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AERONAUTICAL SYMBOLS 
", 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 
Unit Symbol Unit Symbol 

Length ______ _ l 
t 
F 

meter _________________ _ m 
s 

kg 

foot (or mile) ________ _ ft. (or mi.) 
sec. (or hr.) 
lb. 

Time ________ _ second ________________ _ second (or hour) ______ _ 
Force _______ _ weight of one kilogram ___ _ weight of one pound ___ _ 

PoweL_______ P kg/m/s __ _________________________ horsepower __________ _ 
S d {km/h_______________ ___ k. p. h. mi./hr. ______________ _ 

hp 

_ pee ----- --- ---- ------ m/s__ ___ _______________ m. p. s. ft./sec. ______________ _ 
m. p. h. 
f. p. s. 

2. GENERAL SYMBOLS, ETC. 

W, Weight=mg 
g, Standard acceleration of gravity = 9.80665 

m/s2 =32.1740 ft./sec. 2 

m, Mass = W 
g 

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

mk2, Moment of 
radius of 
script) . 

Area. 

inertia (indicate axis of the 
gyration k, by proper sub-

S, 
Sw, 
G, 
b, 

Wing area, etc. 
Gap. 
Span. 

S2) at 15° C. and 760 mm = 0.002378 c, Chord. 
(lb.-ft. -4 sec. 2). b2 

Specific weight of "standard" air, 1.2255 S' Aspect ratio. 

Coefficient of viscosity. kg/m3 = 0.07651 lb./ft.3
• f-L, 

3. AERODYNAMICAL SYMBOLS 

V, True air speed. 

q, Dynamic (or impact) pressure = i p P . 

L, Lift, absolute coefficient OL= q~ 

D, Drag, absolute coefficient aD = {j; 
Do, Profile drag, absolute coefficient ODO=~S 

D j, Induced drag, absolute coefficient ODj=~S 

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

a 
OC=qS 

R, Resultant force. 
i w, Angle of setting of wings (relative to 

thrust line). 

Q, Resultant moment. 
n, Resultant angular velocity. 
Vl 

p- ' Reynolds Number, where l is a linear 
J.I. 

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 cm chord 40 mIs, 
the corresponding number is 274,000. 

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

<x, Angle of attack. 
E, Angle of downwash. 
<Xo, Angle of attack, infinite aspect ratio. 
<Xt, Angle of attack, induced. 
<Xa , Angle of attack, absolute. 

Ii>.. Angle of stabilizer 
thrust line). 

(Measured from zero lift position.) 
setting (relative to 'Y Flight path angle. 
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REPORT No. 429 

THE N. A. C. A. APPARATUS FOR STUDYING THE FORMATION AND COMBUSTION 
OF FUEL SPRAYS AND THE RESULTS FROM PRELIMINARY TESTS 

By A. M . Rm'RRocK 

SUMMARY 

Thi report de cribes the appaTatus a designed and 
con tructed at the Langley Memorial Aeronautical Lab­
oratory, jor studying the jormation and combustion oj 
juel sprays under conditions clo ely simulating those oc­
curring in a high-speed compre sion-igniti on engine. 
The apparatus consi t oj a single-cylinder modijied test 
engine, a juel-injection sy tem so designed that a single 
charge oj juel can be injected into the combustion chamber 
oj the engine, an electric driving motm', and a high- peed 
photographic appaTatus. The cylinder head oj the engine 
has a vertical-dislc jorm oj combustion chamber whose 
sides are glass windows. When the juel is injected into 
the combustion chamber, motion pictures at the rate of 
2,000 per second are taken oj the pray jOTmation by 
means oj spaTk di chaTges. When combustion takes 
place the light oj the combustion is TecoTded on the same 
photographic film a the spTay photogTaphs. 

The report includes the Tesult oj some tests to determine 
the effect oj air temperature, ail' flow , and nozzle design 
on the pTay jormation. The Te ults show that the com­
pTession tempeTatu1'e ha li ttle effect on the penetration oj 
the fuel spray but doe affect the di persion, that air 
velocities oj about 300 jeet pel' econd are neces a1'y to 
destroy the COTe oj the pray, and that the effect oj air 
flow on the pTaY is contTolled to a ceTtain extent by the 
de ign oj the injection nozzle. The result on the com­
bu tion oj the spray show that when ignition doe not 
take place until ajte1' pTaY cut-off the igni tion may start 
almo t simultaneously throughout the combu ti on chamber 
or at diffeTent point throughout the chambeT. When 
ignition takes place befoTe spTay cut-off the combustion 
starts around the edge oj the pray and then pTe ads 
thToughout the chamber' . 

IN TROD CTION 

During the pa t five year the ational Ad"i ory 
Committee for Aeronautic has published con iderabl e 
information on the formation of fuel spray for high­
speed compression-ignition engine. The majority of 
the inve tigation reported have dealt with the effects 
on the fu el spray of the inj ection-nozzle de ign, of the 
inj ection system, and of the den ity of the air into which 
the fuel has been sprayed. Only one report ha been 
published by the committee (reference 1) on the efrector 

hiah air temperature on the formation and penetra­
tion of the fuel spray. The tests reported in this 
reference, although conducted by praying the fuel 
into air at atmospheric pres ure, indicated the neces­
si ty of extending the re earches of the committee to 
include a study of the spray formation and penetration 
into air at the temperature and densities in the COD1-

bu ~ion chambers of high-speed compre ion-ignition 
engmes. 

In addition to tudying the formation and penetra­
tion of the fu el pray in the engine it i nece ary to 
study the combu tion of the fuel pray. Inye tiga­
tions on the phenomena of combustion as applied to 
the compre sion-ignition engine have been conducted 
principally in England and Germany. Some of the 
earlie t work was done by 100re. (Reference 2.) 
Hi te t were made to determine the auto-ignition 
temperature of liquid fuels at atmo pheric pressure. 
Thi work wa extended by Woller and Ehmcke (1'ef­
m'ence 3) and by Alt (reference 4). The next step wa 
to inve tigate the effect of air den ity on the auto­
ignition temperature of fuel prayed into heated den e 
air. uch te t ,"-ere cond ucted by Hawke (reference 
5), Bird (reference 6), T au z and chulte (reference 
7), and eumann (reference ). These arne inve ti­
gator al 0 determined the elIect of air temperature 
on the time lag of auto-igni tion. Bird (reference 9) 
then extended the te t by photographing the combus­
tion in a con tant-volume chamber. Bird's tests were 
the fir t in which ignition lags were recorded a low as 
0.004 econd, a yalue of the arne order of magnitude 
a that obtained in high- peed compre ion-ignition 
engine . ::\1ader (reference 10), by mean of a mall 
ala window placed in the combu tion chamber of 
a compression-ignition engine, obtained troboscopic 
pictures of the combustion of the fuel pray. Tizard 
and Pye (reference 11 ) and Fenning and Cotton (ref­
erence 12) and Duchene (reference 13) conducted test 
in which the auto-ignition lag of ga e ignited by 
adiabati compre sion wa measured. In addition, 
Duchene photographed the combu tion in a mall glass 
cylinder in which ignition wa cau ed by adiabatic 
compre ion of th ga e . 

are ult of an analy i of the preceding inve tiaa­
tion it Was decided to extend the research on comblk-

3 
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tion by constructing an apparatus that would permit 
photographing the combu tion of fuel spray in a 
chamber in which the air was heated by adiabatic 
compression and in which the combu tion continued 
during the expan ion of the gases . This apparatus 
when lIsed in conjunction with the photographic appa­
ratus of the N. A. C. A. spray-photoD"raphy equipment 
(reference 14) would permit photographs to be ob­
tained of both the pray formation and combustion 
under conditions which cIo ely imulate tho e in the 
combustion chamber of a compres ion-ignition engine. 

system, and driving motor is shown in Figure 1, and a 
ketch of the engine and the injection y temin Figure 2. 

Test engine .- The combustion chamber of the 
engine has a diameter of 3 inches and a depth of seven­
eighth inch. This shape wa cho en becau e it per­
mits the two ides of the chamber to be mad of gla 
disks. There are two I -inch thick windows on each 
ide of the chamber separated by an air space which i 

connected to a tank of compressed air. Since the ail' 
temperatures of 2,000 0 to 3,0000 F. absolute and pre -

xcess of 800 pound per quare inch arc 

FJGL' RE I.- Engine unit, fuel injection system, aod d,.i\·iog moto,. 

The purpo e of thi report is to de cribe the appa­
ratus a designed and constructed by the ational 
Advi ory Committee for Aeronautic at Langley 
Field, Va., find to pre en tome of tl e preliminary 
test results which are repre entatiye of the re ults 
that can be obtained with the apparatus. nle 
otherwise tated, all te ts were conducted with Diesel 
fuel. 

DESCRIPTIO OF APPARAT S 

The apparatus con i t essentially of a modified 
single-cylinder test engine, an electric motor for driving 
the te t engine, a fuel-injection y tem driven from the 
crank haft of the engine, and a high- peed photo­
graphic system. A photograph of th engine, injection 

reached in the combu tion chamber the conditions to 
which the inner window are expo ed are extremely 
evere. The ma).i.:mum tre on the inner window 

i reduced by maintaining an air pre sure between the 
windows of approximately 450 pound per quare inch . 
The combustion chamber is connected to the displace­
ment volume of the engine by a rectangular orifice of 
a ize (0.695 square inch in area) to produce calculated 
air velocities of 300 feet per second in the chamber. 

There are two openings in the cylinder head for the 
inj ection valve 0 that the efI"ect of air velocitie an 
be tudied with the spray directed normal to or counter 
to the air flow. The third opening i u ed for a m axi­
mum pres ure indicator . 

I 
\' 
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The cylinder of the engine has a bore of 5 inches 
and a stroke of 7 inches. The volumetric compression 
ratio of the engine is 15.8. At the bottom of the troke 
the piston uncovers ports in the cylinder wall. The e 
port are connected to a cam-operated poppet valve 
so adjusted that it is open when the pi ton i at bottom 
center. These ports and the valve permit air to enter 
the cylinder and com pen ate for air leakage around 
the piston rings. In addition, the inlet manifold may 
be connected to an air compressor so that the eLrect. 
of increased air density on the fuel pray and on the 
combu tion may be studied. 

Cylinder 

Fio-nre 2 the camshaft of the injection system makes 
a single revolution at a speed one-half the engme 
crankshaft peed. 

Injection system.- The injection system is of the 
type u ed on the N. A. C. A. spray-photography 
equipment. This sy tem wa chosen becau e it 
characteristics have been extensively invC'stigatecl by 
Oelalles (reference 15), who detel'minC'Cl the C'fl'ect of 
the different variables in the injection y tem on the 
development of the fuel pray, and by the author 
(reference 16) who determined the efrect of the different 
variable in the injection system on the instan taneolls 

_ To hiqh pressure 
:' air lank 

b,lnitial pressure 
control valve 

aiG/ass 
windows ,'To 

Injection 
valve 

Section B-B 

Clutch mechanism 

_-Spark 
--- discharge 

ttf=:!f=r---1f='t1Mr~~~i&l~l,--rlU~I'1Il-m-i-m-,ft--11 switch 

c, Timing qear 
d, Clutch 

e, Serrated coupling 
f, Cui-off valve cam 
g, Timinq valve cam 

FH1t'RE 2.-Test engine unit and fuel·inject ion system 

The cored passage ill the cylinder head and the 
jacket around the cylinder arc connected t an elec­
trically heated tank containing glycerin. By mean 
of this liquid, temperatllTeS of 500 0 F. can be main­
tained in the cylinder jacket and the cylinder head. 
A suitable pump i used to circulate the glycerin. 

One end of the crank haft is connected to the elec­
tric driving motor, and the other end to the timing 
gear through which the injection y tern is driven. 
The timing gear i calibrated 0 that the start of 
injection can be yaried in increment of 1 crank haft 
degree. The shaft connecting the timing gear to the 
injection ystem i. separated by a clutch similar to 
tho e employed on press punches. When this clu tch 
is engaged by mean of the mechanism hown in 

pre ure at the di charge orifice of the injection yal\'('. 
The ystem con i t of a high-pres ure re. e['voir to 
which fuel i forced under pre nre up to 10,000 pound 
per quare inch by mean of a hand pump; a timing 
valve connected by suitable tubing to the injection 
Yalve; a by-pa s vuh-e for controlling the injection 
period; and a yalve for controlling the initial pre ure 
in the injection tube before the tart of injection. The 
tu be connecting the timing yalw and the injection 
yalve i 50 inche~ long 0 that the instantaneous pres-
ure at the di charge orifice \,,"ill not fluctuate because 

of the pre ure-wav phenomena. (Reference 16.) 
A hand-operated needle nIve in the top of the high­
pre sure reserVOlr allows air to be relca cd rrom the 
re erVOll'. 
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Door swtfc h 

ceO volls c:::. Supply Ime::=cITI 
Rheostals ~ 

Circui l 
breaker 

HIgh - tensIOn 
t ransformer 

Combuslion 
chamber 

J] 
Tr ansformer 
for Kene tron 
lube 

vol ve 

Glas s 
window 

Kene l ron 
l ube 

Rotary­
dtstrtbul r 
switch 

r Porabo/lc 
re f/ector Safety 

s wdch 
Swtfch on door 

Spark - dIscharge swtlch 
sy nchronized wtlh rue/ ­
sproy dtscharge 

FIGL' HE 3.- Photographic apparatus 
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FIGUHE 4.-Reproducibili ty of fu el spray. Injection valve in hori zontal position . Injection pressure, 4 ,000 lbs. 
per sq . in. E ngine speed 1,500 r. p. m. 

When the clu tch mechani m i 
engaged by the operating lever the 
first cam opens the timing v alve, 
which release the fu el under pre -
ure in the reservoir to the auto­

matic inj ection valve. Injec tion 
con tinue un til the econd cam 
open the by-pa s valve, at 
which time the hydraulic pre -
sure in the high-pres ure r e er­
voir is released to atmosph eric 
pre UTe and the inj ection is 
stopped. The period of in jec­
tion can be varied by mean of 
the serra ted coupling connecting 
the by-pa valve cam to the 
cam h aft . 

Photographic equipment.-
Figure 3 show a diagrammatic 
sketch of th e high- peed pho­
tographic y t e m and the 
arrangemen t of the camera and 
th e p ark gap r clative to the 
combustion cham ber in which 
the inj ection valve i sh ow n 
m ounted in the horizon tal posi­
tion . In the operation of th e 
electric circui t the rotary di tri­
butor i driven at a speed of ap­
proximately 2,400 r. p. m . The 
primary circuit of the high- ten­
sion transformer is clo ed ch arg­
iog the electric conden er to 30,-
000 vol t through the keno tron 
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Lube for rectifying the current. When the clu tch for 
the fuel -injection sy tern is engaged, the rotation of tIle 
cam shaft close the spark-discharge . witch grounding 
the condensers through the spark gap. The con­
densers are therefore con ecutively discharged as the 

Orifice 
A 
B 
C 
o 

c 

Nozzle No. 18 
Oiameter Lengfh 

0.007 0.014 
0.018 0.036 
0.012 0.024 
0010 0020 

Nozzle No. 17 
I 0.005 I 0.010 

FIGURE 5.- l\[ultiorifice nozzles 

contact on the rotary distributor complete the con­
den er circuit. With the four contact a sho\yn in 
F igure 3, the rate of di charge of the condenser i 
4,000 per second. For the pre ent s rie of te t two 

of the contact were removed, glvmg a rate of dis­
charge of 2,000 per second. TJJe light from each con­
denser di cbarge is reflected from the parabolic mirror 
so that a converging beam enters the combustion 
chamber. The lens mounted in the camera then 
focll e the imaO"e of the chamber onto the film mOlln ted 
on the rotating film drum. The drum ho. a diameter 
of 30 inches and turns at a peripheral peed of 2,000 
inche per second. By means of a serrated coupling 
connecting the spark discharge witch with the cam 
shaft, the time of start of the park discharges can be 
synchronized with the Lart of the fuel injection into 
the combu tion chamher. Wh n the injection take 
place tbe ligh t from the park discharge is intercepted 
by the fuel sp ray so ihat silhouette of the spray are 
recorded on the photof!;/"llphic film. When comhu tion 
take place the light of the comhustion i focused onto 
the rotating fi lm by the len. Con equently, high­
speed motion picture are obtained of the spray but a 
continuous picture i obtained of the combu tion. 
Standard commercial photographic film i used with 
satisfactory 1'e. ults. 

RESULTS F ROM PRELIMI ARY TE TS 

REl'RODUCIBl LITY OF FUEL PRAYS 

The object of the fir L test conducted was to deter­
mine the reproducibility of the fuel spra.v. Figure 4 
hows three pray photograph taken with nozzle 
o. 1 (fig. 5) under the ame condition. There i 

little variation in the penetration of he pray in the 
three photograph. There i , however, a din'eren e in 
the di. per ion of th pray. In the top photograph 
the pray wa well di per ed a 10° after top center. 

-6 
~ 5 

- 4 

- 3 II) 
Q.) 

- 2,£: 
_ I U 

c 
0 '-

.008 .007 .006 .005 .004 .003 .002 .DOl 0 

.007 

Time, second 
I n jection in a ir at room t e,m p e ra t u re 

.006 .005 
Ti me, 

D04 .003 
5 e co n d 

Injection in engine at t op center 

.002 .001 

~ 

c 
0 

t-
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3 L 
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2~ 
Q) 
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FIGURE 6.-Elfect of temperature on fuel spray. Injection pressure, 4,000 lbs. per sq. ill. .Ur density, l.llbs. per cu. ft. Engine speed, 1,500 r. p. m. 
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In the second photograph the spray did no t fill the 
volume of the ch amber included between the windows 
until 20° after top cen ter . In the third pho tograph 
the dispersion was abou t the same as in the second. 
The reproducibility of the sprays is considered satis­
fflctory . 

E FFECT OF AIR TEMPERATURE 0 THE F UEL SPRAY 

Photographs were taken of the fu el spray in th e 
combu tion chamber u inC' nozzle 10 . 1 with the 
injection star ting at top cen ter so that the veloci ty 
of air flow in the chamber wo uld be a minimum. Wi th 
the ame injection valve and nozzle, pho tographs were 
taken of the fuel pray in the spray chamber of the 
spray-photography equipmen t at an air density of 1.1 
pounds per cu bi foot and at room temperature. The 
re ults are shown in Figure 6. Both serie of photo­
graph are ilhouet tes. The rate of penetration of the 
fpray tip wa lightly decreased in the hot ail' ; and 
the fuel di per ed throll C'hou t the cham ber to a C'reater 
extent than in the air at room temperature. In the 
cold air , after the Cll t-ofl' of inj ection the spray cliffu ed 
lowly throughou t the chamber bu t at all tim es ligh t 

wa. transmitted through the chamber. With inj ection 
into the hot air t he spray completely blocked out the 
light after 0.004 eeond . Inj ection cu t-oft· occurred at 
t1 pproximately (' .003 econd. Whether 0 1' no t thi 
difl'usion througl ou t the chamber is accompanied by 
appreciable vaporization can no t be told from the 
photograph . T he photographs show that observa­
tions of fuel spray obLained io air at room temperature 
but at a density COlTe ponding to that in the com­
bu tion cham ber of a compre ion-igni tion en C'ine 
yield information on the spray characteri tic which 
i directly applicable to engine condi tion. That 
Gelall es (reference 1) ob erved a decided deCl·ea. e in 
penetration in hot air can be attribu ted to th at fact 
that in his te ts the fuel wa considerably heated 
before inj ection . 

The result pre en t a check on the te ts l:n ade by 
Joachim and Beard Icy which howed that it wa the 
air densi ty and not the ail' pressure that afl'ect the 
spray penetration. (Refcrence 17 .) In their tc t it 
wa shown that at room temperatm e inCl'ea ing the 
~1 ir pre ure from 200 to 400 pound pel' squ are inch 
decreased the di tance of the spray-tip penetration 
28 per cen t at the nd of 0.001 econd. In the tests 
from which the photographs in Figure 3 were obtained 
the air pres ure lor in jection into air at room tem­
perature was 210 pound per squ are inch, whereas the 
pressure in the engine with the piston at top cen ter 
was 465 pound per square inch. 

EFFECT O F AI R FLOW 0 THE FUEL SPR A Y 

The ail' veloci ty (fi g. 7) through the orifice connect­
ing the COIn bustion chamber to the displacement. 

I volume was compu ted for an engine speed of 1,500 
T . p . m . by the method given in reference 7. The 
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FIG\:RE 7.- Computed air "elodty through orifice connecting combustion cham· 
bel' with displacement "olume at engine speed of 1,500 r. p. m. 
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swrt crank Symbol velocity Description 
degrees through 

jet 

1----1---- -- ------------

50° 
B. T. C. 

40° 
B. T. C . 

30° 
B.T. C. 

20° 
fl. T. C. 

10° 
B. '1': C. 

T . C. 

b 

c 

d 

a 

b 

c 

d 

a 
h 
c 

<I 
r 
f 

a 

b 

b 

c 
d 

8 

b 
c 
d 
c 
f 
g 
h 

Fut per 
second 

2iO Sta r t of spray; note cylind rical shape 
as compared with figures in reference 
17. 

:310 Core of spray dertected upward, fuel 
filling upper section of chamber. 

330 Fuel in first section of spray denected 
downward by air whirls; remaiuder 
or spray denectcd upward by mail] 
air jet. 

330 Hemainder of core (afler cut-off) blown 
diagonally acroSS chamber. 

330 light secondary discha rge. 
Chamber clear for all uccessive photo· 

graphs. 

310 Core of spray and surrounding envelope 
blown upward filling upper part of 
cbamber. 

340 Spray d iffused so that core is not d is­
tinct. 

330 pray again distinct with fuel being 
blown away rrom core. 
hamber clear for a ll remaining photo· 
graphs. 

340 See (c) for 50° B. T. C . 
300 ee (b) for 40° B. T. C. 
220 Core of spray distinguishable but de­

necled upward . 
- 90 , 'pray reflected from edge of cham her . 
-90 • ee (d ) for .;0° B. 'I'. C. 

Chamber again fogging after having 
remained clear for 40°. 

280 lend of spray blown upward to tOl' of 
cham her . 

280 Virst section of spray unaffccted by a ir 
flow. 

-90 

-270 

}---------
-330 

-330 
-330 

f ... -----

Chamber almost completely fogged . 
NOTE.- No photographs show cham· 

bel' clear afler injection cu t·off. 

Spray still deflected upward though 
air flow through orifice is reversed. 

Edge of spray blown downward by 
reversed air flow. 

Chamber becomin~ fogged from edge 
away from injecLlon valve lo edge in 
which injection val ve is mounted. 

Edge of spray blown downward by 
reversed ai r flow. 

Do. 
Spray reflected from edge of chamber. 

Chamber fogging as in (ed) 10° B. T . 
bu t process less rapid. 
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70 A.T.e. 60 50 40 30 20 \0 
Time, crankshaft degrees 

A.T.e. 40 30 20 10 0 
Time, crankshaft degrees 

20 \0 0 \0 
Time,crankshaft degrees 

A.T.e. 40 30 20 10 a 10 20 
Time, crankshaft degrees 

A.T.C. 20 10 a 10 20 30 
Time, cran kshaft degrees 

20 AT.C. 10 o ID 20 30 40 
Time, crankshaft degrees 

2 
(j) 
QI 

0 
.£ 
v 
c: 

0 B.T.C. c 
0 

-+-
0 
L 

+ 
2 QJ 

c: 
<u 

I 0... 

0 

10 B.T.C . 

20 BT.C. ~ 

o 

30 B.T.C. 

2 
Vl 
II 

0-5 
c 

40 B.T.C. g 

50 B.T.C. 

"t-

o 
L 

4-

2 ~ 
QJ ,lL 

o 

FIGURE .-Effect of air flow on the fuel spray. Injection valve in horizontal position. Injection pressure. 4,000 Ibs. per sq. in. Engine speed, 1.500 r. p. m. 
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curve is plotted hom right to left to correspond with 
the spray photographs. From 38° to 14° B. T. O. 
the variation in velocity was only 40 feet per second. 
Aiter 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 chamber. 

FigUTe ( ee al 0 Table I ) shows the effect of the 
air flow on the spray from a single 0.020-inch orifice 
with the injection valve mounted in the horizontal 
po i tion 0 that he air flow i normal to the pray. 
With injection starting at 50° before top center the air 
volocity at tho time when the spray had penetrated 
acros tho chamber was sufficient to blow the fuel 
away from the edge of the pray and to deflect lightly 
tho main core of the spray. The fuel from the part of 
the pray in the center of the chamb r wa blown 
upward by the incoming air, and the fuel clo e to the 
inj ection valve was blown downward by the air whirl. 
At 21 ° before top center the deflection of the core of 
the pray i hown. The succeeding expo ures how 
no spray, indicating that the fuel is either well eli -
persed or vaporized. 

With injection tarting at 40° before top center the 
same tendencie are ob erved as in the previou photo­
graph. With injection starting at 30° before top 
cen ter tho spray in tho fiT t pray exposure is shown 
heing blown upward in the direction of the air flow. 
In the econd expo nre the pray ha traver ed beyond 
the middle of the cham\> r, but ha been bent upward. 
Between 35° and 45° after top center the chamber 
becomes fogged. This extremely rapid fogging i 
ob erved in all the photograph with injection tartino­
at or later than 30° before top center. The exact 
cause of it i not known. It is po ible that it i 
cau ed by udden condensation of fuel vapor when the 
partial pre ure of tho fuel vapor, on the down stroke 
of the pi ton, reache the aturated vapor pres ure of 
the fuel. 

The photograph for injection starting at 20° before 
top center hows the ame general effect as those 
hown in the preceding photograph. However, with 

inj ection tarting at 10° before top center the air flow 
had con iderably less effect on the pray. It i inter­
o ting to observe that when the spray continued after 
top center the direction of th air flow 'wa rev red; 
tho spray wa deflected downward although the main 
core of the spray was not de troyed. With 'injection 
tarting at top center the pray after traver ing the 

chamber wa reflected from the chamber wall. 
A comparison of all the photograph how that the 

air flow produced by the piston forcing the air through 
a narrow restriction between the di placement volume 
and the combustion chamber had a decided effect on 
the spray, the magnitude of the effect depending on 
the injection timing. The photograph and the com­
putation show that air velocities of approximately 
300 feet per second were necessary to appreciably 

deflect the main core of the spray. (Oompare with 
results published in reference 18. ) 

T ABLE II (Fig. 9) 

Co m· 
I njection pu ted ai r 

start crank Sym bol velocity Description 
degrees through 

40· 
B.T. C. 

;JO· 
B.T.C . 

20· 
B .T . 

10· 
R T.C. 

T .C. 

B 
b 

c 

d 

e 

B 
b 

c 

d 

e 
f 

a 

b 

c 

d 
e 
I 

a 

b 

c 
d 
e 
f 
g 
h 
a 
b 
c 
d 
e 
f 
g 

orifice 

Feet per 
second 

290 
330 

31 0 

2 0 

340 
300 

o 
-220 

~60 

- J ~O 

-230 

Spray shows lil lie effect of ai r flow. 
Decided effectofai r fl ow particularl y at 

top !Lnd bottom of spray. 
Large spray cone angle caused by air 

fl ow. '1'i P of spray just reaches bot· 
tom of chamber. 

After injection cut-of!. Spray being 
blown to Lop of chamber . 

Chamber clear for all successive photo-
graphs. I 

Spray similar to that at (a) 40· B .T.C. 
Air !low effectively distr ibuting spray 

th rougbout chamber. 
pray fi lling greater part of chamber bu t 
distr ibuLioD uneveo. 

Diffusion of spray conti nuing. Some 
light transmit ted througb all of cba m­
ber . 
hamber clear. 

Chamber again al most completely 
fogged. I 

Air aow affecting spray bu t not to sa me 
extent as (b) 30· B.T .C . 
pray de!lected more to one side of cham· 
ber t ban otber probably because of 
uneveness of air flow. 

Alter cut-off. Spray di ffu sing through­
out chamber . 

Chamber clearing. 
} - --- -- Chamber becoming fogged Irom bollom 

to top. 

)20 

- J20 

-2iO 

NOTE.- No photograpbs in which cha m­
ber is entirely clear. 

ligbt eUect ola ir movement OLl envelope 
of spray. No effect on main core of 
spray. 

Spray starting to d iUuse u neveul y 
tbrougbou t cha 10 ber. 

pray fo rmation similar to (b). 

}_._----_. ligbt fogg ing throughout chamber . 

} Cha mber becomes almost completely 
--- - . fogged. 

- 120 }SllraY shows li llie effect of a ir fl ow a nd 
-300 no tendency to d iffuse throughOUI 
-340 chamber. 

{
Spray diffusing I hroughout cha mber. 

-- Cha mber slightl y fogged. 
Chamber fogged t hroughout, fogging 

taking place very rapid ly. 

Figure 9 (see al 0 Table II) hows th e effect of air 
flow on the fuel spray from 11 ingle 0.020-inch orifice 
with the injection valve mounted in the vertical po i­
tion so thl1t the air flow is counter to the spray . With 
injection starting at 40° before top center the pray 
penetrated aero the ection of the chamber included 
in the gla windows but was blown backward between 
10° before top center and top center, after which cut­
off occurred. With injection tarting 30° before top 
center the spray penetrated the depth of the chamber 
but the spray angle wa considerably increa ed by 
the air velocity directed again t the spray. With 
injection tarting at 20° before top center the spray 
again penetrated the depth of the chamber and as 
before the pray angle was considerably increased. 
With inj ection . tarting at 10° before top center there 
was a decrease in the efi'ect of air flow on the fuel 
spray. With injection starting at top center there 
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30 A .T.e . 20 10 0 10 20 30 B.T.C. 40 
Time, crankshaft degre e s 

FIGURE D.-Effect of air fl o\\' on the fuel spray. Injection Ysh'e in "ertical position. Injection pressure, 4,000 lbs. per sq. in. Engine speed, 
1,500 r. p. m . 
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was no appreciable effect of the reversed air flow on the 
spray. The cone angle of the spray was approximately 
that observed when the fuel was inj ected into air at 
room temperature. (Reference 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 pray. 

Figure 10 hows the effect of the direction of the air 
fl ow relative to the fuel sprays from nozzle No. 17, 
Figure 5. This nozzle is the ame as nozzle No. 18 
except that the C orifices have a diameter of 0.005 
inch in tead of 0.012 inch. In general, the results are 
the same as those obtained with the single 0.020-incb 
orifice. 

F igure 11 shows the effect of the air flow on the fuel 
sprays from nozzle No.1. With inj ection starting 
at 50° before top center the air flow h ad no appreciable 
effect oLl. the spray until after cu t-off, which occurred 
between 30° and 20° before top center. At no t imo 
did the spray completely block out the light from the 
spark discharge. After cut-off, the moving air had 
considerable effect on the spray, dispersing the fu el 
unevenly throughout the chamber. With inj ection 
tarting at 40° before top center the first spray ex­

posure hows fuel being bloVl'll away from the tip of 
the spray. The air flow between 30° fLnd ~WO before 
top center blew the spray a ide to a certain extent but 
the central sprays of the cores were li ttle affected . 
After cut-off the light from the park di charges wa 
not completely blocked out but there was more 
blocking than was hown in the previous photograph . 
The distribu tion after cut-off was still very uneven. 
\ iVith injection starting at 30° before top conteI' the 
fuel did not penetrate across the chamber. The 
individual sprays can not be distinguished after 15° 
before top cen ter. Between 20° and 30° after top 
center the light from the spark discharges was con: ­
pletely blocked out. With inj ection starting at 20° 
before top center the effect of the air flow wa about 
the same as with injection staTting at 30° before top 
center. Complete diffusion of the spray throughout 
the chamber occured between 20° and 30° after top 
center and apparently very soon after cut-off. 

With inj ection star ting at 10° before top center the 
effect of the ail' flow was quite marked, but the pene­
tration of the spray was greater than that obtained 
with injection starting at 20° before top center. 
Diffusion throughout the chamber occurred at cut­
off. With injection starting at top center the air flow 
had little effect on the spray. This photograph is 
the same as shown in Figure 4. 

The photographs in Figure 11 how that enlarging 
the C orifices from 0.005 inch diameter to 0.012 inch 
diameter had a decided effect on the spray when the 
air flow was directed normal to the spray. The re-

suIts indicate that the sprays from the larger orifices 
tended to stop the air flow so that there was no deflec­
tion of the central core of the sprays. With low air 
velocities the distribution improved very rapidly 
following the cut-off of injection. The photographs 
show how the dispersion of the fuel during inj ection is 
improved by the use of high air velocities. 

Figure 12 shows the effect of air flow on the spray 
from nozzle No. 1 mounted in the vertical position. 
The fuel u ed in this te t was a hydrogenated fuel 
known a safety fuel, tho propertio of which will be 
discussed later. With the inj ection starting at 40° 
before top center the spray spread out, tending to fill 
the whole chamber. H owever, the moving air dire ted 
again t the spray prevented the fuel from reaching the 
bottom of the combustion chamber. Between 20° 
before top center and top center the fuel was blown 
backward, decreasing the penetration. The sprays at 
an angle to the center line of the combu tion chamber 
were blown somewhat to one side. The exposure at 
top center shows the fuel principally in the center of 
the chamber. The next two exposures show the spray 
reaching the bottom of the chamber and tarting to 
diffuse throughout the chamber. The re t of the photo­
graph hows the continuation of this diffusion. 

With injection starting at 30° before top center a 
maximum penetration was reached betweon 20° and 
10° before top center. The penetration then decrea ed 
until after top center, at which time the fuel tar ted 
to difIu e throughout the whole chamber. Between 
20° and 30° after top center the combustion chamber 
cleared considerably and then fogged again. With 
injection starting at 20° before top cen ter the penetra­
tion across the chamber was low until after top center , 
at which timo the air veloci ty through the throat was 
reversed. The sprays then penetrated to the bottom 
of the chamber , but the air-fuel mixture throughout 
the chamber was not uniform. With injection start­
ing at top center the penetration was slow until about 
10° after top center, at which time the pray reached 
the bottom of the chamber. The succeeding exposures 
show the prays gradually diffu sing throuo-hou t the 
chamber. 

EFFECT OF PHYSI CAL PUOPEUTlES OF THE FUEL OF THE FUE L 
SPUAY 

Figure 13 shows a spray photograph obtained with 
Diesel fuel and nozzle J o. 1 , and a series of photo­
graph obtained with safety fuel under the same con­
ditions. F igure 14 shows the di tillation curves of the 
two fuels and ome of their physical propertie are 
given in the following table: 

I I Diesel fu el Safety fuel 

SpeciJic gravity at 100· F _._ ... 1 O. 3 O. 
Viscosity at 100· F., poise_ ._.. .022 .021 
Surface tension , lb . per in ___ . 1.6XJO- ' at 73· F. I. 7X lO- ' at 85° F . 
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FIGURE 1O.-Elfect of posit ion of in jection "a1ve ou the fuel spray. Injection pr ure, 4,000 Ibs. per sQ. in. 
Engine speed, 1,500 r. p. m. 
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A.T.C. 60 50 40 30 20 10 
Ti m e, cra nk sh aft degrees 

A.T.C. 50 40 30 2 0 10 0 
Time, crankshaft degrees 

AT.C. 40 30 20 10 0 10 
Time, c r ankshaft degrees 

4 0 AT C. 3(} 20 /0 0 10 2 0 
Time, crank shaft degrees 

20 30 40 
Time, crankshaft deg rees 

10 

2 

I~ 
-C 
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O.S 
0 B.T.C . 

BTC. 20 

20 BTe. 

30 B .T.C . 
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F,GURE lJ.-EfTect of a ir now on the fu el spray . IUjection valve in hor izonta l position. I njection pressure, 4,000 lbs. per sq. in. Engine speed, 1,500 r. p. ITI . 
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550 
Diesel fuel ' -I 

/ 
500 

/' 

/ 

l..---
..--- ...... 

V V 

/ ---V-

------/ l------....... 

/ '-"Sofety fuel 

I 
350 

20 40 60 80 100 
Percentage distillation 

F,GU RE H.- Distillation curves of Diesel fuel and of safety fuel at 
atmospheric pressure 

The Diesel fuel penetrated faster than the safety 
fuel and wa les affected by the au' flow even though 
the Diesel fuel had the lower pecific gravity. 
(See reference 17 .) Because of i t greater pene­
tration the Die el fuel spray formed the better 
mixture with the air. The general characteli tics 
of the pray are the ame a those di cu sed in 
the preceding paragraph. The fact that no light 
was tran mit ted through the windows aIter 27 0 

after top center with the Die el fuel and that light 
was tran mitted through the windows until 50 0 

after top center with the afety fuel, which had 
the lower boiling temperature range, is a further 
indication that conden ation of the Diesel fuel 
vapors took place. However, further re earch 
is necessary before a definite conclusion can be 
drawn. The figure indicate that volatility i 
an important factor in the distribution of the 
fuel spray. 

COM BUSTIO OF THE FUEL SP RAY 

to the heat absorbed from the cylinder wall during the 
first part of compression and the latter part of expan­
sion. At this condition of equilibrium, the tempera­
ture of the charge at the beginning, and consequently 
at the end, of compres ion is considerably lower than 
thatexi tingwhen the airchargeis continually renewed. 

In the present apparatus thi phenomenon took 
place to ome extent. However, since ome au" was 
taken in through the port at the tart of each troke 
to compensate for the air 10 t through leakage around 
the pi ton ring, there was additional heat input to the 
engine at the start of each stroke. Exactly how low 
the final expansion temperature became during the 
approximately 1,500 revolutions between the starting 
of the engine and the photographing of the injection is 
not known. 

Dming the tests the results of which have just been 
presented, the temperature of the air in the combustion 
chamber wa not sufficient to cause combustion. 
When the cylinder head and jacket were heated to 
190 0 or 200 0 F. combu tion 0 cUlTed everal engine 
revolu tion a f tel' the in j ec tion, provided that the 
ail/ fucl ratio was approximately 5. \Yith smaller fuel 

30 20 10 
TI'me, crankshaft degrees 

When a single charge of au" is rep atedly 
compressed and expanded, heat is given up to 
the cylinder during the fir t compre ion 0 

that the compre ion temperature i les than 
that which would have been obtained had the 
compression been strictly adiabatic. During the 
fir t expan ion more heat i given up to the cylinder 
wall 0 that the temperature at the end of the fir t 
expansion isle s than the temperature at the begin­

FIGl:RE IS.-Combustion with ignition lag of several engine re,-olutions. Injection valve 
in vertical position. Injection pr " ure, 4,000 Ihs. per sq. in. Engine speed, 1,500 r. p. m. 

ning of the fir t compre ion. Thi action i repeated on 
the succes ive compressions and expan ion un til an eq ui­
librium of heat transfer is reached in which the heat 
given up to the cylinder walls during the latter part 
of compression and the fir t part of expansion is equal 

quantitie combu tion occurred only after five or ix 
injection. Combu tion would not take place even 
with an exce of fuel unle the injection valve wa 
mounted in the vertical position, howing that even 
with an ignition lag of several revolutions of the engine 
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the combustion wa affected by the direction of the 
air flow relative to the fuel prays. 

Three photograph of combustion under the e condi­
tions with nozzle o. 1 are shown in Figure 15. The 
top photograph how rather weak combustion tarting 
almost imultaneou ly throughout the combustion 
chamber. The end of combu tion occurred in the 
center of the chamber before the burning died out along 
the edges of the chamber. The middle photoO"raph 
shows strong combustion tarting almo t imultane­
ously throughout the chamber and dying out in the 
center and then along the edge. The bottom photo­
graph is particularly intere ting becau e it how com­
bu tion starting in difl'erent parts of the chamber, 
finally filling the whole chamber, and then dying ou t 
on one edge before the cessation of combustion at the 
center and outer edge. The exact number of engine 

two images were uperposed. Photographs were then 
taken with the film drum running at 2,000 inches per 
Bcond. When the ignition lag was such that combu -

tion did not tart until about 10° after the end of the 
fuel injection, the combustion photographs were similar 
to those hown in Figure 15. At the highe t engine 
temperature, the combu tion started during the inj ec­
tion of the fuel. 

Two photograph of the proce are shown in F igure 
16. With the exception of the engine temperatUl'e the 
conditions were the arne as those under which the 
photograph in Figure 9 were obtained. The air/fuel 
ratio was about 15. In the upper photograph the 
combu tion i een to start around the edge of the 
spray (a) and to peri t for about 60 crankshaft de­
grees. Becau e of fogging of the window the spray 
could not be di tinguished clearly enough to accurately 

time the record wi th re-
pect to the crankshaft 

po ItlOn. on equently, 
the zero po i tion does no t 
necessarily correspond to 
top center of the engine 
although it is probably 
within 10° of it. In the 
lower photograph with 
injection starting at 30° 
before top center the 
image of the fuel pray 
can be seen and the com­
bustion i again shown 
to tart around the edge 

4 0 30 2 0 10 0 10 20 B.T.C, 30 of the pray (a) and 
then spread throughout 
the chamber. The com-

Injeci io n 30° before t o p center 

F IGUR E 16.-CombusLi on starting at ruel spray. Injection valve in vertical position. Inj ection pressure, 4,000 Ills. per sq . bustion period is much 
in. Engine speed, 1,500 r. p. m. shorter than that wi th 

revolution between injection and combu tion was not 
measured in obtaininO" the result shown in Figure 15. 
Vi ual observation indicated that the lag was about 
one econd (25 engine revolutions). 

Following the completion of the tests the re ult of 
which are presented in Figure 15, the cylind I' head and 
jacket were insulated and heated slowly to about 400° 
F. Photograph weI' taken during the heating. The 
film drum was run at a peripheral peed of 30 inches 
per second so that the ignition lag in engine revolu tions 
could be recorded. At thi drum speed the spark 
discharge and the combustion were each recorded as 
a single circle of light, that is, the image of the combus­
tion chamber. A the ignition lag wa decrea ed by 
the increasing engine temperature the circle caused by 
the combu tion approached that caused by the spark 
discharges. When combustion took place with an 
ignition lag of less than one engine revolution, the 

the injection tarting at 10° before top center. T he 
exact cau e of thi i unknown. The phenomenon wa 
repeated in a econd series of test. Compari on of 
Figure 16 with Figme 15 how that when the ignition 
lag of the pray i greater than the injection period, 
combu tion start almost simultaneou ly throughou t 
the whole chamber, but when the ignition lag is Ie 
than the injection period the combustion tart along 
the edge of the fuel spray and then preads tJu-ough­
out the chamber. (ee also reference 19.) 

CO CLUSIO S 

Although the te ts, the results of which are pres nted 
in this report, were conducted primarily to determine 
the range of usefulne of the apparatus, there are a few 
conclu ion that can be drawn from the photographs: 

1. The reproducibility of the fuel pray under the 
arne test condition wa sati factory. 
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2. High air temperatures lightly decrea e the pen­
etration and increase t he dispersion of the fuel sprays. 

3. Air velocities of approximately 300 feet per 
second in the combu tion chamber have a decided 
eff oct on the penetration and dispersion of the fuel 
sprays from single round-bole orifices . 

4. T he effect of the air velocity on the fuel spray is 
dependent on the number, arrangement, and size of 
the discharge orifices. 

5. The physical propert ies of the fuel have an 
important effect on the dispersion and penetration of 
the fuel sprays. 

6. The rate of combustion of the fuel spray can be 
decreased by forcing ignition to take place before 
injection is completed. 

7. Ignition can be fo rced to take place before injec­
tion is completed by increasing the temperature of the 
cylinder and the combustion-chamber jackets. 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY, 

ATIONAL ADVISORY COMMI TTEE FOR AEROKAUTI C 

LANGLEY FIELD, VA., August 26, 1931. 
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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 

8ym- to axis) 8ym-Designation bol symbol Designation bol 

Longitudinal ___ X X rolling _____ L 
Lateral ______ ._ Y Y pitching ____ M NormaL ______ Z Z yawing _____ N 

Absolute coefficients of moment 
L M N 

0,= qbS Om= qcS 0,.= qbS 

Linear 
Positive Design&- 8ym- (compo-
direction tion bol nent along Angular 

axis) 

Y---+ Z roll_. ___ . <J> u p 
Z---+ X pitch. ____ 8 v q 
X---+ Y yaw _____ 

'" w r 

Angle of set of control surface (relative to neu­
tral position), 5. (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= :v 
Torque, absolute coefficient 00 = pn~D5 

P, Power, absolute coefficient Op= fn.o;· 
pnJ . .r 

Os, Speed power coefficient = ~~~:. 
'TI, Efficiency. 
n, Revolutions per second, r. p. s. 

cI>, Effective helix angle = t an-l (2:) 

5. NUMERICAL RELATIONS 

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

t 

1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m=5280 ft. 
1 m = 3.2808333 ft. 


