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EFFECT OF NOZZLE DESIGN ON FUEL SPRAY AND FLAME FORMATION IN A HIGH-
SPEED COMPRESSION-IGNITION ENGINE

By A. M. ROTHROCK and C. D. WALDRON

SUMMARY

Fuel was injected from different types of injection
nozzles into the combustion chamber of the N. A. C. A.
combustion apparaius, operated as a compression-
ignition engine; high-speed motion pictures were taken al
the rate of 2,200 frames per second of the fuel sprays and
the combustion. Single-orifice nozzles of 0.008-, 0.020-,
and 0.040-inch diameter, and multiorifice nozzles having
2, 6, and 16 orifices were tested. Nozzles having im-
pinging jets and slit orifices were also included. The
photographs indicate that the rate of vapor diffusion from
the spray 18 comparatively slow and that this slow rate of
diffusion for combustion chambers with litle or no air
flow prevents the compression-ignition engine, with the
present methods of fuel injection, from giving the high
performance inherent in the high compression ratios.
The sprays from multiorifice nozzles destroyed the air
movement to o greater extent than did those from single-
orifice nozzles. It is concluded that high performance
cannot be realized until the methods of disiributing the
Juel are improved by means of the injection-nozzle design,

air flow, or both.
INTRODUCTION

In the high-speed compression-ignition engine the
most difficult problem to solve is that of obtaining an
intimate mixture of the fuel and the air so that the fuel
may be burned both completely and efficiently. As
yet no method has been devised to obtain a mixture
that will completely utilize both the air and the fuel in
the combustion chamber. Compression-ignition en-
gines are therefore operated with an excess of air in
order to obtain the low fuel consumption inherent in
the high compression ratios.

Methods of mixing the fuel and air correctly are
based on bringing the fuel to the air, on bringing the
air to the fuel, or on both. During the past few years
the N. A. C. A. has been conducting an extensive in-
vestigation of the effects of nozzle design on the general
characteristics of fuel sprays for compression-ignition
engines to learn to what extent the injection nozzle can
be utilized in bringing the fuel to the air in the com-
bustion chamber. Engine tests have been reported in

references 1 and 2, experiments on the distribution in
the fuel sprays in references 3, 4, and 5, and experiments
on fuel-spray disintegration in reference 6. In a more
recent series of tests, the results of which will be later
published, Lee has determined qualitatively the com-
parative distribution of the fuel from nozzles identical
with or similar to those described in reference 5.

When the distribution of the fuel in the liquid stage
has been determined, the next step is to determine
the additional distribution caused by the diffusion of
the fuel vapors. In order to make this determination
it is necessary to conduct tests with the engine or
with some special apparatus that reproduces very
closely the engine conditions. Such tests, reported
herein, have been conducted with the N. A. C. A.
combustion apparatus (reference 7). By means of
this apparatus high-speed motion pictures were taken
of the fuel spray and flame formation in a single-
cylinder test engine operating under load as a com-
pression-ignition engine for a single cycle. These
tosts, in addition to forming a part of the general
research on injection-nozzle design, also form a part
of the general research on combustion being conducted
by the Committee (references 8 and 9).

APPARATUS AND METHODS

The N. A. C. A. combustion apparatus (fig. 1) in
its present form has been described in reference 9.
The single-cylinder test engine is brought to speed by
an electric motor. When the desired conditions are
reached, a clutch is engaged and a camshaft makes a
single revolution at one-half engine speed. This revo-
lution of the camshaft causes a single charge of fuel
to be injected into the combustion chamber of the
engine. The compression-release valve is open for
all engine revolutions except the one during which
the injection of the fuel takes place. The following con-
ditions were maintained constant during the tests:

Engine bore ________________ .. inches.__ 5
Engine stroke. .. oo o e do____ 7
Height of inlet ports___ . . _______ do-._._ 0.5
Engine speed.— . _________ revolutions per minute._ 1, 600
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Compression ratio (based on 6.5-inch stroke)—

‘With windows in both sides______________________ 13. 2
With indicator ip one 8ide. oo oo oo oo __ 13.9
Engine-coolant temperature outgoing_____________ °F.. 150
Air-fuel ratio (see table I) . __ . __ . __________ 17
Start of injection.___.__.__. crankshaft degrees B. T. C__ 15

The different nozzles tested are shown in figure 2.
Data on the atomization, penetration, and general
appearance of the sprays from these or similar nozzles
have been given in references 3, 4, and 5. The injec-
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indicator was again installed and two more indicator
cards were takenasacheck. Finally,theinjectionvalve
was removed and the fuel quantity again weighed.
Because the injection valve was disassembled so fre-
quently, it was impossible to hold the fuel quantity
within the close limits maintained in the tests of air-
fuel ratio reported in reference 9. Table I lists the vari-
ous fuel quantities together with the actual deviation

in weights and the estimated air-fuel ratios:
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A, cam. H, fuel tank. O, phasechanging gears, 2:1 reduction. V, to spark coll.
B, clutch. I, heating coil. P, primary pump. W, to valve Z.
C, compression-release valve. J, high-pressure reservoir. Q, spark gap. X, valve.
D, cooling cofl. K, high-speed camera. R, thermometer. Y, valve.
E, exhaust. L., inlet-air ports. S, timing-spark switch. Z, valve.
F, fuekinjection valve. M, lamp and reflector. T, to hand pump. A’, waste.,
G, fuel reservolr. N, 0.020-inch orifice. U, to injection pump.
FIGURE 1.—Diagrammatic sketch of the N. A. C. A. combunstion apparatus,
TABLE I

tion-valve opening pressure was adjusted to maintain
as nearly as possible a coustant injection pressure for
all nozzles at the desired air-fuel ratio of approxi-
mately 17. In some cases the injection pressure
varied appreciably from the mean. (See table I.)
Although both the injection-valve opening pressure
and the Injection pressure varied, previous results
obtained by the Committee (references 3 to 6) have
shown that these variations do not affect the validity
of the results.

The diesel fuel used in these tests was the same as
that described in reference 9. For each of these tests
the fuel-injection system was calibrated to determine the
injection pressure necessary to obtain the desired fuel
quantity. The injection valve was put into the engine
and two indicator cards were taken. The indicator was
removed, the glass windows were inserted in both sides
of the cylinder head, and two series of motion pictures

of the spray and combustion flame were taken. The

NOZZLE AND FUEL-INJECTION DATA

Estl-
Nos Fael Limits | Lolection | mated Total dls-
(-] welg ressuro .
(Pounds) | (Found) |G fool | orlfeoarea
ratio 1 8q. In.)

8ingle 0.008-inch._._| 2 09X10~4 | 0. 156)X10— 4, 200 16.9 0. 5010~
8ingle 0.020-Inch.___| 2.87 +£.37 5,950 17.8 3.14
Single 0.040-inch.__.| 2.97 +.18 3, 900 17.0 12. 50
20 293 +.20 8, 000 17.2 9.83
2,95 +. 10 6, 000 17.1 9,73
295 .31 5, 000 17.1 20, 67
295 +£.22 5,760 17.1 4.40

297 .18 5, 500 17,0 |eccaccccmcana

3.02 .15 5, 600 16.7 10, 26
3.02 =+. 26 5, 250 16,7 | 8.28

The indicator cards obtained in these tests were not
sufficiently accurate to determine either the brake mean
effective pressure developed during the power cycle or
to obtain the specific fuel consumption. For this reason
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the nozzles were also tested in the N. A. C. A. single-
cylinder test engine using the combustion chamber
described in reference 2. This combustion chamber is
similar to that used in the N. A. C. A, combustion
apparatus for the present tests. Nozzle K—4, described
in reference 2, instead of the 6-orifice nozzle shown in
figure 2, was used in the engine tests because of the
differences in the combustion-chamber shapes.

RESULTS AND DISCUSSION

A composite of all the spray and flame photographs
is shown as figure 3.! The rate at which the motion
pictures were taken varied from 2,100 to 2,400 frames
o second; hence, the timing sparks at 90 crankshaft
degrees after top center are not in line. The time scale
represents an average of all the runs,

Composites of the indicator cards obtained on the
combustion apparatus with the different fuel-injection
nozzles are shown as figure 4. The indicator cards
show vibrations of the indicator diagram caused by
the rate of pressure rise in the combustion chamber.
These vibrations are not sufficiently intense to pro-
hibit the use of the cards as an indication of the course
of the combustion. ’

The analysis of the data presented in the report is
chiefly based on the spray and flame photographs;
consideration is also given to the data that were ob-
tained with the test engine and are presented in table
IO. In table II the data are presented for the condi-
tions of constant maximum cylinder pressure and of
constant injection advance angle. Under either oper-
ating condition, the 6-orifice nozzle gave the best
performance, and the 2-orifice mozzle the next best.
The single 0.008-inch orifice was not tested on the
engine because of its extremely long injection period.
The other nozzles followed in fairly close order with
some variation depending on whether the maximum
cylinder pressure or the injection advance angle was
kept constant.

TABLE II
ENGINE-PERFORMANCE TEST DATA
Constant maximum '
oylinder pressure, 800 | Constantinjection advan a.%la,
o ds per square 12c¢rankshaft degrees B. T. C.
Nozile
Max.
B.m. B.m.
B. I, 0. B.f. eyl
e. p- b./h Air-fuel] e.p. @b./h Afr-fusl ress.
Qb.feq. |08/ 3P| “ratlo | ab.ssq. | M38P| “ratio” |
) . .Jeq.
in.) in.) )
8ingle 0.020-Inch.._.| 848 0.654 17.0 66.0 1 0.823 17.8 545
Bingle 0.040-fnch....| 70,0 . 692 17.2 7L0 . 700 16.8 6%
2-0r1108c e e 9L 3 . 590 17.4 89.0 .628 16.8 745
flee_..... 1140 .472 17.2 | 1150 .472 17.2 800
16-oriflee 00.0 .618 17.0 77.4 .72 16.9 650
Blit-orifice......-. 85.8 .6818 17.7 75.3 .718 17. 4 645
Multioriflce-slit. .. 87.7 .620 17.1 7.5 .718 16.9 675
2-impinging-jets....| 83.4 . 690 16.2 62.0 .808 16.8 550
4-impinging-jets....| 83.4 .640 1.5 70.0 .784 17.1 585

1 These results have also beexkpoie'ssared a8 a technieal motion picturs Allm (400
it. 16 mmi% entitled ‘‘Effects of e Dadﬁn on Combustion in a Oom‘% on-
ngine,”’ by A. M. Rothreck, E. C. Buckley, and O. D. Waldron,

Im No. 6, N.A. O. A,, 1935. This film may be obtained on loan
from the Commliitee.
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A comparison of the indicator cards shown in figure
4 indicates that the 6-orifice nozzle and the multi-
orifice-slit nozzle gave the best performance and that
the 2-orifice nozzle was next. In a comparison of
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- FIGURE 2.—Nozzles tested,

these results with those given in table II, allowance
must be made for the differences in the combustion
chambers and also in the air flow in the chambers.

In a previous report (reference 8) the form of com-

bustion chamber used in these tests has been termed a
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“quiescent” chamber. Subsequent tests (reference 9)
have shown that air flow does exist in the combustion
chamber, probably induced as the air enters the engine
cylinder through the intake ports. Tests, the results
of which are at present unpubhshed show that this air
movement consists of & vortex in the combustion
chamber. A schlieren photograph of this vortex in
the combustion chamber is shown in figure 5. The
vortex appeared most intense in the left-hand side of
the chamber and successive frames of the motion
picture showed that it rotated in a counterclockwise
direction and moved in the plane of the combustion
chamber. As shown in figure 3 of reference 8, the
inducted air entered the cylinder at a high pressure
difference resulting in a high initial velocity. For
this reason the air flow is compamble with that obtained
in a highly supercharged engine.

Because the vortex itself, as well as the air within
the vortex, is in motion, the fuel sprays may be bent
first in one direction and then another. Thesé spray
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carried from the spray to the lower left-hand quarter
of the combustion chamber, the flame being first photo-
graphed at about 4° after top center. The indicator
card shows that the pressure rise caused by the com-
bustion started at about 2° before top center. Figure
3 shows no flame at top center. The difference in the
start of combustion is within the accuracy of the results.
The flame then surrounds the spray in the portion of
the chamber away from the nozzle and spreads more
or less symmetrically to both sides. In the successive
frames the visible portion of the flame grows smaller
as the flame is apparently drawn down into the dis-
placement volume of the engine. Beyond 30° after
top center the flame is no longer visible although the
fuel continues to be sprayed from the injection nozzle.
In no case did the flame reach the top of the chamber
at the injection nozzle. With the 0.008-inch orifice
nozzle the actual discharge pressure at the orifice was
probably considerably in excess of the 4,200 pounds per
square inch in the injection reservoir (reference 10).

FIGURE 5.—8chlieren photograph of the alr vortex in the combustion chamber. The air in the vortex is apparently rotating in a counterclockwise direction, and the vortex
. Itself i3 rotating around the chamber in a counterclockwise direction.

movements are more visible in the enlargements of
the fuel-spray development and of the first part of
the burning, shown in figures 6 t0 9. Since the pur-
pose of this report is to discuss the effects of the nozzle
design and not of the air movement, the effects of the
air movement will be treated only incidentally.
Single-orifice nozzles (figs. 3, 4, and 6).—The most
important fact to be learned from the photographs of
the sprays and flame from the single-orifice nozzles is
that the rate of vapor diffusion from the fuel spray is
comparatively slow although it can be assisted to some
extent by the nozzle design. With the single 0.008-inch
orifice, the injection of the fuel lasted from 15° before
top center to about 180° after top center. Such an
injection period is, of course, entirely impracticable
from considerations of engine operation, but it was used
in the present series of tests to obtain additional infor-
mation on spray diffusion. The spray traverses the
combustion chamber comparatively slowly. The fuel
that does vaporize and form a combustible mixture is

The high velocity and the small orifice both tended to
lessen the mean drop diameter of the atomized fuel
(reference 4). The fineness of the atomization in turn
assisted the vaporization. Because of the slow mass
rate of fuel discharge, however, the actual rate of vapor
formation was probably low. This low rate of vapori~
zation accompanied by the low rate of vapor diffusion
(reference 9) resulted not only in a low rate of burning
but also in limiting the flame to a small portion of the
combustion chamber.

Holfelder (reference 11), using an apparatus some-
what similar to that described in the present report,
has shown that when the combustion air is quiescent
the burning starts close to the core of the fuel spray
from s single-orifice nozzle and does not travel far from
the volume included in the spray envelope.

‘When the orifice diameter was increased to 0.020 inch,
the linear rate of fuel discharge was decreased (refer-
ence 10) but the mass rate and also the mean drop
diameter (reference 4) were increased. The increased
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mass rate of discharge more than compensated for the
decreased atomization so that the rate of formation of
a combustible mixture and its diffusion were increased.
Consequently the flame spread to a greater area than
it did with the smaller orifice. As the piston proceeded
on its downward stroke, the flame did not disappear
from view as it did when the 0.008-inch orifice nozzle
was used but tended to remain in the visible portion of
the combustion chamber. The photographs show
clearly that the incandescent gases can remain in the
combustion chamber without diffusing through the
unburned portion of the gases. The results emphasize
the slow rate of diffusion of the gases in the combustion
chamber. :

‘When the discharge-orifice diameter was increased
to 0.040 inch, the area covered by the flame was still
further increased although it did not fill the wvisible
portion of the combustion chamber. The flame first
‘appeared in the upper left-hand portion of the chamber.
The comparison of the three series of pbotographs
shows that, as the orifice diameter was increased, the
first appearance of flame traveled from the bottom of
the combustion chamber toward the top, always
remaining on the leeward side of the spray. Exami-
nation of check runs made under the same or similar
conditions showed that this tendency was definite.
It is probable that, as the orifice diameter was increased,
the velocity at the nozzle decreased and consequently
the moving air was more able to deflect the spray en-
velope from its original path, thus forming a combus-
tible mixture in the upper part of the chamber.

The indicator cards and the flame photographs both
show that the ignition lag decreased as the orifice
diameter was increased. This decrease is apparently
caused by the earlier formation of a combustible mix-
ture. The indicator cards show a large change in
pressures as the orifice diameter is increased from
0.008 to 0.020 inch and a smaller change as the diameter
is further increased to 0.040 inch. The: cards also
indicate that with the 0.040-inch orifice the amount
of combustible mixture formed is the greatest, although
the rate of pressure rise indicates that the rate of
formation of the mixture is about the same as with the
0.020-inch orifice.

Multiorifice nozzles.—The results obtained with the
multiorifice nozzles are shown in figures 3, 4, and 7.
In each case the combustion reached a higher maximum
pressure than with the single-orifice nozzles and was
apparently more efficient. With the 2-orifice nozzle
the flame covered a slightly greater area than with
the single 0.040-inch orifice and the flame did not
reach the upper portion of the chamber except close
to the nozzle. When the number of orifices was in-
creased to six, nearly all the combustion chamber was
reached by flame; the air flow had no apparent effect
on the spread of the flame other than at the start.
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The fuel distribution was improved over that ob-
tained with the single- or 2-orifice nozzles since it
had to traverse only half the distance between each
of the six sprays.

The results with the 16-orifice nozzle were disap-
pointing as regards the resulting combustion. When
so many orifices were provided, it was necessary to
have a large over-all discharge area, 2.11- times that
of the 6-orifice nozzle. The injection pressure was
therefore still further decreased so that a point was
reached at which the penetration was also decreased
(reference 12) and the proportional distribution be-
tween the orifices was destroyed. Had the over-all
area of the discharge nozzles been maintained constant,
the penetration with the 16-orifice nozzle would still
have been decreased because of the smallness of the
orifices.

The first appearance of flame with the multiorifice
nozzles was close to the fuel sprays, indicating that the
multiorifice nozzles had an appreciable effect in de-
stroying the air movement in the combustion chamber.

The indicator cards for the multiorifice nozzles show
that the 6-orifice nozzle gave the highest maximum
cylinder pressure. The expansion line for the 16-
orifice nozzle crosses that for the 6-orifice mnozzle.
This pressure difference is, however, within the pre-
cision of the cards. The spread and duration of the
flame with the 6-orifice nozzle indicate, as do the data
of table II, that the maximum engine output was
obtained with the 6-orifice nozzle. The results pre-
sented in figure 7 show why in many cases a nozzle
that gives o spray which appears to be particularly
good from design considerations may turn out to be
inferior. When the over-all area of the nozzle becomes
too great for the injection system as a whole, the
spray penetration is decreased to such an extent that
the decrease in the fuel dispersion results in a decrease
in engine performance. The limitations of the injec-
tion pump may be such that the nozzle design most
advantageous to the combustion chamber cannot be
used.

High-distribution nozzles (figs. 8, 4, 8, and 9).—
Nozzles giving uniformly distributed fuel sprays have
been the subject of numerous tests. Mosb compression-
ignition engines, however, employ either a multiorifice
nozzle or a pintle nozzle. Although high-distribution
nozzles present particularly interesting characteristics,
they have not, in general, given satisfactory engine per-
formance. The results shown in the photographs
indicate that the trouble has been caused by an
incorrect combination of combustion-chamber design,
air flow, and nozzle design.

The slit nozzle shows distribution characteristics
that are particularly interesting. The spray penetra-
tion is low so that probably this nozzle can be used
beneficially only with air flow. When the slit is com-
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F1GURE 7.—Fuel spray and flame formation with multiorifico nozsles. Afr-fuel ratio, 17; compression ratio, 13.2; speed, 1,600 r. p. m.; jackot temperature, 150° F,
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bined with the multiorifice nozzle, the flow through
the nozzle may be considerably different from that of
either nozzle used separately. The photographs in
figure 8 show that the slit gave an apparently symmetri-
cal spray; the combination of the slit and multiorifice
destroyed this symmefry. In neither case did the

A.T.C,:

20 -

g [(flame fill the combustion chamber, showing that,
> although the distribution within the spray may have
£ |been uniform, the fuel was too localized, resulting in

E an overrich mixture in the spray.
g The 2-impinging-jets nozzle showed results some-
3 |what similar to the slit nozzle. The 4-impinging-jets
o 2 |nozzle showed a spray of low penetrating ability,
- § jcompared with a single-orifice nozzle, but one in which
& [the core was of larger diameter and therefore of lower
é density. The indicator cards show that the rate of
~ |burning with this nozzle was comparatively slow,
% |indicating a slow rate of diffusion of the fuel vapors
& |into the unused air. For best results the low spray
° % |penefration must be assisted by air flow. The photo-
- % graphs show that the spray was more affected by the
2 |air movement in the chamber than was the case with

E the single-orifice nozzles.

] g In the construction of & high dispersion nozzle it is
€ | ¢ |sometimes difficult to obtain a symmetrical spray. It
w| ¢ |can often be obtained only by trial and error, in which
mny | E [case considerable time can be saved by injecting the
E 2 |spray against some substance such as modeling clay
a 2 | (reference 3) in order to study the spray symmetry.
z| s Comparison of all the nozzles.—By the comparison
% | & |of all the nozzles, it is apparent that the distribution of
2 |the fuel relative to the combustion chamber can be
é regulated to a large extent by the design of the fuel-
4 £ |injection nozzle. This conclusion is not new in itself,
2 |but the extent to which the flame spread can be con-
9 |trolled by nozzle design, however, has not been known
g |heretofore, and by the flame spread the diffusion of the
% fuel vapors is indicated. The results emphasize the
£ |fact that the rate of diffusion of the fuel vapor as well
*f; as of the fuel spray is a comparatively slow process and
0 g |must be assisted by some other means if the combus-
g tion with little or no excess air is to be efficient. The
& |indicator cards show that in some cases the difference
g in cylinder pressures is not so much as flame photo-
= |eraphs might indicate, showing that the extent of flame
= |spread is not the only criterion of the extent of com-
£ |bustion. From this fact it must be concluded that the
e % |extent of combustion within the flame area and also
% - | the rate must vary considerably. The tests emphasize
@ |again, as was brought out in reference 9, that in the
i E high-speed compression-ignition engine the maximum
X ™ |performance of the engines is at present limited by the
a rate of diffusion of the fuel vapors and that, if the

power and the economy are to be those inherent in the

! ‘é‘ﬂ li—_léi lé high compression ratio of the compression-ignition en-
EE N diby : gine, the diffusion of the fuel by the injection nozzle
& % . ) E_g_d 2" and the air flow must be improved.
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The results for all the nozzles show that in a nearly
‘quiescent combustion chamber the best distribution of
the fuel spray is obtained with & nozzle containing
geveral plain round orifices. These results are in ac-
cordance with those already reported in references 1
and 2, In this type of chamber, good penetration of
the fuel, which is very important, is best obtained by
dense sprays from single round-hole orifices. It is
possible that with extremely high injection pressures,
e. g., in excess of 15,000 pounds a square inch, the
high-dispersion nozzle might prove superior to the
multiorifice nozzle.

CONCLUSIONS

The following conclusions are presented:

1. The rate of diffusion of the fuel vapors is too slow
to provide satisfactory mixing of the fuel with the air
in the combustion chamber.

2. The rate of fuel-spray distribution and the rate of

fuel-vapor diffusion with respect to the combustion |-

chamber and not the rate or fineness of fuel atomiza-
tion, the rate of fuel vaporization, nor the rate of fuel
injection are the chief obstacles to be overcome in the
development of the high-speed compression-ignition
engine,

3. The high performance inherent in the high com-
pression ratio of the compression-ignition engine cannot
be realized until & better method of distributing the
fuel is obtained by improving the injection nozzle
design, by the use of air flow, or by both.

4. Fuel sprays from a2 multiorifice nozzle destroy the
air movement in a combustion chamber to a greater
extent than do the sprays from single-orifice or high-
dispersion nozzles.

LaNGgLEY MEMORIAL AERONAUTICAL [LABORATORY,
Narionar Apvisory COMMITTEE FOR AERONAUTICS,
Lanauey Fiewp, Va., March 19, 1936.
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