0.006 inch
to 0.010 inch. The corresponding fuel consumption decreased
from 0.50 to 0.475 pound per i.hp per hour. An increase in di-
smeter of these two orifices from 0.010 inch to 0,013 inch caused
a slightly smokier exhaust with approximately 1 per cent increase
in power output. This indicated that the 0,010-inch orifices
supplied the proper proportion of fuel for the air available in
the part of the combustion chamber served by these jetse

The chart (Fig. 11) shows the effect on engine performance
of changing the orifices ¢ from 0.005 inch to 0,012 inch. This
is shown as the difference between nozzles Nos. 17 and 18, and
indicates that the € orifices should be considered as filler

orifices when used in combination with the larger D orifices.
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This change decreased the i.m.e.p. from 186 to 116 pounds perT
square inch, and increased the fuel oonsumptibn from 0.48 to
0.52 pound per i.hp per hour due to a less uniform distribution
of the fuel. Spray photographs taken some months after the en-
gine tests showed that this was probably due to both spray tips
being projected into the same space by different paths. The
photographs show that the oil spray is reflected from the wall
of the combustion chamber, but the engine data do not indicate
that the spray is.absorbed by the carbon on the wall, or that
the comparatively cool wall causes any condensation of the spray.

Figure 12 shows a comparison of performance with the series
of nozzles designed so that the area of the orifice would be
proportional to the wolume of air it served. The basis of this
proportion was takem as the relation between the area of the two
maim 0.018-inch orifices and the air included in their spray
angle plus the air in the clearance space about the piston crown,
The first nozzle of this series was tested without the filler
orifice A. The addition of an 6.007—inch filler orifice in-
creased the i.me€,ps from 128.to 130 pounds per square inch,
and decreased the fuel consumption from 0.49 to 0.46 pound per
ishp per hour. Enlarging this filler orifice to 0.010 inch
slightly increased the mean pressure.

This nozzle with nine orifices (Fig. 13) gave such a slight
increase that it was ques tionable whether this increase was

worth the added complication of two extra orifices. In this par-
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ticular nozzle the outer E orifices were crowded into the cor-
ner so that less area wWas exposed to the impact of the oil and,
therefore, there was less discharge through them than would beé
expected. This was suspected at the time of the engine tests

and subsequently confirmed by the spray photographs. A Very
small amount of spray is visible from these outer orifices in
photographs taken both with the dummy combustion chamber in place
and without it.

Fgom the test results it is apparent that the small filler
spray was an important factor in securing good fuel distribu-
tion with resultant higher power and better fuel economy. The
filler spray supplied fuel to air in which there seemed to be
very little fuel remaining from the passage of the maim sprays
through it, although the spray photographs show some spray in
this space.

Figure 14 shows typical engine performance curves for a
constant speed of 1500 r.p.m., a varigble fuel quantity, a con-
stant injection advance angle of 45°, and a low rate of injec-
tion. The points marked with clrcles were obtaimed by increas-
ing the injection advance angle in increments of 80, and they
show that the large increase in maximum cylinder pressure Was
out of proportion to the increase in mean effective pressure
gained in this way. A comparisom of these curves with those of
Figure 15 for a higher rate of injection shows that they are

somewhat similar, tut the cylinder pressures are higher for the
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lower rate of injection. Figure 16 shows engine performance
results for a range of injection advance angles.

Figure 17 shows the effect of speed on general engine per-—
formance with full load fuel from 400 to 2000 r.p.m. and a low
rate of injection. Four hundred r.p.m. was the lower limit
for consistent operation with full load fuel, although the engine
would idle at 175 r.p.ms The consistently low specific fuel
consumption from 800 to 1800 r.p.m. shows the desirable charac-
teristic of constant fuel consumption over a range of speed.

This also indicates uniform combustion efficiency and, therefore,
absence of any effects of air flow. This absence of effective
air flow agrees with the results of Rothrock's and Beardsley's
investigation (Reference 10) of the effect of air flow on sprays
in an apparatus simulating the conditions encountered in the
passage between the combustion chamber and the cylinder of this
engine.

In Figures 14 and 17 are shown, for comparison, brake per-
formance curves for a multicylinder engine with an assumed effi-
ciency of 85 per cent, as calculated from the data secured on
the single-cylinder test engine whose efficiency is about 785
per cent,

Figures 18, 19, and 30 show pressure-volume cards plotted
from pressure-time cards taken with the modified "Farnboro"
indicators A complete analysis has not been made of these cards,

but they are included to show the varigtions in the cycle with
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changes in the injection advance angle and in the rate of injec-
tione In Figure 19 the injection advance angle had been in-

creased 5° over that in Figure 18. Figure 30 shows a card taken
with a low rate of injection and a large injection advance angle.

Figures 21 and 23 show pictures of the sprays from nozzle
No. 9, with imjection pressures of 4750 pounds per square inch
and 3300 pounds per square inch which correspond to the maximum.
injection pressure at full load for the high and low rates of
injection, Trespectively.

Figure 23 shows a picture of the sprays from nozzle No, 17-1
which had outer orifices of 0.013-inch diameter. It may be seen
that the outer sprays in nozzle No. 17-1 struck the side of the
chamber and were deflected downward into otherwise unreached
air, thereby aiding the fuel distribution. Figure 34 shows
spray pictures for nozzle Noe. 16-3 which had outer orifices of
0.008-inch diameter,

Figure 35 shows pictures of sprays from nozzle No. 12 which
had two main orifices of 0.010 inch as compared to 0,018 inch
for all other nozzles. Due to the reduced orifice area, the in-
jection pressure at the high rate of injection was 6800 pounds
per square inch as compared with 4750 pounds per square ineh fox
other nozzles,

Figure 26 shows pictures of sprays from the nine-orifice
nozzle No. 0-2. Lack of a more pronounced outline of the sprays

may be attributed to overlapping caused by crowding of these
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comparatively large sprays.
G ermnm e L s e n s

The results of this investigation show that to obtain effi-
cient combustion in a cylinder head with low rates of air flow
during the injection of the fuel, it is necessary to proportion
and direct the fuel spTrays so that the fuel is distributed as
uniformly as possible throughout the air.

The engine performance obtained by proportioning the areas
of the orifices to the wolumes of air to be served by each or-
ifice was approximately the same as that obtained by varying
all orifice sizes and determining from the engine power the op-
timum combingtion,

The mathematical method is considerably less expensive im
time and material than the experimental method. However, nei-
ther is complete in itself, and both can be aided considerably
by the study of spray photographs.

The engine test results indicate that impingement of the
fuel spray on the piston and chamber wglls is not necessarily
detrimental to combustion, but may be an aid to distribution.
Small filler jets are important aids to distribution. Fitting
visible spray outlines to combustion chamber contours does not
insure a perfect mixtﬁre, because of the varying density of the
fuel im the visible spray.

Ajthough engine performance is the ultimagte standard by
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which the value of any particular combination of orifices must
be determined, the performance of the engine is not to be en-
tirely relied upon to indicate the worth of any combination fozx
development purposes. The same performance values may be at-
tained by different combinations, one of which may be the op-
timum of a particular means of improvement, while the other
might be merely an intermediate point along a line that leads
to possibilities of even better performance.

Langley Memorial Aeronautical Laboratory,

National Advisory Committee for Aeronautics,
Langley Field, Va., May 28, 1930,
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Fig.22 DNozzle No.9,injection pressure 3200 lb. per sq.in.
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Fig.33 Nozzle No.l1l7-1,injection pressure 4700 1lb. per sq.in.
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Fig.zs Nozzle No.12,injection pressure 6800 1lb, per sq.in.
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