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EIPZRILGENTS OW THE DISTRIBUTION.OF FUEL I¥ FUEL SPRAYS

By Dansa W. Les : R
SUMMARY R —

he distribution of the fuel in sprays for compres-— —
sion-ignition engines was investizated by taking high- -
speed spark photographs of fuel sprays produced under a P e
wide variety of conditions, and also by injecting them R
against pieces of Plasticine. A photographic study was B
made of sprays injected into evacuated chambers, into the
atmosphere, into compressed air, and into transparent lig-
uids. Pairs of identical sprays were injected counter to
each other and their beunavior analryzed. Small high-veloc- .
ity air jets were directed normally to the axes of fuel o
spravs, vith the result that the envelope of spray which —
usually obscures the core was bPlown aside, leaving the -
core exposed on one side. — =

The results showed that the distribution of the fuel
within the sprays was very uneven. Under engine—-operating _—
conditiong the fuel was subdivided iato many small parti-
cles by the time it had penetrated 0,75 incha. In the cores
of the syrays, these particles had a high velocity relative
to tihe alr in their immediate vicinityr, but as their veloc-
ity was reduced, they were forced out of the core and formed
te spray envelope. The shape of the central core varied
with the density of the chamber ailr, becoming shorter and
thicker with lncreasing alr density. '

IJTRODUCT 10N
. : ?

Because of the great importance of fuel distribution -
in the development of light-weight compression-ignition ean- X
Zines, this series of experiments was undertaken for the . S
purpose of obtaining more information on the distribution
of the fuel within fuel eprays for this type of engine.
There are itwo general methods available for such an iaves~
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tigation: the separation of the sprays into parts, fol~
lowed by a determination of the amounts of fuel in each
part, and the high-gspeed photography of sprays produced
under conditions especially arranged to reveal -the de-
sired information. The- first ‘method -has been success-~
fully: -used &t the Pennsylvania State College with spraye
from plein cylindrical nozzles {references 1 and 2), and
the results showed that the fuel concentration was great-
est in the center of the spray, Many early spark photo-
graphs made by the National Advisory Comnittee for Aero-
nautics also showed this to be true, but the density of
the spray cloud was so great that little could be 1earned
of the internal structure of the sprays. . .

In the present experiments, the photographic method
was extended and improved by decreasing the exposure time,
and by injecting the fuel under conditions which had not
been used before at this laboratory. 'These experiments
were conducted during the .summer of 1931 by the Nationagl
Advisory Committee for Aeronautics at Langley Field, Va.

’ . P

APPARATUS AND TEST METHOD

A complete description of the spray photography eguip—

ment used in this investigatidén is given in reference 3,

Briefly, the- spray 1s illuminated by a series of spark dis—

charges, and the images are focused on a moving film by a

lenss The dpration of the individual spark discharges has

never been acc¢urately determined, but the amount of blur-
ring in some of the photographs indicates a duration of
from 0.00001. to 0.000001 second.

During part: of this investigation, the spark-produc-
ing cirenit was replaced by that.shown in Figure 1. This
circuit is similar to those which have been used in elsc-
tric stroboscopes and for the photography of bullets in
flight, The duration of the spark discharge in such cir-

cuits is gaid to be of the order of 0.0000001 second. (Ref-

erence 4,) The high-voltage condensers A and B have capac
ities of approximately 0.1 and 0.003 microfarad, respect-

ively. ‘They were charged to a potential of 30,000 volts by
using a Yransformer and a rectifying tube: 4 cotton string
wet with calcium-chloride solution formed a. high electrical

resistance and was used to keep the two condersers at the

same potential. The spark was timed by a disk switch on a

;;.|li

call
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shaft connected through an'adjustabié,cbtpling;tg the cam-
shaft controlling the fuel injection. -"When the switch was
closed by a rotation of the shaft, condenser .B discharged
across gap C. The width of the two spark gaps was so ad-
justed that condenser A would not discharge across both of
them until after the air in gap C had been ionized by the
discl.arge of condensér B, The dischiarge of condenser A a-
cross gap D furnished-the light for photographing the spray,
gap C being shnielded from the camera. The copper connect-—
ing wires were about three thlrty-seconds inch in diameter
a:td were made as- gshort as possible to mlnlmlze the resist-—
ance of the circuit. The spark-gap points were made of.

. copner imstead .0of the magnesiunm regularly, used to reduce
the afterglow of metaliic vapor which: follows the break-— .
down of the spark discharge.. As' this circuit delivered on-
ly a-single spark, the photograph was talren ‘on a gtationary
film. BSets of photographs showing the various stages in
t:e development of the sprays were nade by*asing a differ-
ent spark timing for each photogranh. The high-speed spark
circuit was used during -an Investi ation of the effect of.
the density of the chamber air on the digtrlbupion of the
fuel in fuel.sprays. The photographs were clearer than
.those made with -the regular circuit, revealing several new
features of spray stracture and formation. :

H -
. b

- -

Tue regular spark circuit was used to take several
other series of spray photographs. 1In one series, each in-
jection was composed of two separate sprays directed toward
eacn other and impinging in the center of the chamber., 4
T connection was inserted in the injection link, and pileces
of steel tubing of equal length and digmeter were connected
to the injection valves. As these valves were of the same
design, only a slight adjustment of the valve~openinb pres—
sures was necessary to cause the sprays To emerge from the
two nozzles sipultaneously., Open nozzles were also used,
axnd these were s0 arranged that the distance between the
nozzles could be changed. Sketches showing the type of in-
jection valve and open nozzles tested may be found in ref-
erexce 5. An orifice diameter of 0.020 inch was used for
all tests except those with the centrlfugal—type sprays;
for tnose (it was~0.0232 incH. T .

. [

_Tae al:bnment of the sprays was chécked by numping
fuel tarough the nozzles at a pressgsure so low that unbroken
jets of fuel were formed, These jets met at the centoer of
the chamber and formed a disk of fuel about an inch in di-
aileter.s The plane of this liquid disk was at right anzles
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to the axis of the fuel jets, showing that the two noz~
zles were in good alignment, '

For another series of photographs a tube was brougat
‘through the. toP of the spray chambér, its epd closed, and
& small hole drilled in this closed end. The other end
of the tube. was connected to a compressed-air reservoir,
80 that a strong jet of air was produced in the spray clan~
ber. This jet was directed normal to the axis of the fusl
spray at different distgnces from the fuel nozzle. Hand
valves were placed between the compressed—air reservoir ard
the air~jet . orifice, and between the spray chamber and the
atnosphere. _,x_gdgusting these valved, the injection pros~
sure of the air jet and the chamber~air density could be
.-regulated vo the desired valuess Fuel and air-jet injec—
tion pressures and chamber-air pressures were measured with
reference.to the atmospheric pressure, dnd are so expreﬂsed
-in this report.

-The_temperatﬁre'qf thie chamber air was approximately
the same as that in the room for all tests. Changes in its
density were secured by changing its pressure, Densities
less than atmospheric were obtained by evacuating the chan~-
ber with a piston-type vacuum pump, and ‘those greater than
atmospheric by connecting the chamber to a compressed~air
reservoir,.

Experiments on the relative penetrating power of dif-
ferent sprays, and of the different parte of the same spray
were made by injecting them against smooth-~surfaced pieces
of Plasticine, The depths and shapes of the lmpressions
made in the Plasticine were compared for injections from
plain cylindrical nozzles, and from nozzles having helical
grooves in the valve stem, Different injection pressures
and chanbér-air densities were used, and the Plasticine was
placed at different distances from the nogzlos. This method
of studying sprays was found to be very satisfactory, end it
is recommended as a simple and valuable test of the energy
digtribation of the fuel, within fuel sprays.

The fusl used in all tests was a highwgrade,ﬁiesel fuel
having a specific gravity of 0.85 &t 80° P., and a viscosity
of 0.0221 poise .(35.0 seconds Saybolt Univorsal) at 100° ¥
and atwospheric pressure.
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. RESULTS Aﬁﬁfniscvssiom"fh:%“_“f“

Effect of Air Den51tv on the Distributlon L
of Fuel in Sprays .

S mhe formatlon of fuel sprax_. - The exact process by
whicn the fuel injected through small n02zies is atomized
to Torm a spray is still a matter of controversy., Several
theories have been advanced based on the resisting force
of the air into which the fuel is injected. However, ex-
perimzents made at this laboratory on the effect of chamber-
sir deunsity om the atomization of fuel sprays (reference 6)
showed that the air density had -little effect. r Furthermore,
during the present investigation, spark phctographs'werh
made .0f fuel sprays injected into air having a deasity -of
only 0.0005 pound per cubic foot, and these showed tae
sprays to be as well dispersed as sprays imjected ‘into ailr
at atmospherie density. ZEven though the density of the air
fails to account entirely for the formation of the fuel
drdnq, it will now be shown that it 1s of primary importarce
id t“e shaping of the spray and the dlstrlbut*on of tae fuel
wltb11 the spray.

Computatlons of the: velocity and penetration of single
"fuel drops injected into dense.air havé been made by Kuehn.

' (Refevence 7.) . He.showed that for the range of injeetion
velocities, drop sizes, and combustlon chamber~air deasities
comnonlv used in airless, in;ection engines,,ln no casg would
a single fuvel drop penetrate the air much more than o inch.
The fact: thet fuel sprays. penetrate much far ‘her he con—
cluded to be ‘dus to the -mass effect of the large number of
drops t:ey contain, In the central part of th® sprays, the
drops are so closely spaced that most of them do not travel
through still. air, but are in air which has been disturbed
by preceding drops. The leading drops -set up an air cur-
rent in the ‘direction they are moving, :s0 tiat the later
ones,; although not. traveling a greater ‘distance relative to
the air, actually reach points’ farther from the nozzle,

T:-e high-speed motlon plctares of fuel sprays from cyl-
1ndr1cal nozzles which have been made at this laboratory
have Bhown that the fumel in the central core of the spray
travels faster than ‘that in the surroundlng envelope. This
fact indicates that the core is composed of drops which have
a high velocity relative to thé air in their immediate vi-
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cinity and are causing it to move in the same direction,
whereas the drops in the envelope ars those which had been
injccted earlier, delivered their energy to the air until
they lost most of their velocity relative to it, and then
were forced aslde by the on~coming column of air and fuel
in the core behind theme —

Plasticine target tests.~ The foregoing explanation
of spray formation was supported by the results of the ex—
periments with Plasticine targets. One of the preliminary
sxperiments consisted of directing a jet of alr against the
Plasticine. It was found that no impression was made no-
matter how close the air nozzle was brought to the Plag-
ticine surface, or how great an air-injection pressure was
used. When fuel sprays were injected against the targets,
impressions were formed having ‘diameters less than the di-
ameters of the sprays at the sectionsg intersected by the
targets. In the sprays, therefore, 1t was the fuel rather
than the air that deformed the Plasticine, and the fusl in
the central cores of the sprays had much more energy than
that in the envelopes.,

In Figure 2 is shown a photograph of a series of im-
pressions made in Plasticine by sprays from a plain cylin-
drical nozzle., The injection pressure was 4,000 pounds per
square inch, the injection period 0.005 second, the orifics
diameter 0.020 inch, and the air density 1.1 pounds per cu-
bic foot. The number beside '‘each impression is the dis-
tance in inches between the nozzle and the surface of the
Plasticire at the time of injection. In the following taw-
ble are listed the diameters and depths of the impressions,
gnd in the last column are given the outside diameters of
a spray, produced under the same conditions, and measured
from a spray photograph at corresponding distances from the
nozzle.

Distance from Diameter.- of . Depth of Outside diameter
nozzle to tar- impression, impression, of spray from
get, inches N inch . inches _photograph, inches

0.25 - . 0.08 .- 1.0 0.25

1.0 - .20 9 .50

2.0 . «25 LR - W75

2.5 - o B T .94

3.0

«12 05 1.10
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DA comparison of the secdnﬁ and last columns of the "
tabls shaows ‘that although the general outline of the spray

fwas a- cone, the core of rapidly moving fuel in the center
"increased- in diameter until it reached a point abount.2

inches from the nozzle, and then diminished. Targets
placed 3.5 inches from the nozzle showed only a shallow

~impression; at 4 inches, no impression at all could be

seen, At this distance, so much of the kinetic energy of
tae fuel had been transferred to the gir that the spray
could maxe no mark on the targst.

For each of these tests, the thickness of the Plasg~
ticine was made sufficient to stop the fuel completely.
The bottom of the impressions was always conical in form,
indicating roughly the distribution of energy in the spray
¢ore. In this connection, the tests made at tle Pennsyl—
vania State College (references 1 and 2) on theé dlstrlbu—
tion of fuel within sprays from cylindrical: nOvzles are
of interest. The two methods supplement each other very
well; the N.A.C.A. tests give results for tlie core of the
spray, and the Pennsylvania State Coliegé tests give data
for the envelope,

The diameters given in theltablé'ére thdse at the sur-
face of the Plasticine. An examination.of the deeper im=

* pressions showed that their diameter increased somewhat be-

low the surface. The enlargement was probably caused by
the blasts of air that were carried intoc the holes by the
fuel particles. In another series of tests, thin slices

0of Plasticine were used, backed by wire screening. This

arrangement allowed the fuel spray to pass through the tar
get, leaving a hole which more accurately indicated the
core diameter, For the same conditions to wnich the re-
sults of the table apply, and at the same distances from
the nozzle, the dlameters of the impressions were 0.04,
0.08, 0,14,0.18 and Q.18 inch, respsctively.

In Figure 3 is shown a photograprh of the impressions
made in Plasticine by sprays injected into the atmosphers.
The injectlion pressure was 4,000 pounds per square inch, ,
and tve nozzle diameter 0,020 inch, as before., The form
of the impression varies from an almost strdight-walled
nole 0,10 inch in diameter and about 0.50 inch deep at the
6-inch distance, through a series of trumpet shapes having
increasing amounts of flare and less depth, until at 24
incaes the impresgion is of almost uniform depth.
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Spark photographs showing the effect of air dengity.-—
The influence of air density on the structure of fuel sprays
is shown by the photographs in Figure 4, which were made
with the high~speed spark circuit ghown in Figure 1. ‘Fig-
ure 44 was made with a chamber-air density of 0.0005 pound
per cubic foot (pressure = 0.5 centimeter of mercury). It
shows the form taken by a fuel spray from a plain nozzle
when the density of the chamber air 1s negligible. A com~
parison of photographs made at differentstages of injec~
tions into evacuated chambers showed that all parts of the
spray had very nearly the same velocity. For Figure 4B the
chanber-air density was atmospheric. The core of the spray
is shown gquite distinctly, surrounded by the envelope.
Streamers of spray are projecting away from the core and
downwaré. These were formed as the spray tip passed these
places, the conical tip being continually replaced by fresh
fuel coming up the core., When the chamber—-air density was
raised to 1,1 pounds per cubic foot, the velocity of the
spray tip was so greatly reduced that the fuel thrown off
completely hid the core. (Pig. 4CG) For this last caso,
the chamber—air density corresponded to that at top ce;ter
in an engine with & compression ratio of 1l4.5.

The high-speed spark photographs of injections into _
air at atmospheric density gave some interesting results.
The chamber air was dense enough to show some effect on the
sprays, but not dense enough to cause the core to be hidden.
In Figure 5 are shown two photographs of fuel sprays in the
atmosphere, the injection pressures being 3,000 and 700
pounds per square inch. In Figure 5A notice the vortices
at the edge of the spray, probably caused by the different
velocities of the air in the core and the envelope. Algso
notice in Figure 5B that the core does not appear as a sol-
id jet of fuel, but seems to be atomized.

Effect on Spray Penetration
of Injecting into Liguids

As the density of the air into which the sprays were
injected was increased, the deceleration of the spray ¥tip
became more rapid. However, even when using the greatest
air pressure that was safe in the spray chamber, the spray
tip was still moving rapidly when it reached the opposite
side of the chamber. The density of the medium was raised
without going to dangercusly high pressures by 1nJect1nb
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the fuel into water and glycerln. The medium itself hav-
inz been changed, the results can not be strictly compared
with - those obtgined with air,; but spark photographs made
with the regular spark circuit showed that the shape and
general ‘behavior of fuel sprays .injected into water werse
similar to sprays injected into compressed air -when the
saue injection valve and nozzle-were used. - (See fig. 6. Y.
Waea fuel sprays were injected into .water that was at at-—
mognheric pressure, the fuel jet was very.narrow and the
rate of penetration nearly as high as that in air having
a ‘density: of :1.) pounds:per cublc foot.  When pressure was
apnlied to .the water the rate ¢f penetration.was much lower,
aad the .jet much broaders Similar results were obtalned
wken the fuel sSprays were 1ngecte& into glycerin.

In the spray photographs of Flgure 6, and in those
which follow, the time scale may be obtained from the lin-.
ear scale given in esach case, the distance representing.
.Eﬁa inch on the linpar scals alsp representing 0.0005 sec~
ond- on the time- scale. .

Figure 7 shows the variation in- spray—tip penetratlon
with time for.fuel sprays injected into water and glycerin
havinz various pressures, and also shows onercurve for a -
spray injected intec compressed air for eomparison. Notice
that the rate of penetration does not decresase uniformly
with increasing water pressure, an increase from aitmospaer~
ic pressure to 15 pounds per square inch having a greater
effect .than a further increase to 100 pounds per squarse
inch. .-Injections into 'gases having various pressures and
the same temperature. have .shown the-same treaud, but to a.
lesser extent. (Reference 8.) As the density of a 1iqu1d
caanges very little with pressure, the decrease in the rate
of penetration can ngot-be attributed to an increase in the
density as it was for gases. Neitaer can it -be attributed
te a change in viscosity ‘in the case of water for the ef-
fect of a change of pressure of this magnitude on the vis-
cosity of water is very slight: Only two injections wers
made into glycerin, but 'in. each case the penetration was
greater than with water a2t the same pressure.’ This was
coantrary -te expectations, for both the density and viscos-
ity of glycerin are greater than those of water,

Another . feature-of the: curves .in Figure~7 1is the sud-
den decréase in .their. slkope-after 0.0005 to 0.001l5 second.
This brealk probably represents thse ghange from a forward
motion of the fuel through the liquid medium to a fturbulent
movement of mixed fuel gnd liquid medium.
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Opposed Fuel Sprajs

In the experiments with identlcal sprays directed
against -edch other, the axes of the two sprays were coin-
C1dent.. ‘Bgch spray being. symmetrical about its axis, sin-
ilar parts of the two sprays met in the center of the
chambér, The result of this meetlng, as shown by the spafV
photoglaphs,_can be explalned along the llnGS of the fore-
going discussion.

i Tigures 8 to 11 show four series of spark photographs
"6f such apposed fuel sprays, made with the regular spark
circttite. Each series was made with an injection pressure
of 4,000 pounds per square inch, dut with different cham-
ber—air_densit;es. The distance between the nozzles was 5
inches for this sSeries of photographs, so that the sprays
met after each had become 2.5 inches long. With the cham~
ber &vacuated (fig. 8) there was some interference between
the opposing sprays dbut there was no 1indication of a disk
such as was formed when two solid jets were directed a-
gainst each other, There being practically no air present
to hinder "the motion of the fuel, the deflected portions of
the sprays quiokly filled the space around the main jets.
With the chamber air at atmospheric pressure (fig. 9) the
cores ‘of "the sprays again met each other with little inter—
ference., In this case, however, the deflected portions
were qulckly stopped by the air, so that they formed an
eddying envelope about tie cores, '

When the density of the chamber air was increased to
0,60 pound per cubic foot (fig. 10) there was practically
no interference bétween the sprays. They were apparently
50 well dispersed that the drops in each spray passed be~
tween -those of the other spray. ZFor PFPigure 1ll, the cham-
ber-air den51ty was ralsed to 1.1 pounds per cubic foot.
Tha sprays agalan passed through each other, but s diffor-
ent kind of interference was shown by the bulging of the
envelopes at the meeting point. The appearance of this
bulging suggests that it was caussed. by the meeting of two
colunns of air, and this explanatlon is consistent with
Kuehnls con¢lusion that the rapldly moving dr0ps set up an
air current’ within the Spray. :

"Figure 12 shows two sprays of the centrifugal type di-
rected agalnst each oth'er in air having the same denplty as
for Figure 11. In thls case the spray. tlps do not continue

\RIRE

i

]

|



http://www.abbottaerospace.com/technical-library

N.4.C0.4, T hnical Hote ¥o. 410" 11

to move forward after meeting, but . clound: o? spray is
projedted vat right angles tq-tne spray.--axid, The results
of Plasticine -target tests, Hlth centrifugal—type sprars
saowed that thieir cores werﬁ composed of two -distinct parts
a small ceatral jet and a nollow cone surrounding the jet.
Spark photographs showed that %the central jet emerged be-
fore the hollow conre, but that.it-was-soon overtgken by the
cone. This jet is probably. composed of the' fuel trapped bo-
tween the orifice and stem seat, so that it is injected
witnout any whirling motion. Sprays of this type have a
very low penetrating power; the maximum distance in air at
a density of 1.1 pounds per cubic foo%-at which they would
male & rark on the Plasticine was .0.75 inch. At a distance
of 2.5 inches, t“erefore,'all the ‘drops. must have come near—
ly to a- stov with respect to the air, and so tne results
shown in 1gure 12 are ea31ly understood

: v, i Z = "there weré. two extremes of spray inter—
Yerence! in ode, ‘the two sprays were not dispersed well '
enough for fhe drops to pass between thoge of the oppasite
spray and .in the ofher taey were .well ‘dispersed, but all of
the drops had lost nearly all velocity relative to tae air,
fogi of the cases photographed fell betweeﬁ ‘these two ex— R
trenes. - e Lo ET . .

1gures 13 to 15 show opposed—spray 1niect10ns into.

alr.rect at conatant den31tn, but with different injection
pressures and distances between the nozzles. It was neces-—
sary to use open nozzles for tnis series, but as previous’
tests (reférence 5) have shown that sprays from these nog—.
zles are similar to those from-the iajection valves used
in the. variable air densgity series, the results of the two
series.may be conparea. o .

For both Figures 13 and 14 tqe dlstance between the
nozzles was 3 inches, but the injection pressures were 500
ard 4000 pounds per sguare. incn, respectively. With the
lower injection pressure the ilsberSlon was apparently poor
for the sprays showed the same type of interference as
those of tke previous series made at low air demsities. -
withh the higher air aensity there was little 1nterference,
the results being 51milar to those shown in Figures 10 and
11l. ., . Lo : : .
Figures 11, 14, and 15 form a series in which the va~
riable is the distance between tlhe nozzles. In sach case
the nhotographs are guite similer, Notice in Figure 15
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that the sprays pass through each other and rebound from
the end of the 0pposite nozzle holdér. This figure shows
that even at 0,75 inch from the nozzle, a high—velocity
spray . in dense air ls well broken up.

© 'Effect of Air Jets
Directed Normel to Fuel Sprays

The photographs. of fuel sprays having air jets di- .
rected normal to their axes. were made to investigate the o
characteristics of the. spray corss.  The air Jjets deflected
the spray envelopes leaving the cores exposed on one side.
‘For Figures'15, 17, 19, and 20 the fuel was injected with
an open nozzle, but'fob Figure 18 gn automatic injection
valve was used. In each case, the fuel-orifice diameter
was 0,020 inch and the orifice. diameter of the air jet was
0.040 inch. The photographs shown in Figures 16 to 18 wore
made with the chamber air at atmospheric density, and with
the air. jet approaching the fuel jet from the right. In
Figure 16, the. fuel in the envelope of the spray is shown
being driven aside by the air jet, leaving the core expoead
and deflected slightly, In Figure 17, for which the fuele
Injection pressure was only half thet for Figure 16, both
the envelope and the core- are shown being deflected by the
air jet. - =

The point ¢f intersection of the fuel and air jets was
about one-guarter inch from .the fuel nozzle for. Figure 135,
and about eleven~sixteenths inch for Figure 17. In both
cases the distance from the air orifice was sbout one-~gixe '
teenth inch. For Figure 18, the distance from the fuel noz
zle was 3.5 inches, and from the alr orifice about 1 inche.
In Figure 18 the core is being nonuniformly deflected by
the air jet, showing that the distridbution of the fuel in
the spray .core was .not uniform.

In Figures 19 and 20 are shown photographs of fuel
and air jets intergecting abouﬁthree~quartere inch from
the fuel nozzle and one-guarter inch from the air orifice -
in'"a chamber where the air demnsity was 1.1 pounds per cu-~
bic foot, For Figure 19 the air jet was coming from the .
right, but for Figure 20 it was mov1nb directly away Irom
the camersa lens.
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Different values of the gir-jet injection pressure and
ti1e chamber~air pressure were used, but their ratio was al-
ways ~reater than 1.9, which 1s the critical value at which
the velocity of the issuing Jet becomes equal to the veloc-
ity of sound. An increase in the value of this ratio will
not increase the jet velocity. The wvelocities of the air
jets in these experiments were therefore the same in all
cases, and their energies depended only on the density of
the air in the jets. Photographs made with different air-
jet injection pressures, but wita the same fuel-injection
pressure and chamber-air density, showed little variation
in the sprays. The lesser deflection of the core shown in
Figbre 16 as compared with Figure 17 should therefore be
attributed to the higher fuel-injection pressure of the for-
mer rather than thé lower air~jet injection pressure. Also,
in comparing Figure 16 with Figure 19, the greater deflec—
tion of the latter should be attributed to the increased den-
sity of the air in the air jet, and to the decreased velocity
of the -fuel:'in the spray core, ' '

CONCLUSIONS

1. ©The distribution of the fuel in both the core and
the envelope of fuel.sprays is very uneven.

2¢ Under-engine—oPerating.conditions,éﬂ&esel fuel in-
Jectod through a 0,020~inch cylindrical nozfle is subdivided
infto many particles by the time it has penetrated 0.75 inch.

, 3+ Fully developed fuel sprays are composed of a cen-
tral core and an outer envelope. The core is composed of
fuel particles having a high velocity relative to tias alr in
their immediate vicinity. As a result of this relative ve~
locity a current of zir is set uwp in the core, The envelope
is composed of fuel particles that were formerly in the core,
where they transferred their energy to the air until they
lost most "of their velocity relative tg it, and were then
forced out into the envelope Yy the opconing column of air
and fuel in the core behind themn. M.uWk;%.Abbtilb'

4. The shape of the central core varies with the den-
sity of the air, becoming shorter and thicker with increas-
ing air density-.

Langley iHemorial Aeronguticel Laboratory,
National Advisory Committee for Aeromnautics,
Lengley Field, Va., February 13, 1932,
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' Beardsley, E. G.: The N.A.C.A. Photographic Appara-
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Fig.2 Impressions made in Plasticine by fuel sprays injected through air
having a density of 1.1 pounds per cubic foot-
Fuel-injection pressure - 4,000 pounds per squere inch.
Valve-opening pressure - 3,500 pounds per square inch.
Figures beside each impression indicate the distance between

the nozzle and the Plast in inches
= SR AT T
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Fig.3 Impressions made in Plasticine by fuel sprays injected through air
having a density of 0.076 poundqd per cubic foot.
Fuel-injection pressure - 4,000 pounds per square inch.
Valve-opening pressure - 3,500 pounds per square inch.
Figures beside each impression indicate the distance between
the nozzle and the Plasticine, in incheq(/
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Fiz. 4 High-speed spark photographs of fuel sprays injected into air
having different densities.
Injection pressure, 4000 pounds per square inch
Chamber-pir density, (4) 0.0006 pounde per cublc foot
] ]
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Fig.5 High~speed spark photographs of fuel sprays injected into the
atmosphere.
Chember-air density,0.076 poundfper cubic foot
Fuel-injection pressure,(A)3,000 pounds per square inch
" " % ,(B)700 pounds per square inch
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Flg.,6 Dlesel oil injected into water.
Fuel-injection pressure,2000 pounds per sguere inch.
Chamber water pressure, (A)Atmospheric. '
» " " , (B)25 pounds per square inch.

9°31g
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Fig.7 Effect of the liquid pressure on the spray-tilp penetration of fuel eprays injected into Z
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Fig.a Oppoeed fuel sprays 1nJected into an evacuated chanber,
Fuel-injection pressure, 4,000 pounds per square inch.
Ohember-air density, 0.0025 poundf per eubic foot.
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Fig.9 Opposed fuel sprays in.jected into -air at atmosnheric densir.y.
Fuel—in,jection pressure, 4,000 pounds per square inch.
Chamber-air density, 0.076 pou.ndK per cubic foot.
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Mg.10 Opposed fuel sprays injected into eir having a density corresponding
to that in an engine at a compression ratio of 7.97=.
Tuel-injection pressure, 4,000 pounds per square inch.

Chagmber-air density, 0,60 pmm&f\per cuble foob.
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Fig.ll Opposed fuel sprays injected into elr having a densit
to that in an englne at a compression ratio of 14.5W-
Fuel-injection pressure, 4,000 pounds per square inch.
Chamber-air density, 1.1l pounde per cubic foot.

OTF*OoN ejON TSOTUHP3L °*YV°*D°V°H
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Fig.12 Opposed centrifugal-type sprays.
Fuel-injection pressure, 8,000 pounds ver square inch.
Diameter of" orifices, 0.022 inch.

Groove helix angles, 40°.

Chamber-air density, l.1 pounds per cutic foot.

Continued from ebove, reading from right to lefif
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Fig. 13 Opposed sprays using a low injectlon pressure.
Fusl-injection pressure, 500 pounds per square inch.
Chember-pir density, l.1l poumds per cubic foot.
Distance between open nozzles, 3 inches.

Fig. 14 Opposed sprays using a bigh.injection pressure.
Fuel-injection pressure, 4,000 pounde rer square inch,.
Chamber-gir density, 1.1 pounds per cubic foot.
Distence between open nozzles, 3 inches.
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Opposed eprays with the nozzles close together.
Fuel-injection pressure, 4,000 pounds per sguare inch.
Chanber-air density, 1.1 pounds per cuble fool.
Distance between onen nozzlec, 1.5 inches.

Flg.16 Fuel spray with an alr jet lmpinging at right angles from
Fuel-injection pressure, 1,000 pounds per sqguare inch.
Air-jet injection preersure, 200 pounds per square inch.
Chamber-air density, 0.076 pmmdx per cubic foot.

OTP O 920N TeoTulde] Ov.oavgﬂ
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F1g.17  Fuel gpray with an air jet impinging at right engles from the right.
Fuel-inJection pressure,500 pounds per square inch. _
Alr-jJet injectlon preseure,500 pounds per sgquare inch.
Chauber-air denslty,0.075- poundg per cuble foot.

F1g.18 Fuel spray with en air jet impinging at right angles from the right.
Fuel-injection pressure,500 pounds per square inch.
Alr-Jet injection pressare,500 pounds per square inch.
Chamber-air density,0.076 ponnd*per cablc foot.

OT?¥*ON 930N TeoTuuoel "V 'O'V°N
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Fg.19 Tuel end alr Jets intersecting at right angles. Alr jet from the right.
Fusl-injection pressure, 1,000 pounds per square inch.
Air-jet injection pressure, 500 pounds per square inch.
Chamber-alr denpity, 1.1 pounds per cublc foot.

Scale, inches

Ayt th ‘ B A 14 10 ot g :Il. iiﬂf'.e: % L I'- oy e R
£.20 Tuel and alr Jets lntersecting at right angles. Alr Jet moving
away from camera lens,
Fuel-injection pressure, 500 pounds per sguare inch.
Air-jet injection pressure, 500 pounds per square inch.
Chamber-alr density, 1.1 pounds per cubie foot.
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