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gyration k, by proper sub-g, Standard acceleration of gravity = 9.80665 
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m, Mass = W 
g 

p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-4 

S, 
Sw, 
G, 
b, 

S2) at 15° C. and 750 rom = 0.002378 C, 

(lb.-ft.-4 sec.2). b2 

Specific weight of "standard" air, 1.2255 S' 

Area. 
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Gap. 
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kg/m3 = 0.07651 Ib./ft.3• JJ., Coefficient of viscosity. 

v, 
q, 

L, 

D, 

0, 

R, 

3. AERODYNAMICAL SYMBOLS 

True air speed. 

Dynamic (or impact) pressure=~ p V2. 

Lift, absolute coefficient GL = q~ 

Drag, absolute coefficient GD = {!s 

Q, Resultant moment. 
il, Resultant angular velocity. 

Vl 
~ ,Reynolds Number, where l is a linear u 

dimension. 
e. g., for a model airfoil 3 in. chord, 100 

mi./hr. normal pressure, at 15° C., the 
corresponding number is 234,000; 

or for a model of 10 em chord 40 mIs, 
the corresponding number is 274,000. 

Center of pressure coefficient (ratio of 
distance of. c. p. from leading edge to 
chord length). 

Profile drag, absolute coefficient ODo = ~S 

Induced drag, absolute coefficient ODt= ~S 

Parasite drag, absolute coefficient OD p = ~S 
Cross-wind force, absolute coefficient 

G a, 

GC=qS 

Angle of attack. 
Angle of downwash. E, 

Resultant force. 
~tD' Angle of setting of wmgs (relative to a t, 

thrust line). 

Angle of attack, infinite aspect ratio. 
Angle of attack, induced. 
Angle of attack, absolute. 

(Measured from zero lift position.) 
Flight path angle. 

Angle of stabilizer setting (relative to 
thrust line). 
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EXPERIMENTS ON THE DISTRIBUTION OF FUEL IN FUEL SPRAYS 

By DANA W. LEE 

SUMMARY 

The distribution oj the juel in sprays jor compression­
ignition engines was investigated by taking high-speed 
spark photographs oj juel sprays produced under a wide 
variety oj conditions, and also by injecting them against 
pieces oj Plasticine. A photographic study was made oj 
sprays injected into evacuated chambers, into the atmos­
phere, into compressed air, and into transparent 
liquids . Pairs oj identical sprays wel'e injected countel' 
to each other and their behaviol' analyzed. Small high­
velocity air jets were directed normally to the axes oj 
juel sprays, with the result that the envelope oj spray 
which usually obscures the core was blown aside, leaving 
the core exposed on one side. 

The results showed that the distribution oj the juel 
within the sprays was very uneven. Under engine­
operating conditions the juel was subdivided into many 
small particles by the time it had penetrated 0.75 inch. 
In the cores oj the sprays, these particles had a high 
velocity relative to the air in their immediate vicinity, 
but as their velocity was reduced, they were jorced out oj 
the COre and jormed the spray envelope. The shape oj 
the central core varied with the density oj the chamber 
air 1 becoming shorter and thicker with increasing air 
density. 

INTRODUCTION 

Because of the great importance of fuel distribution 
in the development of light-weight compression-igni­
tion 'engines, this series of experiments was under­
taken for the purpose of obtaining more information 
on the distribution of the fuel within fuel sprays for 
this type of engine. There are two general methods 
available for such an investigation: The separation 
of the sprays into parts, followed by a determination 
of the amounts of fuel in each part, and the high­
speed photography of sprays produced under con­
ditions especially arranged to reveal the desired infor­
mation. The first method has been successfully used 
at the Pennsylvania State College with sprays from 
plain cylindrical nozzles (references 1 and 2), and the 
results show that the fuel concentration was greatest 
in the center of the spray. Many early spark photo­
graphs made by the National Advisory Committee 
for Aeronautics also show a core of concentrated fuel 

but the density of the spray cloud was so great that 
little could be learned 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 ational Advisory Committee for Aero­
nautics at Langley Field, Va. 
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l!'IGURE I.- Circuit used to produce illuminating sparks of short duration 

APPARATUS AND TEST METHOD 

A complete description of the spray-photography 
equipment used in this investigation is given in 
reference 3. Briefly, the spray is illuminated by a 
series of spark discharges, and the images are focused 
on a moving film by a lens. The duration of the 
individual spark di charges has never been accurately 
determined, but the amount of blurring in some of 
the photographs indicates a duration of from 0.00001 
to 0.000001 second. 

D uring part of this investigation, the spark-produc­
ing circuit was replaced by that shown in Figure l. 
This circuit is similar to those used in electric strobo­
scopes and for the photography of bullets in flight. 
The duration of the spark discharge in such circuits 
is said to be of the order of 0.0000001 second. (Refer-

3 
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ence 4.) The high-voltage condensers A and B were 
charged to a potential of 30,000 volts by using a trans­
former and a rectifying tube. A cotton string wet with 
calcium chloride solution formed a high electrical re i t­
ance and was used to keep the two condensers at the same 
potential. The spark was timed by a di k witch on a 
shaft connected through an adjustable coupling to th 
camshaftcontrollingthefuelinjection. When the switch 
was closed by a rotation of the shaft, condenser B 
discharged across gap C . T he width of the two spark 
gaps was so adjusted that condenser A would not dis­
r.harge across both of them until after the air in gap C 
had been ionized by the di charge of condenser B. 
The discharge of conden er A across gap 0 furnished 
the light for photographing the pray, gap C being 
shielded from the camera. The copper connccting 
wires were about three thirty-seconds inch in diameter 
and were made as short as pos ible to minimize the 
resistance of the circuit. The spark-gap points were 
made of copper instead of the magne ium regularly 
used, to reduce the afterglow of metallic vapor that 
follows the breakdown of the spark discharge. As 
tIllS circuit delivered only a single spark, the photo­
graph was taken on a stationary film. ets of photo­
graphs showing the various tages in the development 
of the sprays were made by using a dii1'erent spark 
timing for each photograph. The high- peed spark 
circuit was used during an inve tigation of the effect of 
the density of the chamber air on the di tribution of 
the fuel in fuel sprays. The photograph were clearer 
than those made with the regular circuit, revealing 
several new features of spray structure and formation. 

The regular spark circuit was used to take several 
other series of spray photographs . In one series, each 
injection was composed of two eparate sprays directed 
toward each other and impinging in the center of the 
chamber. A T connection wa inserted in the injection 
line, and pieces of steel tubing of equal length and 
diameter were connected to the injection valves. As 
these valves were of the same design, only a slight 
adjustment of the valve-opening pressures was neces­
sary to cause the spray to emerge :from the two nozzle 
simultaneou ly. Open nozzles were also used, and 
these were so arranged that the distance between the 
nozzles could be changed. Sketches howing the type 
of injection valve and open nozzles tested may be 
found in reference 5. An orifice diameter of 0.020 
inch was u ed for all tests except those with the 
centrifugal-type sprays; for those it was 0.022 inch. 

The alignment of the prays was checked by pumping 
fuel through the nozzle at a pressure 0 low that 
unbroken jets of fuel were formed. These jets met 
at the center of the chamber and formed a di k of fuel 
about an inch in diameter. The plane of tIlls liquid 
disk was at right angle to the axis of the fuel jets, 
showing that the two nozzles were in good alignment. 

For another series of photographs a tube was brought 
through the top of the spray chamber, its end closed, 

and a small hole drilled in this closed end. The other 
end of the tube was connected to a compres ed-air 
1'e ervoir, 0 that a trong jet of air wa produced in 
the spray chamber. This jet was dirccted normal to 
the axis of the fuel spray at diIl'erent di tances from the 
fuel nozzle. Hand valves were placed between the 
compressed-air re ClToil' and the air-jet orifice, and 
between the spray chamber and the atmosphere. The 
injection pre sme of the ail' jet and the chamber-air 
den ity could be regulated to the desired values by 
adjusting these valves. Fuel and air-jet injection 
pre sures and chamber-air pressures were mea ured 
with reference to the atmospheric pres ure, and are so 
expressed in this report. 

The temperature of the chamber air was approxi­
mately the same as that in the room for all tests. 
Change in its density were secured by changing it 
pressure. Densities less than atmo pheric were ob­
tained by evacuating the chamber with a vacuum 
pump, and tho c greater than atmo pheric by connect­
ing the chamber to a compressed-ail' reservoir. 

Experiments on the relative penctrating power of 
different sprays, and of the different parts of the arne 
pray were made by injecting them against smooth­

surfaced pieces of Plasticine, a proprietary substitute 
for modeling clay. The depths and shapes of the 
impressions 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 chamber-air densities 
were used, and the Plasticine was placed at different 
distances from the nozzles. This method of studying 
sprays was found to be very satisfactory, and it is 
recommended as a imple and valuable test of the 
energy distribution of the fuel within fuel prays. 

A high-grade Diesel fuel having a specific gravity 
of 0.86 at 80° F., and a viscosity of 0.0221 poi e (35.0 
seconds Saybolt Universal) at 100° F. and atmospheric 
pressure wa used in all the tests. 

RESULTS AND DISCUSSION 

EFFECT OF AIR DENSITY ON TH E DISTRIBUTION OF FUEL IN SP RAYS 

The formation of fuel sprays .-The exact process by 
which fuel injected through small nozzles is atomized 
to form a spray has long been a matter of controversy. 
Some investigators have explained atomization on the 
basis of frictional forces between the fuel and the air, 
and others have maintained that the atonllzation is 
essentially complete before the fuel leaves the nozzle. 
Experiments made at tills laboratory (reference 6) 
show that the density of the ail' into wIllch the fuel is 
injected has little effect on the ultimate finenes of 
the atonllzation. Later experiments (reference 7) 
show that although the final results may be the same, 
an increa e in the air density causes the atonllzing 
pl'oce s to take place closer to the nozzle. Moreover, 
it is shown that the atonllzation of the fuel is pri­
marily caused by air friction. The fuel emerges from 
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Lhe nozzle a a. solid column , but is soon torn into 
hreds or ligaments as it pa e through the den e air. 

The e ligament are very quickly tran formed into 
drop by the force of the fuel surface ton ion . 

Computations of the velocity and penetration of 
ingle fuel drop injected into dense air have been 

made by Kuehn. (Referenco .) He showed that 
for the range of injection velocities, drop izes, and 
combu tion chamber-air densities commonly used in 
airle s inj ection engine , in no case would a ingle fuel 
drop penetrate the air much more than 1 inch. The 
fart that fuel prays penetJ'aLe much farther he con­
cluded to be clue to the rna effect of the large number 

Plasticine target tests.- The foregoing cxplanaLion 
of pray formation was supported by the re ults of the 
experiments with PIa ticine targets. One of the 
preliminary experiments consisted of directing a jot of 
air again t the Plasticine. It was found that no 
impression wa made no matter how clo e tho air 
nozzle wa brought to the Plasticine surface, or how 
great an air-inj ection pressure was used. When fuel 
prays were injectod against the targets, impre ion 

were formed having diameter Ie than the diameter 
of the sprays at the section inter ected by the targets. 
In the sprays, therefore, it was the fuol rathor than the 
air that deform ed the PIa ticine, and the fuel in tho 

l!' lG URE 2.-Imprassions made in PlasLicine by fllel sprays injected LhroClgh air having a density of 1.1 pOllnds per cllbic foot 

Fuel-injection pressure, 4,000 pounds per square inch; ,alYe·opening pressure, 3,500 pounds per square incb. The number beside each impression indicates 
the distance in inches between the nozzle~and Lhe Plasticine. 

of particle that they contn ill . In the con trill part of 
the pray, the drops :lnd ligament arc so closely 
paced that mo t of them do not travel through still 

air, but are in air which ha been disturbed by pre­
ceding fuel particles. Thc leadinO' one set up an air 
current in the direction in which they are moving, so 
that the later one, altholJO'h not traveling a "'reater 
di tance l'elati,' e to the air, actually reach points 
far ther from the nozzle. 

The high- peed motion pi ture of fuel sprays from 
cylindrical nozzles that have been made at this labora­
tory how that the fuel in the central core of the spray 
travel faster than that in the urrounding envelope. 
Thi fact indicates that the fuel particles in the cor 
have a high \'Clocity relative Lo the air in their imme­
diate vicini!.y and cau e it to 1110\'e in Lhe ilme dircc­
tion. After they hn \'c 10sL most of this relative 
velocity they are forced a ide by the on-coming column 
of air and fuel behind them. 

contral cores of the spray had much more energy 
than that in the envelope. 

Figure 2 is a photograph of a eries of impressions 
made in PIa ticine by prays from a plain cylindrical 
nozzle. In the followin g table are Ii ted the diam­
eter and depth of the impre ions, and in the last 
column are given the outside diameter of a. spray, 
produced under the same conditions, and measured 
from a pray photograph at corresponding di tances 
from the nozzle . 

DistADce Outside 

(rom noz- Diameter Depth of dia meter 

zle to tar· of impres· impres- of spray 
sian sion from pho· geL togrnph 

-- --
In ches I nch hlCh Inches 
0. 25 0. 0 1.0 0. 25 
1.0 .20 .9 .50 
2. 0 .25 .5 . i5 
2.5 . 20 .1 .94 
3.0 .12 .05 1. )0 
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A compari on of the econd and fourth columns of 
the table hows that although the general outline of 
the pray was a cone, the core of rapidly moving fuel 
in the center increa ed in diameter until it reached a 

allowed the fuel spray to pa through the target, 
leaving a hole that more accurately indicated tbe core 
diameter. For the same condition to which the 
re ults of the table apply, and at tbe arne distance 

FIGURE a.-Impressions made in Plasticine by fuel sprays injected througb air having a density of 0.076 pound per cubic foot 

Fuel-injection pressu re, 4,000 pounds per square inch; val\'e-opening pressure, a,500 pounds per square inch. The number beside each impression indicates 
Lhe distance in inches beLween the nozzle and Lhe Plasticine 

point about 2 inches from the nozzle, and then dimin­
i hed. Target placed 3.5 inches from the nozzle 
howed only a hallow impre ion; at 4 inches no 

impression at all could be seen. At this distance, 0 

much of the kinetic enerO'y of the fuel had been tran -
ferred to the air that the spray could make no mark 
on the target. 

For each of these Le ts the tilicklles or the Pl asticine 
\Va made sufficienL to , Lop the rue l co mplet ely. T he 
bottom of the impre ions \Va' always conicul in 
form, indicating roughly the distribution of energy in 
the pray core. In this connection, the tests made at 
the Pennsylvania tate College (references 1 and 2) 
on the di tribution of fuel within sprays from cylin­
drical nozzle are of interest. The two method 
upplement each other very well; the . A. C. A. 

test give results for the core of the pray, and the 
Penn ylvania tate College te ts give data for the 
envelope. 

The diameters given in the table are those at the 
surface of the Plasticine. An examination of the 
deeper impression showed that their diameter in­
crea ed somewhat below the urface. The enlarge­
ment was probably caused by tbe blasts of air that 
were carried into the hole by the fuel particles. In 
another erie of te t , thin lice of Plasticine were 
used, backed by wire creerung. Thi arrangement 

from the nozzle, the diameters of the impre ions 
were 0.04 , 0.0 ,0.14,0.1 ,and 0.16 inch, re p ctively. 

FIGURE 4.- IIigh-speed spark photographs of fuel sprays injected into air haying 
diITerent densities 

Injection pressure, 4,000 pounds per square inch; chamber-air density, (a) 0.0005 
pound per cubic foot, (b) 0.076 pound per cubic foot, (e) 1.1 pounds per cubic 
foot. 

Figure 3 i a photograph of the impre ion made 
in PIa ticine by pray injected into the atmo phere. 
The form of the impression varies from an almo t 
traight-walled hole 0.10 inch in diameter and abol! t 

0.50 inch deep at the 6-inch distance, through a series 
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of trumpet shapes having increa ing amoIDlts of flare 
and less depth, until at 24 inche the impression is of 
almo t uniform dE'pth. 

Spark photographs showing the effect of air den­
sity.- The photographs of F igure 4, which were made 
with the high-speed spark circuit shown in Figure 1, 
how the effect of the den ity of the chamber air on 

the formation of fuel sprays from a plain cylindrical 
nozzle. In tllis case, the dispersion of the spray in 
the vacuum was about the same as in the atmosphere, 
but increased when the air den ity wa raised to values 
above atmospheric. When other cylindrical nozzles 
and other injection pre sure were u ed, it was found 
that the di persion of the spray in vacuum varied 
greatly. In orne cases they were as well dispersed 
as the one hown in Figure 4a; in other cn e the fuel 
remained in a olid column with no di per ion. A 
practically no air wa present, any di per ion of the 
fuel mu t have been the result of turbulent flow in 
the jet. uch turbulence would vary with orifice 
diameter, fuel velocity, and ro ughne of the nozzle, 
producing varying degrees of spray di per ion. A 
compari on of photograph made at clilJeJ'ent stage 
of inj ections into the evacuated chamber bows tbat 
all parts of tbe pray have very nearly the ame 
velocity, as compared with the difr'erent velocitic 
prevailing in spray inj ected into air. 

In Figure 4b the core of a spray inj ected into the 
atmosphere i hown quite di tinctly, surrounded by 
the envelope. Streamer of spray are proj ecting 
away from the core and downward. These were 
formed a the spray tip pa sed these places, the 
conical tip being cqntinually replaced by fresh fuel 
coming up the core. Wlien the chamber-air density 
wa raised to 1.1 pound per cubic foot, the veloci ty 
of the pray tip was 0 greatly reduced that the fuel 
thrown off completely hid the core. (Fig. 4c.) For 
ihi In t ca e, the chamber-air density corresponded 
1,0 that at top center in an engine with a compression 
ratio of 14.5. 

The high-speed park photographs of inj ection 
into air at atmospheric density gave ome intere tina 
results. The chamber air wa dense enough to show 
some eiIect on the pray, but not dense enough to 
cau e the core to be hidden. In Figure 5 are shown 
two photographs of fuel sprays in the atmosphere, the 
injection pressmes being 3,000 and 700 pound pel' 
quare incb. In Figme 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. 
Also notice in Figure 5b that the core doe not appear 
as a solid jet of fuel, but seems to be broken up . 

PENETRATIO OF FUEL JETS I JECTED I TO LIQ IDS 

A the density of the air into which the pray were 
injected wa increased, the deceleration of the spray 
tip became more rapid . However, even when u ing 

the greate t air pressme that wa safe in the spray 
chamber, the spray tip was still moving rapidly when 
it reached the opposite side of the chamber . The 
effect of a den e medium was obtained without going 
to dangerou ly high pressures by using water or 
glycerin instead of air. The medium itself having 
been changed, the result can not be strictly compared 
with those obtained with air, but spark photographs 
made with the regular spark circuit howed that the 
shape and general behavior of fuel jets injected into 
water were imilar to sprays injected into compressed 
air when the same inj ection valve and nozzle were 
used. (ee fig. 6.) When fuel was injected into 
water that wa at atmospheric pressure, the fuel jet 
wa very narrow and the rate of penetration nearly 
as high as that in air having a den ity of 1.1 pOlmds 
per cubic foot. When pre ure wa applied to the 
water the rate of penetration wa much lower, and the 
jet much broader. Similar re ul ts were obtained when 
the fuel wa injected into glycerin. 

FWUIIE 5.-ITigh- peed spark pbotograpbs of fuol sprays injected 
into tbe atmosphere 

Chamber-air density, 0.076 ponnd per cubic foot ; fuel·injection pressure, 
(a) 3,000 pounds per square inch, (b) 700 pounds per square incb. 

Figure 7 hows the variation in spray-tip penetra­
tion with time for fuel injections into water and 
glycerin having various pressures, and al 0 shows one 
curve for a pray injected into compressed air for com­
parison. otice that the rate of penetration doe not 
decrea e uniformly with increasing water pressure, an 
increase from atmospheric pressme to 15 pounds per 
square inch having a greater effect than a further 
increase to 100 pounds per square inch. Injections 
into gases having various pressures and the same tem­
peratme have shown the same trend, but to a lesser 
extent. (Reference 9. ) A the density of a liquid 
change very little with pressure, the decrease in the 
rate of penetration can not be attributed to an increase 
in the den ity a it was for gases. either can it be 
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F,GURE 6.-Diesel fuel injected into water 

Fuel-injection pressure, 2.000 pounds per square inch ; chamber-waler pressure, (a) almospheric, (b) 25 pounds per square inch. 
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attributed to a change in visco i ty in the case of water 
for the effect of a change of pressure of thi magnitude 
on the viscosity of water i very slight. Only two 
injections were made into glycerin, but in each ca e 
the penetration wa greater than with water at the 
same pressure. This wa contrary to eA~ectations, 
for both the density and viscosity of glycerin are greater 
than those of water. 

Another feature of the curves in Figure 7 i the sud­
den decrease in their lope after 0.0005 to 0.0015 
second. This break probably repre ents the change 
from a forward motion of the fuel through the liquid 
medium to a turbulent movement of mixed fuel and 
liquid medium. 

,-AIr at 200 Ib/s~.in. 
\y ~- Glycerin at atmosphenc pressure 

I/" I I I 

;,i '/ ...... -Water at atmospher ic pressure 

V;I 
;/; Water at 50 Ib/sp.in. 

~'/ Woter ,at 15Ib/sq.tn. ! -
(I 

/ 
.-"1- J.- -r=:: f=:l 

/: / .-:::: ~ 'C ~Water ot 100 Ib/sq.in. 

If ~ ~ V '-ulycen1 at 100 Ib/sq.in. 

f~ V 

J' 
o .001 .002 .003 .004 .005 .006 .007 .008 

Time. second 

FIGURE 7.- Effect of the liquid pressure on the spray-tip penetration of fueJ 
jets injected into water and gJycerin 

Diameter of orifice, 0.020 inch; fuel-injection pressure, 4,000 pounds per square 
inch; valve·opening pressure, 2,000 pounds per square inch. 

OPPOSED FUEL SPRA YS 

In the experiments with sprays directed against 
each other, the axes of the two sprays were coincident. 
Each spray being ymmetrical abou t it axis, similar 
parts of the two sprays met in the center of the chamber. 
The r esult of this meeting, as shown by the spark 
photograph, can be explained along the lines of the 
foregoing discu ion. 

Figures 8 to 11 how four serie of spark photograph 
of such opposed fuel prays, made with the r egular 
spark circui t. Each series was made with an inj ec­
tion pre ure of 4,000 pounds per square inch, but 
with different chamber-air densities. The distance 
between the nozzle was 5 inches for tlus serie of 
photographs, so that the spray met after each had 
become 2.5 inches long. With the chamber evacuated 
(fig. ) there wa some interference bet\veen the oppo -
ing spray , but there wa no indication of a disk such 
as was formed when two solid jets were directed 
against each other. There being practically no ait' 
present to hinder the motion of the fuel, the deflected 
portions of the sprays quickly ftlled the space around 
the main jets. With the chamber air at atmospheric 

132797-32--2 

pressure (fig. 9) the cores of the sprays again met each 
other with little interference. In this case, however, 
the deflected portions were quickly topped by the air, 
o that they formed an eddying envelope about the 

cores. 
When the density of the chamber air was increased 

to 0.60 pound per cubic foot (fig. 10) there wa prac­
tically no interference between the sprays. They were 
apparently so well dispersed that the ligaments and 
drop in each spray passed between those of the other 
pray. For Figure 11 , the chamber-air density was 

raised to 1.1 pounds per cubic foot. Th prays ao-ain 
pa sed through each other, but a difTerent kind of inter­
ference wa hown by the bulging of the envelopes at 
the meeting point. The appearance of this bulging 
sugge t that it was caused by the meeting of two col­
umns of air, and this explanation icon i tent with 
Kuehn' conclusion that the rapidly moving drops set 
up an air current within the spray . 

Figure 12 shows two spray of the centrifugal type 
d.irected again t each other in air having the same 
density a for Figure 11. In this case the pray tips 
do not continue to move forward after meeting, but 
a cloud of spray is proj ected at right angles to the 
spray aA-1s. The results of Plasticine target tests with 
centrifugal-type sprays showed that their cores were 
composed of two distinct parts-a small central jet 
and a hollow cone sUlTolmding the jet. park photo­
graphs showed that the central jet emerged before the 
hollow cone, but that it was soon overtaken by the 
cone. This jet is probably composed of the fuel 
trapped between the orifice and stem eat, so that 
it is inj ected without any whirling motion. prays of 
this type have a very low penetrating power; the max­
unum distance in air at a density of 1.1 pounds per 
cubic foot at which they would make a mark on the 
PIa ticine was 0.75 inch. At a distance of 2.5 inche , 
therefore, all the drops must have come nearly to a 
stop with respect to the air, and so the re ults shown 
in Figure 12 are easily understood . 

Summarizing, there were two extremes of spray 
interference : In one, the two sprays were not dispel' cd 
well enough for the fuel particles to pass between tho e 
of the opposite spray and in the other they were well 
di persed, bu t the particle had 10 t nearly all velocity 
relative to the au'. Most of the ca es photographed 
fell between these two extremes. 

Figures 13 to 15 how opposed- pray injections into 
air kept at con tant density, bu t with different in­
jec tion pressures and distances between the nozzles. 
It was necessary to use open nozzles for this serie , 
but as previous tc ts (reference 5) ha,e hown that 
pray rrom these nozzle are similar to those from the 

inj ection values used in the variable air-den ity series, 
the result of the two serie may be compared . 

For both Figures 13 and 14 the di tance between the 
nozzle was 3 inche , but the injection pressures were 
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Ti me, second 

FIGURE B.-Opposed Cuel sprays injected into an evacuated chamber 

F u()l-inj()ction pressure, 4,000 pounds pc(squaro inch; chamber-air dcnsity, 0.0025 pound pcr cubic foot. 

Time, 

FIGlJRE g.-Opposed fuel sprays injected into air at atmospheric density 

Fuel-injection pressure, 4,000 pounds per square inch; chamber-air density, 0.Oi6 pound rer cubic fOOl. 

I 

I 



EXPEIU ME '1'S 0 'rIlE DISTRIBU1'IO OF FUEL I l!'UEL , PRAYS 

Time 

FIGt:RE 10.-0pposed luel sprays injected into air ha\·ing a density corresponding to that in an engine at a compression ratio 017.9 

Fuel-injection prcssure, 4,000 pouucts per square inch; chamber-air ctensity, 0.060 pound per cuhi<{lool. 

FIGURE ll.-Opposed luel sprays injected into air having a density corresponding to that in an engine at a compression ratio oC 14 .5 

Fucl-injection pressure, 4,000 pounds per square inch; chamber-air density, 1.1 pounds per cubic loot. 

11 



F'GL"RE 12.-0pposed centrifugal-type sprays 

Fuel-injection pressure, 8,000 pounds per square inch; diameter 01 orifices, 0.022 inch; groove beli~ an~ les, 40°; chamber-air density, 1.1 pounds per cubic 1001. 

FIGL'RE 13.- 0pposed sprays using a low injection pressure 

Fuel-injection pressure, 500 pounds per square inch; chamber-air density, I.l pounds per cubic loot; distance between open nozzles, 3 inche~. 
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FIGt:RE 14.-0pposed sprays using a high injection pressure 

Fuel-injection pressure, 4,000 pounds per square inch; chamber-air density, 1.1 pounds per cubic foot; distance between open nozzles, 3 inches. 

FIGURE IS.-Opposed sprays with the nozzles close together 

Fuel-injection pressure, 4,000 ponnds per square inch; chamber-air density, 1.1 pounds l)er cubic foot; distance between open nOllles, 1.5 inches. 
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500 and 4,000 pound per square inch, respectively. 
,\Vith the lower injection pre ure, the dispel' ion was 
apparently pOOl' for the prays howed the arne type 
of interference a tho e of the previous series made at 
low air densitie. With the higher ail' den ity, there 
wa little interference, the re ults being similar to 
tho e shown in Figures 10 and 11. 

Figure 11, 14, and 15 form a series in which the 
variable i the di tance betwe n the nozzles. In each 
case the photograph are quite imilar. Jotice in 
Figure 15 that the spray pa s through each other and 
rebound from the end of the opposite nozzle holder. 
Thi figure how that even at 0.75 inch from the 
nozzle, a high-velocity spray in den e air i broken up. 

EFI' ECT OF AIR JET OIUECTED NOHMAL TO I' EL SP IUYS 

The photograph of fuel prays having ail' jet di­
rected normal to their axes were made to inve tigate the 
charactel'i tics of the spray core. The air jets de­
flected the spray envelope leaving the cores expo ed 
on one side. For Figure 16, 17, 19, and 20 the fuel 
wa injected with an open nozzle, but ror FiO'ure 1 an 
automatic injection valye wa u ed. In ach ca e, the 
fuel-orifice diameter was 0.020 inch and the orifice 
diameter of the air jet wa 0.040 inch. The photo­
graph hown in Figures 16 to 1 were made with the 
chamber air at atmo pheric den ity, and with the air 
jet approaching the fuel jet from the right. In Figure 
16, the fuel in the enyelope of the spray i hown being 
driven a ide by the air jet, leaying the core expo ed 
and deflected lightly. In Figure 17, for which the 
fuel-injection pre ure wa only half that for Figure 16, 
both the envelope and the core are shown being de­
flected by the air jet. More extensiye experiment 
on the effect of high sir velocities on fuel pl'a,y have 
been reported by Rothrock in)' Terence 10. 

The 1 int of intcrsection r the [uel and ai l' jets 
was about one-quarter inch from the fuel nozzle 
[01' Figure] 6, and about cleven- ixteenth inch for 
Figure 17. In both cases the distance from the ail' 
orifiee was about one- ixteonth inch. For Figure 1 , 
the distance from the fuel nozzle was about 3.5 inehes, 
and from the air orifice about 1 inch. In Figure 1 
tho core is being nommiformly deflected by the air jet, 
showing that the di tribution of the fuel in the spray 
eore was not tmiform. 

In Figure 19 and 20 are shown photograph of fuel 
and air jets inter ectinO' about three-quarter inch from 
the fuel nozzle and one-quarter ineh from the air 
orifice in a chamber where the air den ity wa 1.1 
pound per cubic foot. For Figure 19 the air jet wa 
coming from the right, but for Figure 20 it wa movmg · 
directly away from the camera lens. 

Different values of tho air-jet injection pre ure and 
the chamber-air pI' sure were u ed, but their ratio 
was always greater than l.9, which i the critical value 
at which the velocity of the isstung jet become equal 
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FIGl·RE 17.-Fuel spray with an air jet impinging at rigbt angles from the right 

Fuel·injection pressure, 500 pounds per square inch; ai r·jet injection pressure, 500 pounds per square incb; chamber·ai r density, 0.076 pouncllJer cubic foot. 

Time, second 

FIGl·RE lS.-Fuel spray with an air jet impinging at right angles from lhe right 

Fuel·injection pressure, 500 rouncs !ler sq uare inch; air·jet injection pressure, 500 pounds per square inch; chamber·air density, 0.076 pound per cubic foo t. 
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FIGURE 19.- Fuel and air jets intersecting at right angles. Air jet [rom the rigM 

Fuel-injection pressure, 1,000 pounds per sq uare incb; air-jet injection pressure, 500 I)Ounds per square inch; chamber-air density, 1.1 pounds per cubic [001. 

Time, second 

FIOURE 20.-Fuel and air jets intersecting at right angles. Air jet mo vi ng away [rom camera lens 

Fuel-injection pressure, 500 pOUJlds per sq uare inch; ai r-jet injection pressure, 500 pounds per square inch; chamber-ai r density, 1.1 pounds per cubic [001. 
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to the velocity of ound. An increase in the value of 
this ratio will not increase the jet velocity. The 
velocities of the air jet in these experiments were 
therefore the same in all cases, and their energie 
depended only on the density of the ail' in the jets. 
Photographs made with different air-jet injection 
pressures, but with the same fuel-injection pressure 
and chamber-air den ity, howed little variation in the 
sprays. The lesser deIlection of the core shown in 
Figure 16 as compared with Figure 17 should therefore 
be attributed to the higher fuel-injection pre ure of 
the former rather than the lower air-jet injection pres­
sure. Also, in comparing Figure 16 with Figure 19, 
the greater deflection of the latter hould be attributed 
to the increa ed density of the air in the air jet, and to 
the decreased velocity of the fuel in the pray 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, Diesel fuel 
injected through a 0.020-inch cylindrical nozzle is 
subdivided into particles by the time it has penetrated 
0.75 inch. 

3. Fully developed fuel sprays are composed of a 
central core and an outer envelope. The core is com­
posed of fuel particles having a high velocity relative 
to the air in their immediate vicinity. As a result of 
this relative velocity a current of air is set up in the 
core. The envelope i 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 to it, and were then fore cd out into the envelope 
by the on-coming column of air and fuel in the core 
behind them. 

4. The shape of the central ore varies with the 
den ity of the air, becoming shorter and thicker with 
increasing ail' den ity. 

L A GLEY MEMORIAL AERONAU'I'ICAL LABORATORY, 

ATIONAL DVISORY COMMITTEE FOR AERONAUTIC 

LANGLEY FIELD, VA., February 13, 1932. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel Linear to axis) Sym- Sym- Positive Designa- Sym- (compo-Designation bol symbol Designation bol direction tion bol nent along Angular 

-

LongitudinaL __ X X rolling _____ L 
LateraL _______ Y Y pitching ____ !vI 
NormaL ______ Z Z yawing _____ N 

Absolute coefficients of moment 
L M N 

0,= qbS Om= qcS On= qbS 

axis) 

Y--.Z roll ______ cf> u P 
Z--.X pitch _____ (J v q 
X--> Y yaw _____ if; w r 

Angle of set of control surface (relative to neu­
tral position), o. (Indicate surface by proper 
subscript.) 

4. PROPELLER SYMBOLS 

D, 
p, 
p/D, 
V', 
V., 

T, 

Q, 

Diameter. 
Geometric pitch. 
Pitch ratio. 
Inflow velocity. 
Slipstream velocity. 

Thrust, absolute coefficient OT= 'fD4 pn 

Torque, absolute coefficient OQ= ~D5 
pn 

P, Power, absolute coefficient Op= fD6' 
pn 

7], 

n, 

<I>, 

5/ V5 
Speed power coefficient = -V ~n2' 
Efficiency. 
Revolutions per second, r. p. s. 

Effective helix angle = tan-1 (2:n) 

5. NUMERICAL RELATIONS 

1 hp=76.04 kg/m/s=550 lb./ft./sec. 
1 kg/m/s=0.01315 hp 
1 mi.fhr. =0.44704 m/s 
1 m/s = 2.23693 mi./hr. 

1 lb. = 0.4535924277 kg. 
1 kg=2 .2046224 lb. 
1 mi.=1609.35 m=5280 ft. 
1 m=3.2808333 ft . 




