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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 
i 

Metric E nglish 

Symbol Abbrevia-
Unit 

Abbrevia- Unit 
t ion tion 

Length _______ l meter _____ _____ __ __ ____ m foot (or mile) ______ ___ ft . (or mi.) 

Time _________ t second ____ ___ ____ __ ____ s second (or hour) _______ sec. (or hr.) 

F orce _________ F weight of 1 k ilogram _____ kg weight of 1 pound _____ lb. 

-

P ower __ ______ P horsepower (metric) ______ - ----- - -- - horsepower __ _____ ____ hp. 

Speed _________ V {kilometers per hOUL ____ _ k.p.h. miles per hour ____ __ __ m.p.h. 
meters per second __ _____ m.p.s . feet per second ________ f.p.s. 

\ 

2. GENERAL SYMBOLS 

Weight = mg 
Standard acceleration of gravity = 9.80665 

m/s2 or 32.1740 ft. /sec.2 

W 
Mass = -

g 
Moment of inertia = mP. (Indicate axis of 

radius of gyration k by proper subscript.) 

Coefficient of viscosity 

v, Kinematic viscosity 
p, D ensity (mass per unit volume) 

Standard density of dry air, 0.12497 kg_m-4_s2 at 

15° C. and 760 mm; or 0.002378 Ib.-ft.-4 sec.2 

Specific weight of "standard" air, 1.2255 kg/m3 or 

0.07651 lb. /cu.ft. 

3. AERODYNAMIC SYMBOLS 

Area 
Area of wing 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

Dynamic pressure = 4p V2 

Lift, absolute coefficient OL = :s 
Drag, absolute coefficient OD-:!s 

Profile drag, absolute coefficient OD, = ~S 

Induced drag, absolute coefficient OD'~~S 

Parasite drag, absolute coefficient OD - DSl1 • q 

Cross-wind force, absolute coefficient Oc - ~ 

Resultant force 

~to, Angle of setting of wmgs (relative to thrust 

Q, 

Oop, 

line) 
Anglo of stabilizer 

line) 
Resultant moment 
Resultant angular 

setting (relative to thrust 

velocity 

Reynolds Number, where l is a linear dimension 

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

m.p.h. normal pressure at 15° C., the cor­

r esponding number is 234,000; or for a model 

of 10 cm chord, 40 m.p.s. the corresponding 

number is 274,000) 

Center-of-pressure coefficient (ratio of distance 

of c.p. from leading edge to chord length) 

Angle of attack 
Angle of downwash 
Angle of attack, infinite aspect ratio 

Angle of attack, induced 
Angle of attack, absolute (measured from zero­

lift position) 
Flight-path angle 
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REPORT No. 483 

EFFECT OF MODERATE AIR FLOW ON THE DISTRIBUTION OF FUEL SPRAYS 
AFTER INJECTION CUT-OFF 

By A. M. ROTHRO CK and R. C. SP ENCER 

SUMMARY 

High-speed motion pictures were taken oj juel spray 
with the N.A.O.A. spray-photographic apparatus tu 
study the distribution oj the liquid juel jrom the instant oj 
injection cut-off until about 0.05 second later . The juel 
was injected into a glas -walled chambel' ~n which the air 
density was varied j rom 1 to 13 times atmospheric air 
density (0 .0765 to 0.99 pound per cubic joot) and in 
which the air was at room temperature. The air in the 
chamber was set in motion by means oj a jan, and uas 
dil'ected countel' to the spl'ay at velocities up to 27 jeet per 
second. The injection pl'eSSUl'e wa val'iedjrom 2,000 to 
6,000 pounds pel' square inch. A 0.020-inch single­
orijice nozzle, an O.OOB-inch single-orijice nozzle, a 
multiol'ijice nozzle, and an impinging-J'ets nozzLe were 
u ed. The results how that in till ail' the dispersion oj 
the juel particles j ollowing injection cut-o.tf was extremely 
slow and that the j uel tended to travel acro s the chamber 
jrom the injection nozzle. A t all the air densitie used, 
air velocities as low as 15 to 20 j eet per second had an 
appl'eciable eif ect on the distl'ibution oj the liquid juel after 
injection cut-o..tf. The be, t distl'ibution was obtained by 
the use oj air fl ow and a high-dispel'sion nozzle. 

INTROD UCTION 

In an internal-combustion engine employing ei ther 
spark ignition or compression ignition the distribu tion 
of the fuel in the combu tioD chamber at the time 
combustion is started is of primary importance. The 
distribution of the fuel is con trolled by: tbe manner in 
which the fuel is forced into the combu tion air, the 
relative movement between the fuel and the air, the 
rate of vaporization of the fuel, and the rate of diffu ion 
of the fuel vapors. The relative impor tance of each of 
these factors is dependent on the temperature and 
density of the air, during tbe admi sion of the fuel, and 
on the time between the admission of the fuel ann the 
start of combustion. When injection occurs early in 
the cycle, as in fuel-injection spark-ignition engines, 
the time for completing the distribu tion is long enough 
to permit the r ate of vaporization of it volatile fuel to 
become the most important factor in forming a um-

form m.Lxture. If injection i timed later in the cycle 
and less volatile fuels are u ed, as in compression­
ignition engine , then more care must be taken in 
distributing the fuel to the combu tion air. T wo 
general methods are available for accompli bing distri­
bution- the directed- pray method, and the use of air 
fl ow. 

Tbe .A.C.A. bas published the result of everal 
tests on the effect of air flow (references 1 to 4) on fuel 
prays. The velocitie investigated varied from 60 to 

800 feet per second. The purpose of these fermer 
tests was primarily to determine the effect of au: 'flow 
on the di tribution dUTing the inject:on proces . The 
pre ent tests have extended thi work to the effects of 
air flow on the distribution of the liquid fuel following 
the cut-off of injection. In addition, tests have been 
made on the distribution of the liquid · fuel following 
injections into still air. I n order to make the test 
results applicable to both park-ignitien and cem­
pression-ignition engine development the time inter­
val investigated was from 0 to 0.05 secend after 
injection cut-ofl' and the air densit:es were varied fr, m 
1 to 13 atmospheres (0.0765 to 0.99 pOllnd per cubic 
foot). Throughout this report, the density of the air 
in the spray chamber will be expres3cd in atmospheres; 
that is, an air density of 13 atmo~pher£s corre3ponds to 
the density of the air at room temperature and a 
pressure of 13 atmospbere. Wh"le not strictly con­
ventional, thi usage has been adopted for conver ie ~ ceo 
The tests were conducted during 1933 in t J.e N.A.C.A. 
power plants laboratory at Langley Fie!d, Va. 

APPARATUS AND METHODS 

The high- peed photographic apparatu and in­
jection system of the N.A.C.A. spray-photographic 
equipment (references 5 and 6) were 11 ed for this 
inve tigation. The apparatus was altered to permit 
pbotograpbs to be taken at the rate of 300 to 500 per 
second. This change permitted a study of the distribu­
tion of the spray during the period from cut-off to 
about 0.05 econd after cut-oiL 

Becau e the distance a fuel spray i required to 
penetrate in a high-speed spark-ignition engine may be 
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greater than the 5 inches permitted in the pray cham­
ber of the apparatus, a 3-inch-diameter tube 3}~ inches 
long, "Tas added to one end of the chamber 0 as to 
permit a maximum penetration of 8 inche. A 4-
bladed fan 3 inches in diameter was mounted at the 
end of the chamber opposite the extension and a 
honeycomb of }~-inch opening was mounted ahead of 

Pllol-slallc fubt: 

J--f-G/c"JSS wmdow 

Sec lion A-A 

FIGlillE I. pray chamber equipped wiLh fan for circula ting the a ir. 

the fan to provide rea on ably smooth air flow. The 
fan wa mounted in a ring, and a celluloid cylinder 
was placed around the ring, extending to within 1 
inch of the oppo ite end of the chamber proper. Thu 
the air wa driven through the celluloid cylinder at 
relatively high velocity and returned to the fan 
through the space between the cylinder and the walls. 
The fan was (hiven by an electric motor at speeds up 
to 18,000 revolutions per minute. The injection 
nozzles were mounted on a long threaded open-nozzle 
holder (see reference 7), whieh could be adju ted to 
hold the nozzle at variou distances from the fan. A 
ball check valve was placed in the fuel tube back of 
the nozzle holder. This arrangement left a length of 
tube still open to the chamber air, but a better arrange­
ment could not be made conveniently, becau e of the 
long nozzle holder that wa u ed. Figure 1 shows the 
modified spray chamber with the fan in place and with 
the nozzle mounted in the inner po ition, 3.5 inche 
from the honeycomb. 

Air velocities were mea ured with a pitot- tatic tube 
}I inch in diameter in erted through the chamber wall; 
an alcohol manometer was u ed to indicate the pre ure 
head. The impact opening of the pitot- tatic tube 
was placed 1.5 inches from the front of the honeycomb, 

and velocity readings were taken at four different 
positions across the cylinder. The curves in figure 2 
how the results of the velocity survey. The maximum 

velocity wa reached at a point 1 inch from the cylinder 
a>..'ls; in the data presented, all velocitie Ii ted are 
tho e mea ured at this position. 

In one eries of te t the hape of the pray chamber 
wa altered by mean of a wooden frame, to imulate 
the vertical-disk form of the quiescent combustion 
chamber shown in reference The frame wa pro­
vided with thin gla s plate to give the same combus­
tion-chamber depth. Test were made both with 
and without the gla s plate in place. 

lost of the te t were conducted with a 0.020-inch 
orifice nozzle, haped a bown in flgUT" 1. T est 
were ill 0 made with <111 0.00 -inch orifice nozzle, a 
Jnultiorifi ce nozzle, and i111 impinging-jets nozzle 
containing four orifice. The air density in the 
chambcr was vari d from 1 to 13 atmospheres and the 
inj ection pre ure frol11 2,000 to 6,000 pound per 
quare inch. 

Previous inve tigations (references 9 and 10) having 
shown only sligh t difl'erences between spray photo­
graph for variou fuels, all the te t were made with a 
diesel fu el oil baving a specifi c gravity of O. G and a 
vi cosity of 0.102 poise at room temperature. 

30~+-~-4--~+--r-4--~~-r-1'!--r-~-T~ 
o I atmosphere x 13 atmospheres 

\ 
\ ,r 

°oL-~-L~--~O~.5~L-~-L~~/.~o~--L-~~~/.5 

Axis Distance from tunnel axis, inches Wall 

FIGURE 2.- Velocity survey of spray chamber, for vari ous fon speeds. 

In all ca es the air in the pray chamber wa at room 
temperature, so that no appreciable vaporization of 
the fuel occurred during the time the photograpbs 
were being taken. 

A ALYSIS 

As early a 1925 Kuehn (reference 11) showed that 
the penetration obtained with hydraulic injection in 
internal-combustion engines wa.s the result of the action 
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of the fuel spray a a whole and not a separate drop . 
The more recen t experiment of Lee and penceI' (ref­
erence 12) and the analytical work of Ca tleman (ref­
erence 13) have shown that the eli integration of a fuel 
jet is a gradu al proce ,and that the jet is sometime 
continuous for an inch or more from the nozzle. Con­
tinuity of the jet is par ticularly per i ten t at low air 
den itie . The individual drop 10 e most of their 
kinetic energy during formation ; thu , after cut-off , 
further di tribution i a slow proce unle orne 
auxiliary means is employed to assist the mixing. 
T e ts condu cted by D eJuh asz (reference 14), Lee 
(references 7 and 15), and Rothrock and Waldron 
(reference 10) indicate that the mixture formation 
th a t i at tained in a quiescent combustion chamber 
would be impos ible were i t not for the vaporization of 
the fu el drops both before and during combu tion. 

The erIect of air movement on the distribution of 
the fu el pray can be e timated in the following manner : 
Let m, rn a of the fu el drop. 

a, acceleration of the drop ca llsed by tIlE' moving 
au' . 

f , coefficien t of re istance of the air to movement 
of the drop . 

Pa, den i ty of th e air . 
p" densi ty of the fuel. 
r, radius of the fuel drop. 

l'a , veloci ty of the air witb respect to the fuel drop. 
l 'b, velocity of the air. 
v" veloci ty of the fuel dl·Op. 

The rc istance offered by the drop Lo the mO\7ing air 
is at all time equal to the prod ll t of the mass of thc: 
drop and i ts acceleration, or 

bu t 
4 

m =- 7rl"3pr 3 

lI bs ti tu ting and solying fur a: 

a = J(va
2 

= J( Vb- Vf)2 
in which 

J(=~ f Pa l. 
4 Pf T 

S b · . f . . 1 dVf 
I u stItu tmg or a Its eqUlva ent , CIt ' 

(1) 

(2) 

(3) 

III which IS 

the time mea ured from the in tant at \duch the 
veloci ty of the drop was zero, and integrating: 

Vb 2J(t 
Vf= 1 +VbJ(t (4 ) 

The velocity Vf i equal to ~ t ' in which i the di tance 

th e drop has traveled in the time t . ubstituting and 
again integrating: 

1 
s =vbt - l? ln ( l +vbJ(t) (5) 

which expre ses the distance traver cd by the drop in 
terms of the veloci ty of the air and of th e time. In 
the integration the coefficient of resistance ha been 
considered as a cons tan t, although actually the coeffi­
cient varies with the velocity. However , the a ump­
tion i ju tifted for a fir t approxima tion. The values 
of f are determined for the Reynolds Number of the 
drop under the conditions of air vclocity , density , and 
vi co ity, and of the drop i7.c. The Reynolds umber 

i equal to 2 V
a
TPu , in which JJ- i the vicosity of thc air. 

JJ-
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F IGURE 3.-Mo'·ement of fuel d rops ca used by llIoying air having a density of 1 
atmosphere (0.0765 pound per cubic foot) . 

Curves of Reynolds N umber against coefficients of re­
istance may be found in reference 16. 

There are two extreme cases to be considered in the 
pre ent analysis: First, the conditions in the park­
igni tion engine in which the fuel is sprayed in to air a t 
a densi ty of approximately one atmosphere; econd, 
the conditions in the compression-ignition engine in 
which the fuel is prayed into air a t a density of 10 to 
] 7 atmospheres (0.765 to 1.3 pounds per cubic foot ). 
In the spark-ignition engine the fuel is, in general, 
inj ected during the intake stroke, starting at approxi­
mately 70° after top center (reference 17). The com­
bustion is star ted approximately 30° before top center, 
glvmg a mixing time of approximately 260 crank 
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degrees. With the fuel injected directly into the engine 
cylinder, the volume thTough WIDch the fuel i to be 
distributed consists of the displacement volume plus 
the clearance volume. It i very difficult to design an 
inj ection nozzle that will direct the fuel to all part of 
this space; the greater part of the mixing must there­
fore be accomplished by vaporization and by air flow. 
Lee has shown in reference 15 that, with hydraulic in­
jection unier condition similar to those in the pre ent 
tests, by far the greatest number of fuel drop have 
diameters of 0.0005 inch or less, but that the drop 
with diameters from 0.0015 to 0.0025 inch contain 

V 
1.6 

Ai~ ve~ocity lA' 
I---- a 60 ft./sec. 

a 

b: 40 " I / 
V 

/ 
I---- c 20 " 

d: 10 ".1 / 
V 

b;> V' 1.2 

I----I-- Drop diG., 
0.0005 inch 

/ / 

/ V 
V 

e , 
_i --

V ./' 
V -:.--k V -

~ V ~ V -- c - -r---
.8 

.4 

~ ~ ~ f-----I-- '- d 
~ 
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at 20 ff./sec. 

V I I a·, 

I----
I-drOp'dia.l, /V 

0.002 i'7ch V 
/ ./ 

V V 
./ --

1. 2 

. 8 

V l-::.: -~ -"1 
/' ~ F 

-e 

V V 
V~ Wt--I--- I---

.4 

_ k:::::: r::::: v 
J..---~ 

- ~ d'.' 

.001 .002 
I Time, second , 

12 24 
Crankshaft degrees at 2,000 r .p.m. 

--

f.---

/ 

/ 
~ 

~ -

.003 
I 

36 

~'!GURE 4.- M ovemcnt of fuel drops caused hy mO\'ing air ha\'ing a density of 13 

almospheres (0.99 pound per cubic [oot). 

more than half the weight of the Iuel charge. orne 
curves computed from equation (5), showing the dis­
placement of fuel drops caused by moying air, are 
given in figure 3 and 4. In each figure, curves are 
given for drop diameters of 0.0005 and 0.002 inch, 
with air velocities from 10 to 60 feet per second. The 
two extreme ca es were represented by assuming 
an air density of 1 atmosphere for figure 3, and 13 
atmospheres for figure 4 (0 .0765 and 0.99 pound per 
cubic foot, respectively). Th e computations for figure 
4 were made for a time interval of one tenth that for 
figure 3 because the time available for fuel distribution 

in the compression-ignition engine is approximately 
one tenth that in the spark-ignition engine. 

The curves show that the total distance a drop is 
moved by the air in a given time varies approximately 
a the air velocity and that, after a short accelerating 
period, the drop attain a velocity very nearly equal to 
that of the air. The dashed line in each group of curves 
represents the distance t raveled by the air at a constant 
velocity of 20 feet per econd. A compari on between 
the slope of the dashed line and the curve for the 
movement of a drop in air at the ame velocity deter­
mines the amount of lip between the drop and the air. 
A would be exp cted, this slip decreases with decreas­
ing drop size and with increasing air density. In the 
case of a 0.002-inch drop in air with a velocity of 60 
feet per second, the denser air carries the drop 1.7 
time as far in 0.003 econd as air at atmospheric 
den ity. Of course, the chief factor tending to com­
pensate for the hortne s of the time available for the 
di tribution of the fuel in the com pres ion-ignition 
engine is the mall ize of the chamber into which the 

. fuel is injected. From these curves it may be con­
cluded that with both spark ignition and compre ion 
ignition the movement of the fuel drops produced by 
air having a velocity of 20 feet per second or more 
hould materially aid in mixing the liquid fuel and the 

air after injection cut-off . It must be remembered 
that during the injection of the fuel, even high air 
velocitie do not have much effect on the core of the 
pray, which contains most of the fuel charge, although 

air movement will deflect the envelop, which is com­
posed of lowly moving drop (references 2, 4, and 14). 

TEST RESULTS 

Effect of air flow and air density on fuel distribu­
tion. - Figu re 5 is a series of photographs taken 
during preliminary experiments, howing the distribu­
tion of a pray from a 0,020-ineh orifice when the 
fuel wa injected at a pressure of 4,000 pound per 
square inch into till air at a density of 13 atmos­
pheres. In the fir t exposure the spray ha truck the 
opposite end of the spray chamber and ha been partly 
reflected. Following cut-off of injection the spray 
began to 10 e it kinetic energy, a shown by its tend­
ency to break up, The successive exposures show that 
the fuel particles slowly traversed the chamber in the 
direction of the spray travel and that at the same time 
the shape of the pray, formed by the drops torn from 
the core and left su pended in the air, 10 t its definite 
outline and took on a wavy appearance. The fuel at 
the end of the chamber continued to roll back toward 
the injection nozzle. At 0,038 second after cut-off 
the spray had traveled back to slightly beyond the 
middle of the chamber. The photograph shows that 
any air motion set up by the spray has very little effect 
in distributing the fuel throughout the chamber, and 
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that without air flow the distribution of the liquid fuel 
is very poor. The lack of distribution i further 
emphasized when it is realized that the interval of 
0.03 econd repre ent 456 crankshaft degree at, 
2,000 revolutions pel' minllt,p'. 

After all the fuel particles have lost mo t of their 
velocity relatiye to the air, there i no longer a distinct 
core, and the di tribution of the fuel within the pray 
i more uniform. This change in the tructure of fuel 
pray following injection cut-off is hown by figure 6. 

0.004 s e c ond after cut-off 

FIGURE 6.-Photomicrographs, 10 diameters, taken a t center of spray during injec· 
tion and at 0.004 second after injection cut·ofI. Air density, 13 atmo pheres (0.99 
pound per cub ic foot) . Still air. Injection pressure, 4,000 pounds per square 
inch. Orifice diameter, 0.020 inch. 

This figure i unlike all other pray photographs hown 
in tIll report, for the illuminating park di charge wa 
directly behind the spray so that the fuel particles 
appear in silhouette. The upper photomicrograpb 
was taken during the injection period and show the 
den e spray core on the left and part of the envelop 
on the right. In the 10\\'er photomicrograph, taken at 
0.004 second after injection cut-off, the core has disap­
peared and the di tribu tion 0 f the fuel has become 
more uniform. 

When the fuel was injected into still air at a den ity 
of one atmosphere (fig. 7a ) the di tribution wa ev n 
poorer than when the fuel was injected into den er ail'. 
The spray traveled the length of the chamber and 

impinged on the honeycomb in front of the fan with 
considerable Yclocity, but less of the pray was 
reflected. The reflectecl spray showed little tendency 
to continue back acro s the cham bel', most of the fuel 
remaining near the honeycomb . 

When an air velocity of feet per econd was 
directed ao-ain t the pray (fig. 7b) the ore agam 
traver ed the chamber and impinged on the honey­
comb. In thi case, however, the moving air blew 
the , pray back toward the di charge orifice, though the 
motion wa comparatiyely low and some of the spray 
alway remained around the llOneycomb. In the la ' t 
exposure the spray ftppears to be fairly well distributed 
throughout the chamber. The time required for the 
spray to be blown from the honeycomb to the eli chu.rge 
orifice was aboll t 0.013 econd, or approximately 150 
crank haft degrce ftt 2,000 revolution per minute. 
Thi time inten-al is within the permi sible time for 
miung in a 4-stl'oke spark-ignition engine in which 
the fuel is injected during the intake stroke. II 11 en the 
velocity was incrca cd to 19 feet per econel (fig. 7 ) 
the time required for tIle fuel to be blown aeros the 
chamber decreasecl ligh tly and the fuel wa blo'wn 
away from the honcycomb so tilat tbere was very little 
fuel visible in the cham bel' in the la t expo lire. When 
the velocity was rUl'lher increased to 27 reet pCI' Sf'cond 
(fig. 7cl ) the fuel was blown ftcro s the chamber till 
more mpidly, it t imc of 0.00 econd being sufficient. 
Figure 7d plainl)" and other to a lesser degree, show a 
tream of large drop i uing from the nozzle long after 

the cut-off. The c drop were n l'emlt of d1'ibbling 
from the open nozzle, and were unavoidable becau, e of 
the characteri tics of the injection systC'm u d. Note 
that the large clrops are quite unaffected by the moving 
air, howing that the fllc1 must be well broken up 
before a 'r at low velocity can affect the di tribut:on. 

The effect of air flow with an air den ity of 5 atmo -
phere is shown in figures and 9. Comparison of 
figure \\-ith figure 7 hows that the moving air at a 
density of 1 fttmo phere ftpparently had more eHect 
on the spray than the air at a den ity of 5 atmosphere. 
The apparent di crepancy is explained by a con idera­
tion of the effects of air den ity on the penetration and 
rate of disintegration of the spray. As ha been hown 
in the report previoLlsly referred to, increasing the air 
density decreases both the maximum penetration and 
the rate of penetration of the spray and increa es the 
rate of spray di integration. The di tance between 
the discharo-e nozzle and the honeycomb for the con­
ditions under which the e photographs were taken wa 
3.;:' inche , a di tance con iderably Ie s than that re­
quired for complete di integration of the jet at at­
mo pheric air den ity. Therefore, with the air at a 
density of one atmo phere the spray column struck the 
honeycomb with con iderable force and, as the figure 
how, the remainder of the column following cut-off 

also traversed the chamber and impinged on the honey·· 



e ... 
"" 
~ 
1 

a 

b 

c 

-r 
c 

~ 
rn 

~ 

FIGt:UE i. EITect Of ai r flow on fuel distribution. Air density, atmospheric (0.0765 pound per cubic foot). Air velocities: (a) no a ir Qow, (b) 8 leet per second , (c) 19 leeL per second, (d) 27leet per second. 
Injection pressure, 4,000 pounds per sq uare inch. Orifice diameter, 0.020 inch. 

l=J 
"'.j 
"'.j 
l=J 
Q 

8 
o 
"'.j 

~ 
o 
t; 
l=J 
~ 
". 
8 
l=J 
". 
sa 
"'.j 
t-< 
o 
~ 
o 

o 
H 

~ 
~ 
-< 
I:d 

~ ,... 
o 
Z 
o 
"'.j 

':rJ 
q 
~ 
t-< 
U1 
"d 
~ 
> 
-< 
U1 

". 
"'.1 
~ 

l=J 
~ 
.... 
'-; 

t=J 
Q 
.-3 
H 

2 

q 
>7 
o 
"'.j 
"'.j 

<:0 



0.004 sec . 

a 

b 

c 

r 
c .- d 
~ 
r() 

~ 

FIGl'RE ~.- Rffect or air fl ow on ruel dislribulion a t chamber a ir densilY or 5 almospheres (0.38 pound per cubic rOOl). II ir \'elocilies: (a) no air fl ow, (b) 8 reel per second . (c) 19 reel per second, (d) 25 
reel per second. I njeclion pressure, 4.000 pound~ per sq uare inch. Orifice diameler. 0.020 inch. 
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FIGURE 9.-Effect or air llow on fuel d istribution at chamber ai r density of 5 atmospheres (0.38 pound per cubic foot). Air \'elocities: (a) IlO air !low, (b) 8 feet per second, (c) J9 feet per second, (d) 25 
feet per second. Injection pressure, 4,000 pounds per sq uare incb. Orifice diameter, 0.020 illch. Nozzle at outer end of cham ber. 
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12 REPORT ATJO AL COMMI'l'TEE FOR AERO AUTI S 

comb. Consequently, the fuel caught up by the mov­
ing air was either what had been torn from the pray 
previous to impingement or that caught up at the time 
of impingement. A a re ult, both the number and 
size of the fuel drops shown in the air stream in flgure 
7 were probably smaller than tho e shown in figure 
and, consequently, the air at tbe lower den ity appear 
to provide better di tribution than that at the higher 
den ity. In genem], the figure bow that the [ue] 
drops are blown back acro tbe chamber at increa -
ingly shorter time interval as the air velocity is in­
creflsed. Becau e of poor lighting, figure d doc not 
how the fine cloud o[ mist a well a the other photo­

graphs. 
In the test for whi h the results are shown in figure 

9 the injection nozzle was placed in the tubular section 
o[ the pray chamber 7 inche from the honeycomb. 
As before, the pray impinged on the honeycomb but 
with considerably less inten ity than with the nozzle 
3.5 inches from the honeycomb. In still air the pray 
retain its hape for the duration of the expo lire and 
i een to diffuse slowly, bu t the final di tribu tion is 
ru.ther poor. With an air velocity of feet per second 
the spray is considerably widened but the velocity is 
not sufficient to blow th fuel back through the cham­
ber within the time shown. With a velocity of 19 feet 
per second the pray is blown back so that the fuel is 
fairly well distributed in the last exposure. 'iYith the 
highe t velocity, good distribution is obtained in about 
0.00 second; from then on the fuel i apparently 
blown out of the cylindrical portion of the pray cham­
ber. A compari on of thifigure with the preceding 
one how that the increflsed di tance permits more 
nearly complete di integration of the fuel spray flnd 
that as are ult the moving air come in contact with 
more of the fuel and con equently provides better 
mlxmg. A test wa made with the ail' at a.tmospheric 
den ity ancl with the nozzle 7 inche from the honey­
comb. Unfortunately, sufficient detail could not he 
obtained for reproduction. The pbotograpil howed 
that the pray truck the honeycomb with con iderable 
velocity 0 that, in general, the re ult were imilar to 
tho e shown in fio-me 7. 

With still air (fig . lOa.) at a density of 9 atm s­
pheres and the nozzle 3.5 inches from the honeycol11 b 
the pray did not rebound from the honeycomb to any 
great exten t; al o,it outline is clearly visible in all the 
exposure . At an air velocity of 7 feet per second the 
moving air blew ome of the fuel partly back acro s the 
chamber, although not to the extent that was apparent 
with an air den ity of 5 atmo phere. W11en the air 
velocity was increased to 1 feet per second the fuel 
was blown completely back acros the chamber and the 
spray outline wa destroyed. With an air yelocity of 
23 feet per second the distribu tion wa still further 
improved. The photograph hows a certain uneven­
ne in the air flow, 0 that more fuel i visible to the 

left of the core than to the right. This unevenne 
how in all the photographs in which the movino- air 

picked up the fuel before it impinged on the honey­
comb. 

With the injection nozzle mounted 7 inche from 
the honeycomb (fig. 11) the spray again penetrated the 
length of the chamber and impinged on the honey­
comb. A the air velocity wa increased the di tribu­
t ion was improved until at a velocity of 25 feet per 
second the pray wa blown back to the opposite end 
of the chamber in about 0.00 second. In general, the 
photograph show that once the spray has di inte­
grated it will be di t ributed fairly rapidly with mod­
f'ra te air veloci tie . 

The effect of air now on the di tribution of the 
pray at an air den ity of 13 atmosphere i shown in 

fio-ures 12 and 13. The fir t photoo-raph in figure 12 
i similar to figure 5 , which ha already been discus ed. 
When the spray was directed counter to an air velocity 
of fef't per econd there wa little mixing of Lhe fuel 
and air except a hown in the la t 2 expo ures. An 
ail' velocity of 12 feet per second con iderably improved 
the distribution and with a velocity of 20 f et per 
erond the fuel was blown completely away from the 

end of the chamber oppo ite the injection nozzle. 
The air den ity used in this test is comparable with 
that used in compression-ignition engine. The photo­
o-raphs of figure 12 show that although modemte air 
velocities will a.ssi t in the di tribution, they should 
not be depended upon entirely, but hould be u ed to 
supplement di tribution as obtained through correct 
design of the injection nozzle. 

With the injection nozzle 7 inches from the honey­
comb (fig. 13) the spray in the still air struck the honey­
comb but was moving at a low velocity at the time of 
impingement. With the air in motion, considerable 
distribution of the fuel resulted and the di tribution 
was improved as the air velocity wa increa ed up to 
the maximum of 20 feet per second. The photographs 
show that if the permissible penetration of the fu el 
spray is . uch that the disintegration of the core can be 
completed before the start of cornbu tion, moderate 
air velocitie will 1'e lilt in con iderable di tribution of 
the liquid fuel spray. Of cour e, in mall high-speed 
com pre sion-ignition f'ugine , a distance of 7 inches i 
greater than i u ually employed for the maximum 
distance of pray penetration. In thi ca e, smnJler 
discharge-orifice diameters can be used to obtain a 
more rapid di integration of the spray core. 

In some case it wa po ible to determine the veloc­
ity of the pray movement toward the nozzle after 
injection cut-off by electing part of the spray having 
di tinctive appearance, and measuring the di tance 
they moved between photographic expo ure . In a 
majority of cases the part of the spray selected for 
measurement was that part which wa first reflected 
from the farther end of the chamber. In till ail' the 
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FIGURE 1O.- ElTect of air flow on fu el distribution at chamber air density of 9 atmospheres (0.69 pound per cubic foot). Air \'elocities: (a) no ai r Oow, (b) 7 feet per second, (c) 18 feet per second, (d) 23 feet 
per second. Injection pressu re, 4,000 pounds per sq uare inch. Orifice diameter, 0.C20 inch. 
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FIGURE J J .-EiIect of ai r flow on fu el distribution at cha mber air density of9 atmospheres (0.69 pound per cubic foot). .\ir \·elocities: (a) no air flow , (b) 7 feet per second , (c) 18 fec t per scco nd , (d) 23 fect per 
second. Injection pressure, 4,000 pounds per sq uare inch. Orillce diameter, 0.020 inch . :-.'ozzle at outer end of cha mber. 
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FJGt"R~ 12. Effect of nil" 0011" on fuel distribution at chamber air densiLy of 13 atmospheres (0.99 pound per cubic foot). Air velociLies: (a) no air Oow, (b) 8 feet per second. (c) 12 feet per second, (d) 20 feeL 
per second . Injection pressure, 4,000 pounds per square inch . Orifice diameter, 0.020 inch. 
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r!GL'RE 13. EtTer! of air now on fu e) distribution at chamber ai r density of 13 a tmospheres (0.99 pound per cubic- foot). Air "e)ociLies: (a) no air now. (b) 8 feel per second, (c) 12 feel per 
second , (d) 20 leet per second . lnjection pressure, 4,000 pounds per square inch. Orifice diameter, 0 .020 inch. I'onle at outer end of chamber . 
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EFFECT OF MODERATE AIR FLOW ON DISTRIBUTION OF FUEL SPRAYS AFTER INJECTION CUT-OFF 17 

velocity of these reflected spray tips was found to be 
about 3.5 feet per second for an injection pressure of 
4,000 pounds per square inch and at densitie of either 
1 or 13 atmosphere. In moving air the reflected spray 
tips often had velocities greater than the air velocities 
as measured with the pitot-static tube, and sometimes 
even exceeded the sum of the air velocity and the 
velocity of reflection as measUTed in still air. These 
latter cases were probably caused by local air velocities 
near the fan which were greater than the average air 
velocity. In cases where it was po sible to measure 
parts of the pray which had not been reflected from 
the end of the chamber, the spray velocities were found 
to be les than the measured air velocities by amount 
approximating those shown by the estimated curves of 
figures 3 and 4 for drop of O.002-inch diameter. 

Effects of injection pressure on fuel distribution.­
The effect of injection pressure on the di tribution 
are shown in figures 14 to 17, inclusive. FigUTe 14 
shows that an increase in the injection pressure made 
little change in the distribution. In each ca e the 
pray impinged against the honeycomb and such varia­

tions as might have occurred because of difference in 
the ri1tes of penetration or maA'imum penetration were 
consequently lessened. However, the lowest injection 
pressure does show that becau e of its lower velocity 
more of the fuel was left in the pa th of the core follow­
ing injection cut-off and that as a result the air picked 
the spray up more rapicUy than was the case with the 
two higher preSSUTes. With the injection nozzle 
mounted 7 inches from the honeycomb (fig. 15), the 
spray at each injection preSSUTe had lost most of i ts 
velocity by the time it had reached the honeycomb, so 
that the effects of the spray disintegration during in­
jection caused by increasing the injection pressure are 
shown. 

The use of an 0.008-inch orifice (fig. 16) caused a 
more rapid disintegration of the spray and the forma­
tion of smaller drops of the liquid fuel (references 12 
and 15). The fuel was picked up more rapidly than 
was the case with the 0.020-inch orifice. The higher 
injection pressures cau ed more rapid mixing of the 
fuel and air, probably because of more rapid jet disin­
tegration. With the nozzle mounted 7 inches from 
the honeycomb (fig. 17), the differences in the maxi­
mum penetrations at the different injection pressures 
become apparent. 

Effect of chamber dept.h on fuel distribution.-In 
the tests on the effect of chamber depth, a dummy 
chamber similar to that employed by panogle, Hicks, 
and Fo tel' (reference 8) was placed in the spray cham­
ber. The open space in the model was 3.5 inches long, 
2.5 inches wide, and 3.0 inche deep. Two glas plates 
could be in erted, one on each side of the nozzle, to 
reduce the open space to a depth of 1 inch. Figure 18 
shows photographs of sprays injected into this cham­
ber, with and .wi.thout the glass inserts. With the 

hallow chamber the pray did not rebound more than 
2 inches from the end of the chamber within the time 
investigated. However, when the glass inserts were 
removed, the fuel rebounded and filled the entire 
space. No provisions for air {[ow were made with t.his 
set-up, the fan and honeycomb having been removed 
from the chamber. The most probable explanation of 
the differen t action of the spray in the two above­
mentioned cases is that the glas inserts interfered 
with the normal expansion of the spray and with its 
reflection from the end of the chamber. With the 
glas inserts in place, the chamber depth was reduced 
to less than the normal diametcr of the spray at a dis­
tance of 3.5 inches from the nozzle, so that the spray 
could be reflected only into the narrow spaces between 
the plate on either ide of the main spray. 

Fuel distribution with high-dispersion nozzles .- It 
i evident from the foregoiuo- data that to ecnre 
rea onably good di, tribution after cut-off of the fuel 
in the liquid pha e with low air velocities, the nozzle 
must be of a type to give high dispel' ion. Such 
nozzles produce sprays that have a large amount of 
sUlface exposed to the air and have a high rate of 
spray disintegration. Thi combination affords the 
be t opportunity for uniform distribll tion. Figure 19 
hows sprHys from two such nozzle. The multiorifice 

nozzle has a 0.020-inch orifice in the center, two 0.012-
inch orifice at 18° from the centcr, and two 0.006-
inch orifices at 38° from tIle center. The impingino-­
jets nozzle has foul' 0.030-inch orifice in two planes nt 
right angles to each other. Each orifice i, at 37 ° to 
the nozzle aA'i . The enter lines of the orifices inter­
sect at a point 0.040-inch from the orifices. As a 
re ult of this arrangement of orifices the spray had a 
core of large diameter, but disintegration of the core 
started at the point of impingement of the sprays. 
When the sprays from either nozzle were injected into 
still air the fuel proceeded lowly across the chamber 
after injection cut-off. When air moving at a veloci ty 
of 20 fect per second was directed counter to the 
spray the fuel was rapidly distributed throughout the 
chamber. This rapid distribution was particularly 
true of the spray from the multiorifice nozzle. The 
results show that if care is used in designing the dis­
charge nozzle to distribute the fuel to the air, the 
distribution can be materially assisted by air flow at 
moderate velocities. 

CONCLUSIONS 

The following conclusions are drawn from the test 
data and the analysis pre ented: 

1. In fuel-injection engines that have quiescent 
combu tion chambers and in which ignition takes place 
a considerable time interval after the end of injection, 
most of the fuel charge will tend to penetrate to the 
side of the chamber opposite the injection nozzle and 
will thus be concentrated in one part of the combustion 
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FIGURE 14.-ElIect of injection pressure on fuel distribution, with air flow. Air density, 13 atmospheres (0.99 pound per cubic foo t). Air velocity, 20 feet per second . Inj ection pressures: (a) 2,000 pounds per 
square inch, (b) 4,000 pounds per square inch, (c) 6,000 pounds per square inch. Orifice diameter, 0.020 inch . 
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FIGURE 15.- EfIect of injection pressure on fuel distribution, with air flow, Air density, 13 atmospheres (0.99 pound per cubic foot). Air velocity, 20 feet per second. Injection pressures : (a) 2,000 
pounds per square inch, (b) 4,000 pounds per square inch, (c) 6,000 pounds per square inch. Orifice diameter, 0.020 inch. Nozzle at outer end of chamber. 
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FIGURE 16.-EfIect of injection pressure on fuel distribution, with air flow . Air density, 13 atmospheres (0.99 pound per cubic foot). Air velocity, 20 feet per second. Injection pressures: (a) 2,000 pounds per 
square inch, (b) 4,000 pounds per square inch, (c) 6,000 pounds per square inch. Orifice diamP.ler, 0.008 inch. 
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FIG UlI E !i.-Effect of injection pressure on fuel distribution, with air flow. Air dansity, 13 atmospheres (0.99 pound p~r cubic foot) . Air ,elocity, 20 feet per second. Injection pressures: (a) 2,000 
pounds per square inch, (b) 4,000 pounds per square inch, (c) 6,000 pounds per squaro inch. Orifice diameter, 0.008 inch. Nozzle at outer end of chamber. 

FIGUlIE lB.- Fuel distribution in model of combustion chamber. Thickness of chamber: (a) I inch, (b) 3 inches. Injection pressure, 4,000 pounds per square inch. Air density, 13 atmospberes (0.99 pound 
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FlOURE 19.- EITect of air now on sprays from two high-disper. bn nozzhs. Air density, 13 atmospheres (0.99 pound per cubic foot). In jection pressure, 4,000 pounds per sCluare inch . Nozzles: (a) and 
(b), mu1tiorifice nozzle; (c) and (d) , impinging-jets nozzle. Air velo~ities: (a) and (c), no a ir flow, (b) aud (d), 20 feet per second . 
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space. Consequently, the final mixing of the air and 
fuel must be accomplished through the vaporization 
and diffusion of the fu el vapor, through the use of air 
flow, or both. 

2. After spray cut-off, air flow at velocities a low 
fiS 15 or 20 feet per second is effective in promoting 
good distribution of the fuel in the liqu id phase. 

3. If low-velocity air flow is used and if the fuel 
is to be distributed in the liquid phase, it i very 
important that the fuel be well broken up during the 
injection process. Therefore, nozzle of some bigh­
dispersion type are to be preferred in both spark­
ignition and compression-ignition engines. 

4. Increasing the air density, the injection pres­
sure, or the distance which the spray travels before 
meeting the moving air increa es the initial fuel-jet 
disintegration produced by th e nozzle and aid distri­
bution by air flow. 

LANGLEY MEMORIAL A E RO AUTI CAL L ABORATORY, 

J ATIO AL ADVISORY COMMITTEE FOR AERONAUTICS, 

LANGLEY FIELD, VA . , February 14, 1934. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment a.bout axis Angle Velocities 

Force 
(parallel 

Sym- to axis) 
Designation bol symbol 

LongitudinaL __ X X 
LateraL _______ Y Y 
NormaL _______ Z Z 

, 

Absolute coefficients of moment 
L M 

G1= qbS Gm=qcS 
(rolling) (pitching) 

Designation 

Rolling _____ 
Pitching ____ 
yavling _____ 

N 
G,,= qbS 
(yawing) 

Sym-
bol 

L 
M 
N 

Linear 
Positive Designa- Sym- (compo-
direction tion bol nent along Angular 

axis) 

Y---->Z RoIL ____ cf> 'U P 
Z---->X Pitch ____ 6 v q 
X---->Y yaw _____ 

'" 
w r 

Angle of set of control surface (relative to neutral 
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 

7' 
Thrust, absolute coefficient GT = -2D pn • 

Torque, absolute coefficient GQ = ~D5 pn 

P, 

G., 

"I, 

n, 

cf>, 

Power, absolute coefficient Gp = ~D5 
pn 

Speed-power coefficient = ~ ~~: 
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 ft-Ib./sec. 
1 metric horsepower = 1.0132 hp. 
1 m.p.h. =0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h. 

1 lb. = 0.4536 kg. 
1 kg = 2.2046 lb. 
1 mi. = 1,609.35 m = 5,280 ft. 
1 m = 3.2808 ft. 


