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SUMMARY

This report describes the apparatus as designed and
constructed at the Langley Memorial Aeronautical Laborato-
ryy for studying the formation and combustion of fuel
sprays under conditions closely simulating those ocecurring
in 2 high-speed compression-ignition engine. The appara-
tus consists of a single-cylinder modified test engine, a
fuel-~injection system so designed that a single charge of
fuel can be injected into the combustion chamber of the en-
gine, an electric driving motor, and a high-~speed photo-
graphic apparatus, The cylinder head of the engine has a
vértical disk form of combustion chamber whose sides are
glass windows., When the fuel is injected into the combus-
tion chamber, motion pictures at the rate of 2000 per scc-
ond arc taken of the spray formation by means of spark
discharges, TWhen combustion takes place the light of tho
combustion is recorded on"the same photographic film as
the spray photographs.

‘The report includes the recsults of some tests to de-
termine the effect of air temperature, air flow, and noz-
zle design on the spray formation. The results show that
the compression temperature has 1little effect on the pene-
tration of the fuel spray but does affect the dispersion,
that air velocities of about 300 feet per second are neces-
sary to destroy the core of the spray, and that the efiect
of air flow on the spray is controlled to a certain extent
by the dcsign of the injection nozzle. The results on the
combustion of the spray show that whon ignition does not
take place until after spray cut-off the ignitionNmeay
start almost simultancounsly throughout the combustion cham-
ber or at different points throughout the chamber, When
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ignition takes place before spray ¢ut-off the combustion
starts around the edge of the spray and then spreads
throvghout the chamber,

INTRODUCTION

During the last five years the National Advisory Com-
mittee for Aeronautics has published considerable informa-
tion on the formation of fuel sprays for high~speed com-
pression-ignition engines, The majority of the investiga-
tions reported have dealt with the cffects on the fuel
spray of the injection-nozzle design, of the injection sys-
tem, and of the density of the air into which the fuel has
been sprayed, - Only omne report has been published by the
Committee (reference 1) on the effect of high air tempera-
tures on the formation and penetration of the fuel spray.
The tests reported in this reference, although conducted
by spraying the fuel .into air at atmospheric pressure, in-
dicated the nscessity of extending the researches of the
Cotmmittee to include a study of the spray formation and
penetration into air at the temperatures and densities in
the combustion chambers of high-spocd compression-ignition
engines, :

In addition to studying the formation and poenetration
of the fuel spray in the engine it is necessary to study
the combustion of the fuel spray. Investigations on tho
phonomena of combustion as applicd to the compression-igni-
tion eangino have been conducted principally ia England and
Germany. Some of the earliest work was done by Moore.
(Reference 2.) His tests were made to determine the auto-
ignition temperatures of liguid fuels at atmospheric pres-
sure. This work was extended by Wollers and Ehmcke (ref-
erence 3) and by Alt (reference 4). The next step was to
investigate the effect of air density on the auto-ignition
temperature of fuel sprayed into heated dense air, Such
tests were conducted by Hawkes (reference 5) and Bird (ref-
erence 5) and by Tausz and Schulte (reference 7) and Neu-
mann (reference 8), These same investigators also deter-
mined the effect of air temperature on the time lag of
auto-ignition. Bird (referemce 9) then extended the tests
by photographing the combustion in a constant-volume cham-
ber. Bird's tests were the first in which ignition lags
were recorded gs low as 0,004 second, a value of the same
order of magnitude as that obtained in high-speed compres-
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sion~ignition engines, Mader (reference 10), by means of
a small glass window placed in the combustion chamber of

a compression-ignition engine, obtained stroboscopic pic-
tures of the combustion of the fuel spray. Tizard and Pye
(refecrence 11) and Fenning and Cotton (refeorence 12) and
Duchéne (referonce 13) conductod tests in which the auto-
ignition lag of gases ignited by adiabatic compression was
measured, In addition, Duchene, employing a small glass
cylindcr, photographed the combustion,

. As a result of an analysis of the preceding inveosti-
gations it was decided to extend thc research on combus-
tion by constructing an apparatus that would permit photo-
graphing tho combustion of fuel sprays in a chamber in
which the air‘'was hecated by adiabatic compression and in
which the combustion continued during the cxpansion of the
gases, This apparatus when used in conjunction with theo
photographic apparatus of the N.A.C.A. spray-photography
equipment (reference 14) would permit photographs to De -
obtained of both the spray formation and combustion under
conditions which closely simulate those in the combustion
chamber of a compnression-ignition engine.

The purpose of this report is to describe the appara-
tus as designed and constructed at the Langley Memorial
Aeronautical Laboratory, Langley Field, Va.,, and to pre-
sent some of the preliminary test.results which are repre-
sentative of theo results that can be obtained with tho ap-
paratus. TUnlcss otherwise stated, all tests were conducted
with Diescl fuel,
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PARTD LT .

DESOCRIPTION OF AFPARATUS

The apparatus consists ossontially of a modified sin-
gle=cylinder test engine, an olecctric motor for driving
the test ongino, a fuel-injoction system driven from the
crankshaft of the engine, and a high-~speed photographic
system, A photograph of the engine, injection system, and
driving motor is shown in Figure 1, and a sketch of the
engine and the injection system in Figure 2.

Test Engine.- The combustion chamber of the engine
has & diameter of 3 inches and a depth of 7/8 inch, This
shape was chosen because it permits the two sides of tho
chamber to be made of glass disks. There arc two l-inch
thick windows on each side of the chamber separated by an
air space which is connected to a tank of compressed air,.
Since the air temperatures of 2000° to 3000° ¥, absolute
and pressures in cxcess of 800 pounds per square inch are
reached in tho combustion chamber the conditions to which
the inner windows are exposed are extremely severce., By
maintaining an air pressure botwcen tho windows of approx-
imately 450 pounds per square inch the maximum stross on
the inner windows is reduced, The combustion chamber is
connected to the displacement volume cf the engine by a
rectangular orifice of a size, 0.695 square inch in area,
to produce calculated air velocities of 300 feet per sec-
ond in the chamber,

There are two openings in the cylinder head for the
injection valve so that the effect of air velocities can
be studied with the spray directed normal to or counter to
the air flow, The third opening is used for a maximum
pressure indicator,

The cylinder of the engine has a bore of 5 inches and
a stroke of 7 inches, The volumotric compression ratio of
the engine is 15.8:1, At the bottom of the stroke the pis-
ton uncovers ports in the cylinder wall, These ports are
connected to a cam-oporated poppet valve so adjusted that
it is open when the piston is at bottom center, These
ports and the valve permit air to enter the displacement
volume and compensate for air leakage around the piston
rings, In addition, the inlet manifold may be connected
to an air compressor so that the effect of increased air
density on the fuel spray and on the combustion may be
studied.,
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The cored passages in the cylinder head and the jacket
around the cylinder are connected to an electrically heated
tank containing glycerine. By means of this liquid, tem-
poratures of 500° F. can be maintained in the cylinder jack-
ot and the cylinder hcad, A suitable pump is used to cir-
culate the glycerino.

One end of the crankshaft is connccted to the electric
driving motor, and the other ond to the timing gear through
which the injection system is driven, The timing gear is
calibrated so that the start of injection can be varied in
increments of one crankshaft degree. The shaft connecting
the timing gear to the injection system is separated by a
clutch similar to those employed on pross punches, When
this clutch is engaged by means of the mechanism shown in
Figure 2 the camshaft of the injection system makes a sin-
gle revolution at a specd one-half tho cngine crankshaft
specd,

Injection System.- The injection system is of the type
used on the N.A.C.A. spray-photography equipment. This
system was chosen because its characteristics have been ex-
tensively investigated by Gelalles {(reference 15) who de-
termined the effect of the different variables in the in-
jection system on the formation and development of the fuel
soray, and by the zuthor (reference 16) who determined the
effect of the different variables in the injection system
on. the instantancous pressures at the discharge orifice of
tho injcction valve., Thc system consists of a high-pres-
sure reservoir to which fuel is forced under pressures u
to 10,000 pounds per square inch by means of a hand pump;

a timing valve connected by suitable tubing to the injec-
tion valve; a by-pass valve for controlling the ianjection
period; and a valve for controlling the initial pressure
in the injection tube before the start of injection., The
tube connccting the timing valve and the injection valvo
is 50 inches long so that the instantaneous pressures at
the discharge orifice will not fluctuate because of the
pressure-wave phenomena., (Rcference 16,) A hand-operated
needle valve in the top of the high-pressure reservoir al-
lows air to be released from the reservoir. 3

When the clutch mechanism is engaged by the operating
lever the first cam opens the timing valve, which releasecs
tho fuel under pressuro in theo rescrvoir to the autonmatic
injection valve, Injection continues until the second cam
opons the by-pass valve, at which time the hydraulic pres-
sure in the high-pressurce roscrvoir is reloascd to atmos-




6 N.A,G:A, Technical Note No. $89

pheric pressure and the injection is stopped. The period
of injection can be varied by means of the serrated coup-
ling connecting the by-pass valve cam to the camshaft,

Photographic Eguipment.- Figure 3 shows a diagrammat-
ic sketch of the high~speed photographic system and the
arrangcment of the camera and the spark gap relative to the
combustion chamber in which the injection valve is shown
mounted in the vertical position. 1In the operation of the
electric circuit tho rotary distridbutor is driven at a
speed of approximately 2,400 r,pe.ms Thc primary clreuistt of
the high-tension transformer is closed charging the elec-
tric condensers to 30,000 volts through the kenotron tube
for rectifying the current. When the clutch for the fuel-

injection system is engaged, the rotation of the camshaft

closes the spark-discharge switch grounding the condensers
through the spark gap. The condonscrs are therefore con~
secutively discharged as the contacts on the rotary dis-
tributor complete the condenser circuits, With the four

‘contacts as shown in Figurc 3, the rate of discharge of

the condensers is 4000 per second, For the -prescant serics
of tests two of the contacts were removed, giving a rate
of discharge of 2000 per second., The light from each con-
denser discharge is reflected from the parabolic mirror so
that a converging beam enters the combustion chamber. The
lens mounted in the camera then focuses the image of the
chamber onto the film mounted on the rotating film drum.
The drum has a diametor of 30 incheos and turans at a periph-
eral speed of 2000 inches per second, v means of a ser-
rated coupling connecting the spark discharge switch with
the camshaft, the time of start of tho spark discharges
can bo synchronized with the start of the fuel injection
into the combustion chamber, When the injection takes
place the light from the spark discharges is intercepted
by thé fuel spray so that silhouettes of the spray are re-
corded on the photographic film., When combustion takes
place the light of the combustion is focused onto the ro-
tating film by the lens., Consequently, high-speecd motion
pilcturcs are obtained of tho spray dbut a continuous pic-
ture is obtained of the combustion, Standard commercial
photographic film is used with satisfactory results.
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PART 250
RESULTS FROM PRELIMINARY TESTS

Reproducibility of Fuel Sprays

The object of the first test conducted was to deter-
mine the reproducibility of the fuel sprays. Figure 4
shows three series of spray photographs taken with nozzle
Noe 18 (fige 5) under the same conditions, There is 1ittle
variation in the penetration of the sprays in the three sec-
ries, < There is, however, a difference in Gheldisporsion of
the sprays. In the top series the spray was well dispersed
at 10°” after top center, 1In the second series the spray
did not fill the volume of the chamber included between the
windows until 20° after %top center., In the third series
the dispersion was about the same as in the second., The
reproducibility of the sprays is considercd satisfactory.

td

ffect of Air Temperature on the Fuel Spray

Phaotographs were taken of the fuel spray in the com-
bustion chamber using nozzle No, 18 (fig, 5) with the in-
jection starting at top center so that the velocity of air
flow in the chambor would be a minimum, With the same in-
jection valve and nozzle, photographs were taken of the
fuel sprays in the spray chamber of the spray-photography
equipment -at an air density of 1.1 pounds per cubic foot
and ot room tompoerature, Tho results are shown in Figure
6« Both series 'of photographs are silhouettes, The rate
of penetration of the spray tips was slightly decreased in
the hot air; and the fuel dispersed throughout the chamber
to a greater extent than in the air at room temperature,

In the ¢old air, after the cut-off of injection the spray
diffused slowly throughout the chamber but at all times
light was transmitted through the chamber, With injection
into the hot air the spray completely blocked out the light
after 0,004 second., Injecction cut-off occurrcd at approxi-
mately 0,0038 second, Whether or not this diffusion
throughout the chamber is accompanied by appreciable vapor-
ization cannot be told from the photographs. The photo-
graphs show that obscrvations of fuel sprays obtained in
alr at room températuro but at a donsity corresponding to
that in the combustion chambor of a compression-ignition
engine yicld information on the spray characteristics waich
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is directly applicable to engine conditions.

The rosults proscont a chock on the tecsts made by
Joachin and Beardsloy which showed that it was the air don-
sity and not the alr pressure that affocts the spray penc-
tration (reference 17). In their tests it was shown that
at room temperature increasing the air pressure from 200
to 400 pounds . per square inch decreased the distance of the
spray-tip penetration 28 per cent at the cend of 0,001 sec-
onds, In the tosts from which the photographs in Figurc 3
wore obtained tho air pressure for injection into air at
room temperature was 210 pounds por sqguare inch, wherocas
the pressuro in tho engine with the piston at top cchter
was 465 pounds per square inch,

Effoct of Air Flow on the Fuel Spray

The air velocity (fig, 7) through tho orifice connoct-
ing tho combustion chamber to the displacement volume was
computed for an onginc specd of 1500 r.pem, Dy the method
giyven in roference 7, Thel curve is plotted from right to
loft to correspond with the spray photographs. From 38°
to 14° B,T,C. the variation in velocity was only 40 .feet
per second., After being forced through the orifice the
air jet strikes the top of the chamber and then is divided,
forming whirls in each half of the chambor,

Figure 8 (sce also Table I) shows the effect of the
air flow on the spray from a singloc 0,020-inch orifice with
the injoction valve mounted in the horizontal position so
that tho air -flow is normal to the spray., .With injection
starting at 50° before top conter the air volocity at the
time whon the spray had pcenctrated across the chamber was
sufficiont to blow the fuel away from thc cdge of the spray
and to defloct sglightly the main core.of the spray. Tho
fuel from the part of the spray in the center of the cham-
ber was blown upward by the incoming air, and the fuel
close to the injection valve was blown downward by the air
whirls, At 21° before top center the deflection of the
core of the spray is shown, The succeeding photographs
show no spray, indicating that the fuel is either well dig-
persed or vaporized,

With injection starting at 40° before top center the
same tendencies are observed as in the previous photographs,
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With injection starting at 30° before top center the
spray in the first spray photograph is shown being blown
upward in the direction of the air flow, In the second
photograph the spray has traversed beyond the middle of
the chamber, but has been bent upward, Between 35° and
45°% after top center the chamber becomes fogged. This ex-
tremely rapid fogging is observed in all the photographs
with injection starting at or later than 30° Dbefore top
center, The exact cause of it is not known. It is possi-
ble that it is caused by sudden condensation of fuel vapor
when the tcomperature of the air on the down stroke of the
piston passes the critical temperature of the fuel,

The photographs for injéction starting at 20° beforo
top center show the same general effects as those shown
in the proceding photographs. However, with injection
starting at 10° bofore top center the air flow had consid-
erably less effect on the spray. It is interesting to ob-
serve that when the spray continued after top center the
direction of the air flow was reversed; the spray was de-
flected downward although the main core of the spray was
not destroyed, With injection starting at top conter the
spray after traversing the chamber was reflected from the
chamber wall, '

A comparison of all the photographs shows that the

air flow produced by the piston forcing the air through a
narrow rostriction between the displacecment volume and the
combustion chamber hed a decided offect on the spray, the
magnitude of the cffect depending on the injection timing,
The photographs and the computations show that air wveloc-
ities of approximately 300 fecet per second were necoessary
to appreciably defloct the main core of the spray, (Com-
parc with rcosults published in referonce 18,)

Figure 9 (see also Table II) shows the offect of air
flow on the fuel spray from a single 0,020-inch orifice
with the injection valve mounted in the vertical position
so thaet the air flow is counter to the spraye. With injec-
tion starting at 40° before top center the spray penetratcd
across tho section of the chamber included in the glass
windows but was blown backward between 10~ before top cen-
ter and top center, after which cut-off occurred, With
injection starting 30° before top center the.spray pene-
trated the depth of the chamber but the spray angle was
considerably increased by the air velocity directed againsi
the spray., With injocction starting at 20° before top cen-
ter the spray again penetrated the depth of the chamber
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and as before the .spray angle was considerably increased,
With injection starting at 10° before top center there

was o decrease in the effect of air flow on the fuel
spray, . With injection starting at top center there was

no appreciable effect of the reversed air flow on the
spraye. The cone angle of the spray was approximately that
observed when the fueol was injected into air .at room tem-
poratire, (Referonce 15,)

The same general conclusions can be drawn from this
figure as from Figure 8, The mixing of the fuel and air
appears to be more uniform with the .air flow directed
counter to the spray than with the air flow directed normal

“to the spray.

Figure 10 shows the effect of the direction of the air
flow relative to the fuel sprays from nozzle ¥o, 17, Fig-
ure 5, This nozzle is the same as nozzle No. 18 except
that the C orifices have a diameter of 0,005 inch instead
of 0,0l2 inch, In general, the results are the same as
those obtained with the single 0.,020-inch orifice,

Figure 11 shows the effect of the air flow on the fuel
sprays from nozzle No, 18, Figure 5, With injection start-
ing at B0O° before top center the air flow had no apprecila-
ble effect on the spray until after cut-off, which occurred
between 30° and 20° before top center., At no time did the
spray completely block out the light from the spark dis-
charges. After cut-off, the moving air had considerable
effect on the spray, dispersing the fuel unevenly through-
out the chamber, With injection starting at 40° before
top center the first spray photograph shows fuel being
blown: away from the tip of the spray. The air flow be-
tween 30° and 20° before top center blew the spray aside
to a coertain extent but the central sprays of the coreos
were little affectecd. After cut-off the light from the
spark discharges was not completely blocked out but therec
was more blocking than was shown in the previous photo-
graphs, The distribution after cut-off was still very un-
even, With injection .starting at 30° before top center
the fuel did not penetrate across the chamber., The indi-
vidual sprays cannot be distinguished after 15° beforo top
center. Between 20° and 30° after top conter the light
from the spark discharges was completely blocked out, With
injection starting at 20° before top center the effect of
the air flow was cbout the same as with injection starting
at 300 before top center. Complete diffusion of the spray
throughout the chamber occurred between 200 and 300 after
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top center and apparcatly very soon after cut-off,

With injection starting at 10° before top center tho
effect of the air flow was guite marked, dbut the penctra-
tion of the spray was grcater than that obtained with in-
jection starting at 200 before top center, Diffusion
throughout the chamber occurred at cut-off., With injec-
tion starting at top center the air flow had little effect
on the sprays. This series of photogrephs is the same as
shown in Figure 4 where they have been discussed in detail,

he photographs in Figure 11 show that enlarging the
C orifices from 0,005-inch diameter to 0,0l12-inch diameter
had a deccided effect on the spray when tho air flow was
directed normal to the spray. The results indicate that
the sprays from the larger orifices tended to stop the air
flow so that tlhere was no deflection of the central core
of the sprays, With low air velocities the distribution
improved very rapidly following the cut-off of injection.
Consequently, as the author has mentioned in a provious
report (reference 19), it can be expeccted that in a guies-
cont combustion chamber if' combustion does not start until
after injection cut-off, the burning of the fuel will take
place at a rate resulting in deotonation, The photographs
show how the dispersion of the fuel during injection is
improvod by the use of high air wvelocitieos,

Figure 12 shows the effect of air flow on the sprays
from nozzle Wgo. 18 mounted in the vertical position. The
fuel used in this test was a hydrogenated fuel known as
"Safety Fuel," the properties of which will be discussed
later, With the injection starting at 40° before top cen-
ter the spray spread out, tending to fill the whole cham-
ber. However, the moving air directed against the spray
prevented the fuel from reaching the bottom of the combus-
tion chamber, Between 20° before top conter and top cen-
ter the fuel was hlown backward, decreasing the penetra-
tions The sprays at an angle to the center 1line of the
combustion chamber were blown somewhat to one side, The
photograph at top center shows the fuel principally in ‘the
center of the chamber. The next two photograephs show the
sprays roaching tho bottom of the chamber and starting to
diffuse throughout the chamber. The rest of the photo-
graphs show continuation of this diffusion.

With injoction starting at 30° before top centor a
maximum penctration was rcached between 20° and 10° beforo
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top center, The penetration then decreased until after

top center, at which time the fuel started to diffuse
throughout the whole chamber, 3Between 209 and 30° after

top center the combustion chamber clearced considerably and
then fogeged again, With injection starting at 20° before
top center the ponotration across the chamber was slow un-
til after top centor at which time the air volocity through
the throat was reverscd, Tho sprays then penetrated to

the bottom. of theo chambor, but the air-fuecl mixture through-
out the chamber was not uniform, With injection starting

at top center the penctration was slow until about 10° after
top center at which time the sprays reached the bottom of
the chamber, The succeeding photographs show the sprays
gradvally diffusing throughout the chamber,

Effect of Physical Properties of the Fuel on the Fuel Spray

FPigure 13 shows & series of spray photographs obtained
with Diesel fuel and nozzle No, 18, and a series of photo-~
graphs obtained with safety fuel under the same conditions,
Figure 14 shows the distillation curves of the two fuels
and some of their physical properties are given in the fol~
lowing table:

BEECENe I ey

Diesel Séfety
y ke AN T

Specific gravity

s 1007 ¥, bg83 o4 | 088
Viscosity at

10COE poise 0,022 0,021
Surface tension HETEY iy x 107"
16e par in, gh 73° ¥, at 85° F,

The Diesel fuel penetrated faster than the safety fuel
and was less affected by the air flow even though the
Diesel fuel had the lower specific gravity. (See refer-
ence 17.) Because of its greater penetration the Diesel
fuel spray formed the better mixture with the air, The
goneral characteristics of the sprays are tho same as thosc
discussed in the preceding paragraphs, The fact that no
light was transmitted through the windows after 390 aftier
top center with the Diesel fuel and that light was trans-
mitted through the windows until 50Y after top center with
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the safety fuel, which had the lower critical temperatures,
is a further indication that condensation of the Diesel
fuel vapors took place. However, further research is nec-
essary before a definite conclusion can be drawn, Tho fig-

urcs indicate that volatility is an important factor in the |
digtribution of the fuel spray.

Combustion of tho Fuel 'Spray

thn.a single charge of air is repcatedly comprossecd
~and exparded, hecat is givon up to the cylinder during tho
firgt compression so that the compression temperaturc is
less than that which would have becen obtained had the com-
prossion been strictly adiabatic. During the first expan-
sion more heat is given up to the cylinder wall so that
the temporaturoc at the end of tho first oxpansion is less
than the temporaturc at the beginning of the first com-
pression, This action is repcated on the successive com-
prossions’ and cxpansions until an equilibriuvm of heat
transfer is rcached in which the heat given up to the cyl-
indor walls during the latter part of compression and tho
first part of expansion is equal to the heat absorbed fron
the cylinder walls during the first part of compression
and the lattor part of expansion. At this condition of
equilibrium, the tomporaturo of the charge at the bogin-
ning, and conscguently at the end, of comprossion is con-
siderably lower than that existing whon the air charge is
continually renewed,

In the present apparatus this phenomenon took place
to some extent, However, since some air wes taken in
through the ports at the start of each stroke to compen-
‘sate for the air lost through leakage around the piston
rings, there was additional heat input to the engine at
the start of each stroke. Exactly how low the fimal ex-
pansion temperature became during the approximately 1500
revolutions between the starting of the cngine and the
photographing of the injoction is not known,

‘During the tests the rosults of which have just boon
prosented, the tomperature of the air in the combustion
chamber was not sufficicnt to cause combustion, When the
cylinder head and jacket were heated to 190° to 200° 7,
combustion occurred soveral enginc revolutions after tie
injcection, providcd that the air-fucl ratio was approxi-
mately 5 : 1, With smaller fucl quantitics combustion oc-
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curred only after five or six injoctions, . Combustion would
not take place oven with an excess of fucl unloss tho in-
jection valve was mounted in the vortical position, show-
ing that ‘cven with an ignition lag of soeveral rovolutions
of the engine, the combustion was affected by tho dirocction
of the air flow relative to the fuel sprays.

Throe photographs of combustion under these condl—
tions with nozzlo Noe. 18 are shown in Figure 15, Tiao top
photograph shows rathor weak combustion starting almost
simultancously throughout the combustion chambor. The ond
of combustion occurrcd in tho ccentor of the chamber boforo
tho burning dicd out along theo edges of tho chamber, The
middle photograph shows strong combustion starting oclmost
sirmultanocously throughout tile chamber and dying out in the
contor and then along tho cdges. Tho bottom photograph is
particularly interesting because it shows combustion start-
ing in difforont parts of the chambor; finally filling tho
wholec chamber, and then dying out on one cdgo before the
cossabtion of combustion at| the centor and outer edge., The
exact time interval between injection and combustion was
not measured in obtaining the results shown in Figure 15
Visual observation indicated that the lag was about one
second (25 engine revolutions).

Following the completion of the tests the results of
which are presented in Figure 15, the cylinder head and
jacket were insulatcd and heated slowly to about 400°
Photographs were taken during the heating., The film drum
was run at a periplhicral speed of 30 inches per socond so
that tho ignition lag in ongino revolutions could boc re-
cordcd. At this drum spced the spark dischargos and tho
combustion werc cach rocorded as a singlc circle of light
that is, the image of the combustion chamber, As the 1a~
nition lag was decrcascd by the increasing cngine tempora-
turc the circle caused by the combustion approached. that
caused by the spark discharges. Whon combustion took placo
with an ignition lag of less than one engine rovolution,
the two images worc superposod, Photogrephs wero thon takon
with the film drum ruanning at 2000 inchos por sccond, T'Then
tho ignition lag was such that combustion d4id not start un-
til about 10° after the cnd of the fuel injcction, the com-
bustion photographs werc similar to those shown in Figure
1500 SAGEEHG nlghcst engine tomperature, thc combustion

tarted during the injection of the fuel.

T70 photographs of the procoss arc shown in Figure 16,
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With the exception of the engine temperature the conditions
were the same as those under which the photographs in Fig-
ure 9 were obtained. - The fuel-a2ir ratio was about 1 ¢t 15,
In the upper photograph the combustion is seen. to start
around the edges of the spray (a) and to porsist for about
60 crankshaft degrces.  Because of fogging of the window
the sprays could not be distinguished clearly enough to
accurately time the reccord with respect .to the crankshaft
position. Consequently, the zero position does not ncces-
sarily corrcspond to top center of the cngine although it
is probably within 10° of it, In the lower photograph
with injection starting at 30° beforec top center the images
of the fuel spray can be seen and the combustion is again
shown to start around the edge of the spray (a) and then
sproad throughout the chamber. The combustion period 1s
much shorter than that with the inJectlon starting at ¥G°
before top center. The exact causc of this is unknown,
The phonomenon was repeated in a second series of tests,
Comparison of Fijgure 16 with Figure 15 shows that when tho
ignition lag of the spray is greater than the injection
period, combustion starts almost simultaneously tnrou ghout
the whole chamber, but. when the ignition lag is loss than
the injection period tho combustion starts along tho edges
of the fuel spray and thon sproads throughout the chamber,
(Sce also reference 19,)

CONCLUSIONS

Although the tests, the results of which are prosented
in this report, werc conducted primarily to determine the
range of usefulness of the apparatus,; there are a few con-
clusions that can be.drawn from the photographs:

1, The reproducibility of the fuel sprays under the
same conditions was satisfactory.

2e High zir temperatures

gslightly decrease the pen-
etration 'and increase the dispersi

ion of the Tfuel sprays,

3s Air velocities of approximately 30Q feet per sec-
ond in the combustion chamber hsasve a decided effect on
the penetration and dispersion of the fuel spraxs from
single round-hole orifices.

4, The effect of the air wvelocity on the fumel spray
is dependent on the number, arrangemont, and size of the
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discharge orifices,

5, Tne physical properties of the fuel have an im-
portant effect on the dispersion andl penctration of the
fuel sprays.

6 The ratec of combustion of the fuel spray can bde
decreascd by forcing ignition to take place before injec-
tion is completed,

7. Ignition can be forced to take place before in-
jection is completed by increasing the temperature of the
cylinder and the combustion-chamber jackets., :
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. TABLE I (fig. 8)

e e e —

Injection Jcomputed|
start Sym-| air ve-
crank - |bol Loty Delgip.r 3.p 2l o1
degrees through '
. Jjet
"|ft./sec.
50°
BTO a 270 Start of spray - Note cylindrical
! : shape as compared with figures
: in reference 17,

b 310 Core of spray deflected upwards,
fuel filling upper section of
chamber.

cal 330 FTuel in first section of spray de-

| flected downward by air whirls;
i remaindor of spray deflected up-
ward by main air jet,

d i 330 Remainder. of core (after cut-off)

' blown diagonally across chamber,

e 330 Slight secondary discharge. :

| 2 Chamber clear for all successive
! photographs.
40° %
BTC f a 310 Core of spray and surrounding en=
! velope blown upward filling upper
: | part of chamber.
|
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TABLE I (fig. 8) (coitls
Injection Computed
start Sym-| ailr ve-
crank bol Toeriby D e shelsr i ip e a
degrees through
Jet
ft./sec.
409
BTC b 340 Spray diffused so that core is not
digstinete.
G 330 Spray again distinct with fuel be-
ing blown away from core.
d Chamber clear for all remaining
photographs.
30°
BTC a 340 See (¢) for 50° BTC.
b 300 See (1) for #0° HEEL
c 220 Core of spray distinguishable but
deflected upward.
a -90 Spray reflected from edge of cham-
ber.
e -90 See (d) for 50° BTC,
& Chamber again fogging after having
remained clear for 40°.
20°
BTC a 280 End of spray blown upwards to top
of chambder,
b 280 First section of spray unaffected
by air fEoN, :
c Chamber almost completely fogged.,
Note - No photographs show cham-
ber clear after injection
cut-off,
16°
BTC a -90 Spray still deflected upward
though air flow through orifice
is reversed,
b -270 Edge of spray blown downward by re-

versed air flow,

Chamber becoming fogged from edge
away from injection valve to
edge in which injection valve is
mounted.
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TABLE I (fig. B) (cont.)
Injection’ Computed?
start Sym-|{ alr ve-|
crank bol locity | D@ il ool ols
degrees through
jet
ft./sec.
L O o g dhaleit ot XY
e a ~330- |Bdge of spray blown downward by re-
: versed air flow,
b . =330 BEdge of spray blown downward by re-
i : ' versed air flow,
(&) - =330 Spray reflected from edge of cham-
ber,
d
: Chamber fogging as in (ed) 10° BTC
i é but process less rapid,
B L i W ERR T,
, TABLE 11 (fig. 9)
InjectionT Computed!
start {Sym-{ air ve-|
crank bol diolc 1ty Dfgeiich 3 ¢p 6 ol
degrees through
[ orifice
ft./sec._
40°
BTC a 290 Spray shows little effect of air
- | flow,
b 330 |Decided effect of air flow particu-
l ; | larly at top and bottom of spray.
| ¢ 210 Large spray cone-angle caused by
i gir flow, Tip of spray Jjust
i reaches bottom of chamber,.
Gl 280 |{After injection cut-off, Spray be-
| ing blown to top of chamber,
180 Chamber clear for all successive
photographs,.
30° !
BTC e 340 |Spray similar to that at (a) 40°
| BR2O .
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TABLE II (fig, 9) (CamEn)
Injection Computed
start Sym-| air ve-
crank bol locity D e 'gie s dl'pSel i o
degrees through
orifice
fby/ks 6 els
30° |
BTC b 300 iAir flow effectively distributing
spray throughout chamber,

e 0] Spray filling greater part of cham-
ber but distribution uneven,

d -220 Diffusion of spray continuing,.

i Some light transmitted through all
of chamber,

e Chamber clear,

£ Chamber agein almost completely
fogged,

20°
BTC a 260 Air flow @ffecting sSpray buat net to
same oxtont as (b) 30° BTC,

b =120 Spray deflected more to one side of
chamber than other probably be-
cause of unevenness of air flow,

G -230 After cut-off. Spray diffusing
throughout chamber.

d IChamber clearing,

g Chamber becoming fogged from bottom
to top.

Wote - No photographs in which cham-
ber is entirely clears
155 o
BTC a 120 Slight effoct of air movemeant on cn-
velope of spraye. No effect on
main core of spray.

b -120 Spray starting to diffuse unevenly
throughout ciaamber.

-270 Spray formation similar to (b).

by o A0

Slight fogging throughout chamber.

Chamber becomes almost completely

fogged.
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2
TABLE II (fig. 9) (cont.)
Injection 1vGompu.rted
start Sym—‘ air ve-
crank bol locity D el fmnde P 1 op T 0N
degrees ‘ through
| orifice
lft./sec.
|
{
TC a -120 Spray shows little effect of air
b -300 flow and no tendency to diffuse
c -340 throughout chamber,
d Spray diffusing throughout chamber.
e Chamber slightly fogged.
iy
g Chamber fogged throughout, fogging

taking place very rapidly.
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Fig. 4 Reproducibility of fuel spray. Injection valve
in horizontal position. Injection pressure,
4000 1b. per sq. in. Engine speed, 1500 r.p.m.
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Fig. 6 Effect of temperature on fuel spray. Injection pressure,
4000 1b. per sq. in. Air demsity, 1.1 lb. per cu. ft.
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Pig.8 Effect of air flow on the fuel spray.Injection welve in horizontal
position.Injection pressure,4000 1b./sq.in.Engine speed,1500 r.p.m.
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Fig.9 Effect of air flow on the fuel sprey.Injection valve in vertical
position. Injection pressure,4000 1b./ 8q.in. Engine speed,1l500 r.p.m.
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Fig.10 Effect of position of injection valve on the fuel spray.Injectiion
pressure 4000 1b./sq.in.Engine speed,1500 r.p.m.
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<

Fig.ll Effect of air flow on the fuel spray.Injection valve in horigontal
position.Injection pressure 4000 lb./sq.in.Engine speed, 1500 r.p.m.
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Fig. 13 Effect of physical properties of fuel on spray formation. Injection valve in vertical position.
Injection pressure, 4000 1b. per sq. in. Engine speed, 1500 r.p.m.
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Pig. 15 Combustion with ignition lag of several
engine revolutions. Injection valve in
vertical position. Injection pressure,
4000 1b. per sq. in. Engine speed, 1500
r.p.m.

Inyectror 30° before fop cemter
Pig. 16 Combustion starting at fuel spray. Injection valve in
vertical position. Injection pressure, 4000 1lb. per
sq. in. BEngine speed, 1500 r.p.m.




