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

By A. M. ROTHROCKand C. D. WALDRON

SUMMARY

Fuel was in.ected from di$ered typm of injection
nozzles into the comb@ion chamber oj the h? A. C. A.
combustion appar~m, operated w a cornpremiork
ignitwn engine; high-speed motion pictura were taken at
the raie oj ,$!,300jra?nes per second oj thejuel 8pray8 and
the combmtion. Single- nozzl.a oj 0.008-, 0.030-,
and 0.O.40-inchdiameter, and mw.1.twrijicenozzk having
l?, 6, and 10 orijicti were tested. Nozzla having im-
pinging jets and 81it orijice8 were also included. The
photographsWide that the i-aleoj oapor di@ion jrom
the spray h comparathely sho and thai thti sbw rate oj
di~m.on jor comlnMi.cmchumber8wdh little or no air
j?aw prevents the comprmtimwignition engine, with the
prewnd methods oj juzl injection, jrom giving the high
petformunce inherd in the high compression ratios.
The 8prays Jrom multimi&e nozzk oktrqed the air
movemeni to a greater &e& than did tho8efrom single-
orijice nozzlec. It is concluded thai high perjormunce
cunn.ot be realized until the methooh of distm.butingthe
fuel are imprmed by mama of the injeztiownozzle design,
airj?ow, or both.

INTRODUCTION

In the high-speed compression-ignition engine the
most ditlicult 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. haa 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 w-hatextent 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 n more
recent series of tests, the results of which will be later
published, Lee has determined qualitatively the com-
parative distribution of the fuel ilom 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 diilnsion 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 n com-
pression-ignition engine for a single cycle. These
trots, in addition to forming a part of the generrd
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. Thii 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:

Enginebore------- _--------------- __----- .-tioha-- 5
Engine stroke ------------ --_--------~_------do---_ 7
Height of inlet ~ti._------__---__ -------- __-do---- O.6
Engine @---_ -------------revolutions per minute-- 1,500
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Compmion ratio (based on 6.5-inuh stroke)—
With windows in both tid~---..--------_-----_-_ 13.2
~itb indieatorin one time----------------------- 13.9

Enginewolrmt temperature outgoing-------------” F-- 160
Air-fuel ratio (sea tibIe ~--------------------------- 17
Start of hjection----------cmtitit degrees B. T. C-- 16

The &&rent nozzles twted are shown in iigure 2.
Data on the atomization, penetration, and general
appearance of the sprays horn these or similar nozzles
have been given in references 3, 4, and 5. The injec-

$--R

9.————,-
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indicator was again installed and two more indicator
cards were taken asacheck. Finallyj theinjectionvalve
vm.s removed and the fuel quantity again weighed.
Because the injection valve was disassembled so fre-
quently, it was impossible to hold the fuel quanti~
within the close limits maintained in the teats of air-
fuel ratio reported in reference 9. Table I lids the vari-
ous fuel quantities together with the rtctual deviation
in weights and the wtimated air-fuel ratios:

F---

c
———..-

--- ————

Side vtew of
dylinder heed

T..__l

A, mm H,heitmk
B,cinti I,ilmtingoJfL
c, mmpressiom’eimse vain J>M@—~ ~~.
D, aoilwcoiL K, Idgh@ mrnaa.
E, eximnst L, inbt-eirfmts
F, fnei-in&5ion tire. M, lampand refktor.
G, fnei rsservolr. N, O.fEGfnohoiiOca

FIGWEEL—D@re.mma tfo Skotcbof tim N. A.

tion-valve opening pressure was adjusted to maintain
as nearly as possible a constant injection pressure for
all nozzlea at the desired air-fuel ratio of approxi-
mately 17. In some cases the injection prwsure
varied appreciably horn 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 thtie variations do not affect the validity
of the results.

The diesel fuel used in these tests was the same as
iibat d=cribed in reference 9. For each of these tests
the fuel-injection system was calibrated to determine the
injection pressure net- to obtain the desired fuel
quantity. The injection valve was put into the engine
and two indicator cards -weretaken. 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

O, @me4m@g m %1mduotion. V, to spark cd.

P, Prbm31ypomp. w, to Voivez.
Q, @k ~P. x, vaive.
R, tharmonwter. Y, Vaive.
S, tbning+ark switoh. z, Voiw.
T, to hand LNuUP. A’, wmteu
U, to injation pump.

O. A. mmbmtion ap~tns.

TABLE I

NOZZLE AND FUEL-INJEOTION DATA

I F
Node we

Estl-
‘nei InJection In&d TO@i ‘J~
!Ight

($~~) (ft’t?& Q ,
om%~

I (Pounds)

I
(sq.h.)

Single O.fuWinOh___ 292X1H
singleo.cLIMncL_ 2$7
Sin e 0.0404ncb__ 297

i%!2-01
.-

m----------- Z93
C@----------- 29s

e-—------- 2Q5io-0ii5m
sut-oriam---------- 29.5
MnitfOriaceAit----297

:E=!jj&-:; ;g

~ gxlo+
*.18
*. m
&10
A 31
+.22
*18
*15
+.%

10.9
17.6
17.0
17.2
17.1
17.1
17.1
17.0
10.7
10.7

&EOX1O+
a.14

12&l
90S3

A:
4.40

...........-.
19.u
Zaza

1sea refel’mca9.

The indicator cards obtained in these tests were not
sufliciantly accurate to determine either the brake mean
effective pressure developed during the power cyole 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
appmatus for the presaut teds. Nozzle K+ 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 shapea.

RESULTS ANDa DISCUSSION

A composite of all the spray and flame photographs
is shown 0S @ure 3.1 The rate at which the motion
pictures were taken varied from 2,100 to 2,400 frames
rLsecond; hence, the tig 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 diflsrent 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 tbe combustion chambw.
These vibrations are not sticiently 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 me prcmnted in table
II. In table II the data me presented for the condi-
tions of constant maximum cylinder pressure and of
constant injection advance angle. Under either oper-
ating condition, the 6-crifice nozzle gave the best
performance, and the 2-ori&e nozzle the next best.
The single 0.008-inch oriiice 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 H
ENGINE-PERFORMANCETEST DATA

Oomtant maxhnum
m~dorp~% ~ c&-&’Myd”&y.~~y
&@ w Wmm

-1-
NezzIe _

B. m.

0?$.

SingleOoxl-lmh..-
m Ieo.cHlMnch--I!2-0 flm._ . . . . . . ..-
o-ori3@lyG:. . . . . . . . .

. . . . . . . . . .
t311t-oriam_. . .._.-
hfultlorM~llt . . . .
2-lmpb@ng- et9. . . .

\+bnp!nglng- ets...-

B. m.
~. f. a Air-fuel e.lb~~

retlo (lb&~,

aea 17.0 S9-0
..s$9 17.2
.@l 17.4 %!
.471 17.2 llho
.618 17.0 n. 4
.618 17.7 7ha
.Om 17.1 n. 5
.OW la 2 020
.040 17.5 mo

am 17.3
.7W I&8 %
.623 M 8 745
.471 17.2 m

1119 WI
:%! 17.4 645
.716 1.$9 076
..%%3 10.8 w
.784 17.1 w

d as a teobnlml motion picture film 4CX
ft,’l?%%.%%e%’%%%’%?$%/#’?Desi II cm Ckunbuetlcmin~ gm+$s
I it,on l+o/$} by A. M. IWhr@iZ l!. C. Btmkle,, and
#%fi~~om~::: .$ N.A. O. A., 1%36.l?bh 13bnmay be obhn;d cmkm

A comparison of the indicator cards shown in figure
, indicates that the 6-ori.lice nozzle and the multi-
nifice-slit nozzle gave the best performance and that
he %n-ifice nozzle was next. In a comparison of

.020’ Dia)

Single-erifle9nozzlm.

plme

MuMOriOm neszk.

Sw.-orioce nozzk.

Impfn@ng-Jetsnozzkts.

FIGURE2.—Nozzlm tcstd,

these results with those given in table II, allowsnce
must be made for the di.tlerencesin the combustion
shambem and also in the air flow in the chambm.

In a previous report (refarence 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) carried from the spray to the lower left-hand quarter
have shown that air flow does exist in the combustion of the combustion chamber, the flame being first photo-
chamber, probably induced as the air enters the engine graphed at about 4° after top center. The indicator
cylinder through the,,intqkkorts. Tests, the results card shows that the pressure rise caused by the com-
of which are at present unpublished, show that this air bustioti started at about 2° before top center. Figure
movement comists of a vortex in the combustion 3 shows no flame at top cedar. The difference in the
chamber. A SChh0K!31 photograph of this VOTih3X in start of combustion is within the accuracy of the results.
the combustion chamber is shown in @ure 5. The The flame then surrounds the spray in the portion of
vortex appeared most intame in the left-hand side of the chamber away from the nozzle and spreada more
the chamber and successive frames of the motion or less symmetrically to both sides. In the successive
picture showed that it rotated in a countercloclmise fiamea the visible portion of the flame grows smaller
direction and moved in the plane of the combustion as the flame is apparently drasvn down into the dis-
chamber. As shown in figure 3 of reference 8, the placement volume of the engine. Beyond 30° after
inducted air en@red the cylinder at a high pressure top center the flame is no longer visible although the
difference resulting in a high initial veloci~. For fuel continues to be sprayed horn the injection nozzle.
thisreason the air flow iacomparable with that obtained In no case did the flame reach the top of the chamber
in a highly supercharged engine. at the injection nozzle. With the 0.008-inch oriiice

Because the vortex itself, as well as tie air within nozzle the actual discharge pressure at the orifice was
the vortex, is in motion, the fuel aprays may be bent probably considerably in excess of the 4,200 pounds per
fimt in one direction and then another. These spray square inch in the injection reservoir (reference 10).

FIQURES.-Wdfomn photographof the alr vortarin the combmstfonobmhr. The akin the vortex KSappmntly rokt.hg in a IXInnterohmkwlwdkantion, and the York
itsolfh rotating around the ohanhr in a cmmtemlwkwfw dhe=MmL

movements axe more visible in the enlargements of The high velooity and the small orifice both tended to
the fuel-spray development and of the fit part of lessen the mean drop diameter of the atomized fuel
the burning, shown in @ures 6 ti 9. Since the pur- (reference 4). The fmemss of the atomization in turn
pose of this report is to discuss the efYectsof the nozzle &ted the vaporization. Because of the slow mass
design and not of the air movement, the effects of the rate of fuel dischsxge, however, the actual rate of vapor
air movement will be treated only incidentally. formation was probably low. This low rate of vcLpori-

Single-orifice nozzles (figs. S, 4, and 6),—The most zation accompanied by the low rate of vapor d-on
important fact to be learned horn the photographs of (reference 9) resulted not only in a low rate of burning
the sprays and flame horn the sin@-ofice noizdes is but also in limiting the flame to a small portion of the
that the rate of vapor diffusion from the fuel spray is combustion chamber.
compmatively slow although it can be assisted to some Holfelder (reference 11), using an apparatus some-
@tent by the nozzle design. Vi5th the single 0.008-iuch what similar to that described in the present report,
orifice, the injection of the fuel lasted from 15° before has shown that when the combustion air is quiescent
top center to about 180° after top center. Such an the burning starts close to the core of the fuel spray
injection period is, of coume, entirely impracticable from a si.ngle+riiice nozzle and does not travel far from
horn considerations of engine operation, but it was used the volume included in the spray envelope.
in the present series of tests to obtain additional infor- When the orifice diameter was increased to 0.020 inch,
mation on spray diffusion. The spray traverses the the linear rate of fuel dischsxge was decreased (refer-
combuation chamber comparative]y slowly. The fuel ence 10) but the mass rate and also the mean drop
that does vaporize and form a combustible mixture is diameter (reference 4) were increased. The increased
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mnss rate of discharge more than compensated for th[
decreased atomization so that the rate of formation oj
n combustible mixture and its diffusion were increased
Consequently the flame spread to a greater area tha~
it did with the smaller orifice. As the piston proceedei
on its down-ward stroke, the flame did not disapperu
from view ns it did when the 0.008-inch oriiice nozzh
was used but tended to remain in the visible portion oj
the combustion chamber. The photographs show
clearly that the incandescent gases can remain in th~
combustion chamber without diffusing through th(
unburned portion of the gases. The results emphasim
the slow rate of diffusion of the gases in the combnstio~
chamber.

When the discharge-m-dice diameter was increased
to 0.040 inch, the area covered by the flame was stil
further increased although it did not iill the visibh
portion of the combustion chamber. The flame ii-d
‘appeared in the upper left-hand portion of the chamber,
The comparison of tie three series of photographs
shows that, as the oriike diameter was increased, the
first appemance of flame traveled from the bottom oi
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 simihu
conditions showed that this tendency was definite,
It is probable that, as the oriticediameter 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 mrds and the flame photographs botb
show that the ignition lag decreased as the ori6ce
diameter wns incren.sed. This decrease is apparently
caused by the enrlier formation of a combustible mix-
ture. The indicator cards show a large change in
pressures as “tie orifice diameter is increased from
0.008 to 0.020 inch and a smallerchange m the diameter
is further incrensed 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 viith the
0.020-inch OlitiCO.

Multioriflce 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 singlwfice 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.

The fuel distribution wns improved over that ob-
tained with the single- or 2-ori6ce nozzles since it
had to traverse only half the distance between each
of the six sprays.

The results with the 16-ofice nozzle were diaap-
pointi.qg os regards the resulting combustion. When
so many orifices were provided, it was necessary to
have a large over-all discharge mea, 2.11- times that
of the 6-orifice nozzle. The injection pressure wna
therefore still further decreased so that a point wna
reached at which the penetration was also decrensed
(reference 12) and the proportional distribution be-
tween the orifices wns destroyed. Had the over-all
area of the discharge no@es been maintained constant,
the penetration with the 16-orifice nozzle would still
have been decreased because of the smallness of tlm
Oriiices.

The first appearance of flame with the multioriiice
nozzles was close to the fuel sprays, indicating that the
mukioriiice 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-oriiice nozzle gave the highest maximum
cylinder pressure. The expansion line for the 16-
orifice nozzle crosses that for the 6-orMce nozzle.
This pressure dMerence is, however, within the pre-
cision of the cards. The spread and duration of the
flame with the 6-orMce nozzle indicate, ns do the data
of table H, that the maximum engine output was
obtained with the 6-orifice nozzle. The results pre-
sented in @me 7 show why in many cases a nozzle
that gives a 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 w 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. 3, 4, 8, snd 9),—
Nozzles giving uniformly distributed fuel sprays have
been the subject of numerous teds. Most comprewion-
ignition engines, however, employ either a multioriiice
nozzle or a pintle nozzle. Although high-distribution
nozzles present paxticukrly interesting characteristics,
they have not, in general, given .@isfactory engine per-
formance. The results shown in the photographs
indicate that the trouble hns been caused by an
incorrect mmbination of combustion-chamber design,
air flow, and nozzle design.

The slit nozzle shows distribution characteristic
that are particularly interceding. The spray penetm-
tion is low so that probably this nozzle can be used
beneficially only with nir flow. When the slit is com-
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bined with the multiofice nozzle, the flow through
the nozzle may be considerably diilerent 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 symmetry. In neither case did the
flame fll the combustion chamber, showing that,
although the distribution within the spray may have
been uniform, the fuel was too localized, resulting in
an overrich mixture in the spray.

The 2-impinging-jets nozzle showed results some-
what s“dar to the slit nozzle. The 4-impinging-jets
nozzle showed a spray of low penetrating ability,
compared with a single+rifice nozzle, but one in which
the core was of larger diameter and therefore of lower
density. The indicator cards show that the rate of
burning with this nozzle was comparatively slow,
indicating a slow rate of d.ifhmionof the fuel vapora
into the unused air. For best results the low spray
penetration must be assisted by air flow. The photo~
graphs show that the spray was more ailected by the
iir movement in the chamber than ma the oaae with
the singltmr”fice nozzles.

h the construction of a high dispersion nozzle it is
sometimes diiiicult to obtain a symmetrical spray. It
:an often be obtained only by trial and error, in which
mse considerable time can be sawed by injeoting the
]pray againat some substance such as modeling clay
[reference 3) in order to study the spray symmetry.

Comparison of all the nozzles.-By the comparison
]f all the nozzles, it is apparent that the distribution of
be fuel relative to the combustion chamber can be
wgulated to a large extent by the design of the fuel-
njection nozzle. This conclusion is not new in itself,
mt the extent to which the flame spread can be con-
molledby nozzle design, however, has not been known
leretifore, and by the flame spread the diffusion of the
tiel vapors is indicated. The results emphasize the
‘act that the rate of Wlon of the fuel vapor as well
B of the fuel spray is a comparatively slow process and
nust be assisted by some other means if the combus-
ion with little or no excess air is to be efficient. The
ndicator cards show that in some casea the difference
n cylinder pressures is not so much as flame photo-
paphs might indicate, showing that the extent of flame
pread is not the only criterion of the extent of com-
ustion. Frem this fact it must be cencluded that the
tint of combustion within the flame area and also
he rate must vary considerably. The tests emphasize
gain, as was brought out in reference 9, that in the
igh-speed compression-ignition engine the maximum
erformrmce of the engines is at present limited by the
ate of diffusion of the fuel vapom and that, if the
lower and the economy are to be those inherent in the
igh compression ratio of the compression-ignition en-
ine, the difkion of the fuel by the injection nozzle
nd 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 sprny is obtained with a nozzle containing
several plain round oriiices. These remdts are in ac-
cordance with those already reported in referauces 1
and 2. In this type of chamber, good penetration of
the fuel, which is very imporhnt, is best obtained by
dense sprays from single round-hole ofices. 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
muhioritice 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 sir
in the combustion chamber.

2. The rate of fuel-spray distribution and the rate of
fuel-vapor diifusion 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 obstachs to be overcome in the
development of the high-speed compression-ignition
engine.

3. The high perforrmum inherent in the high com-
pression ratio of the compression-ignition engine cmmot
be realized until a 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 horn a multioriiice nozzIe destroy the
air movement in a combustion chamber to a greater
extent than do the sprays from single+rifice or high-
dispersion nozzles.

LANC+LEYMEMORIAL AERONAUTICAL LABORATORY,
NATIONAL ADVISORY Com.rrrmm FOR AERONAUTICS,

LANGLEY I?IELD, VA., llarc~ 19, 19$6.
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