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AERONAUTIC SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 
Abbrevia- Abbrevia-Unit tion Unit tion 

Length _____ __ l meter __________________ m foot (or mile) _________ ft. (or mi.) 
Time _______ __ t second ____________ _____ s second (or hour) _______ sec. (or hr.) 
Force _________ F weight of 1 kilogram _____ 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 ________ Lp.s. 

2. GENERAL SYMBOLS 

Weight=mg 
Standard acceleration of gravity = 9.80665 

m/s2 or 32.1740ft./sec.2 

Mass = W 
g 

Moment of inertia=mk2
• (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 

11, Kinematic viscosity 
p, Density (mass pel' 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 = ~p V2 

Lift, absolute coefficient OL = :s 
Drag, absolute coefficient OD = ~ 

Profile drag, absolute coefficient OD, = ~S 

Induced drag, absolute coefficient OD; = ~S 

Parasite drag, absolute coefficient OD = DSp • q 

Cross-wind force, absolute coefficient 0 0 = q~ 
Resultant force 

i w, Angle of setting of Wings (relative to thrust 

Q, 
n, 
Vl 

p- , 
J..L 

,,/, 

line) 
Angle of stabilizer setting (relative to thrust 

line) 
Resultant moment 
Resultant angular 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
responding number is 234,000; or for a model 
of 10 em 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, iufmite aspect ratio 
Angle of attack, induced 
Angle of attack, absolute (measured from zero­

lift position) 
Flight-path angle 
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SOME FACTORS AFFECTING COMBUSTION IN AN INTERNAL-COMBUSTION ENGINE 

By A. M. ROTHROCK and MILDRED COHN 

SUM MARY 

An inve tigation oj the combustion oj gas(;line, sajety, 
and diesel fuel wa made in the N. A. O. A. combu tion 
ap7)aratus under conditions oj temperature that per­
mitted ignit~'un by spark with direct juel injection, in 
spite oj the compression rat~'o (~f 12.7 employed. The in­
fluence oj such variables a in.iection advance angle, 
jacket temperature, engine speed, and spark position wa 
. tudied. The most pronounced effect wa that an increa e 
in the injection advance angle (beyond a certain minimum 
value) caused a decrease in the extent and rate oj combu -
tion. In almost all ca es, combustion improved with 
increased temperature. For an increase in engine speed, 
the rate oj pressure ri e increa ed and the time interval 
in seconds between injection and the spark nece ary to 
effect ignition wa considerably shortened. Although all 
three juels reacted in the ame manner to these variable 
conditions, the reactions differed decidedly in extent. The 
results show that at low air temperatures the rates oj CV7IL­

bustion vary with the volatility oj the juel, but that at 
high temperatures this relation hip does not exi t and the 
rate depend to a greater eJ.·tent on the chemical nature oj 
tile j1lel. 

I TRODUCTIO 

The inve tigation of the mechanism of combu tion 
in an internal-combu tion engine of either the park­
ignition or compres ion-ignition type i complicated by 
many factor. "When burning a fuel uch as die el 
oil it i not known to what extent the reaction i a 
homogeneou one; that i , to what extent the reaction 
proceeds purely in the ga eo us and vapor pha e. A 
liquid-gas reaction may take place at the interface. 
There e~'i ts also the po ibility of reaction at the m­
face of the cylinder and combustion-chamber wall . 
For the lower gaseou hydrocarbons it is known that 
at temperatures near the explo ion temperature the 
homogeneous reaction predominate. The complex 
structure of the component in a fuel mi.,ture allow::; 
a great number of po ible reaction to take place in 
the engine. For the oxidation of pure methane, the 
simplest of the hydr carbon, compound have been 
ideo tified as products; where a for ethane, the next 
member of the series, no Ie than 13 compound have 
been identified. The diffic ul ty of finding a sui table 

mechani m for the ox'idation process and of following 
the course of the reaction i appreciated when the 
extreme rapidity of the reaction is considered in addi­
tion to the e::-..'i tence of the multiplicity of hydrocar­
bons in die 01 fuel and ga oliur, each molecule con­
taining many carbon atom. 

In a heterogen ou y tem, Llch as exist in the C0111-

bu tion of a fuel introduced in the liquid form, the total 
rate of the reaction is determined by the lowest proce . 
For the reaction in a park-io-nition eno-ine, the lowest 
proces i, in o-eneral, the rate of flame propagation­
that i , the rate of heat transfer-to the unburnt ga es 
ahead of the flame front. In a compression-ignition 
engine with it higher temperatures and pre sure, thr 
lowe t proces i th formation of a combu tible mix­

ture, for the mi."dure auto-ignite independently of any 
rate of flame propao-ation. The problem of producino­
tIll ombu tible mi,ture i dependent upon everal 
factOl : Injection- y tem characteristic, pre ure and 
temperature of the air in the combustion chamber, rate 
of heat tran fer from the hot air to the cold liquid, 
rate of fuel vaporization, rate of vapor dilYusion, tIt r 
tim interval betwoen the introduction of the fuel and 
th tart of the explo ive fraction, and the air-fuel 
ratio. 

For comparative re ult ome of the e factor, Llch 
a the temperature and pre ure of the air during the 
mixture formation period and the time interval elap ing 
between the introduction of the fuel and the beginning 
of the burning, may be inve tigated with both park 
and compre ion ignition. The use of the . A. . A. 
combu tion apparatu permits a range of the e vari­
able that would be destructive to an engine. By the 
employment of an igniting park to initiate the ex­
plo ive reaction, the time variable llnd the tempera­
ture and pre ure conditions at tho moment of igniti n 
may be controlled and the variation in the rate of 
flamr travel be decrea ed, althoLlo-h not entirely climi­
natrd. The characteristic ' of the apparatus thnt make> 
thi mode of ignition po ible at high compre ion 
ratio with fuel varying in volatility from ga oline to 
die el fuel will Inter be di Cll ed in detail. The pre -
ure-time relntionship throughout the entire cycle and 

the flame propagation in certain part of the combu tion 
chamber may be recorded by this apparatu . 
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APPA RAT S AND METHODS 

The N. A. C. L combustion apparatu (figs. 1 and 
2) consi ts of a single-cylinder te t engine dl'iven by an 
elec tric motor, and equipped with a high-speed camera 
and an optical indicator . The engine and the high­
speed camera are described in detail in references 1, 2, 
and 3. The comprC'ssion ratio of the engine during th 
pre en t tests wa 12.7. The fuel-inj ection mechani m 
used with the engine i 0 de igned that only one inj ec­
tion of fuel takes p1f1ce. A diagrammatic sketch of the 

One had long electrodes 0 that the igniting park 
occurred near the center of the combustion chamber. 
The second had short electrode so that the igniting 
spark occulTed at one edge of the combustion chamber. 
The third plug was so constructed that the park gap 
wa one- ixteenth inch from the pi ton crown witb the 
piston at top center. Thc spark plugs wcre screwed 
into the opening in the side of the cylindcr head tbat 
is marked in figure 1 " alternate position for injection 
valye." . 

-> To t iming valve . ,10 high p r essure 
,/ air t onk 

b, Initial pressure 
control valve 

__ Injec tion 
noz z le . 
-Alternate 
posit ion 
for injec­
tion valve. 

a, Gloss 
windows 

va lve 

Section B-B 

High --- -
Clutch mechanism 

__ Sp ark 
_/ discharge 

r4=i~Hi;:;;:;~1?!~~~~~~-l"le.,.A.r1fHHHHrllfl switch 

c, Timing gear 
d, Clutch 

e, Serr a ted coupling 
f, Cui-off valve com 
g, Timing valve cam 

FIG RE I.- Diagrammatic sketch of tbe N . A. C. A. combustion apparatus. 

optical indicator , which ha been de crihed in r cference 
4 , is gi ven in figurc 3. 

The engine tempcratures were varied by changing 
the temperature of the glycerin circulated tlu'ough the 
pa ages in the cylinder and cylinder head . The vfllues 
of engine temperature given in the data are the 
temperatmes of th glycerin a it left the eno-ine. All 
lE'lllpE'ratures li ted are within ± 10° F . 

The indicating spark de el'ibed in refcrence 4 i 
lIsed as the igniting spar k in the park-io-nition test . 
Tbis spark is produced by the discharge of a 6-
microfarad conden er at 220 volts thl'ough an a uto­
mobile ignition coil. Tluee park plug were us d. 

Figure 1 shows the engine with two glass windows 
on each ide of the combu tion ch amber. During 
the present te ts the windows were removed from the 
side opposite the camera and the optical indicator 
installed. (ee fig. 2.) Such an arrangement made 
it possible to obtain imultaneously an indicator card 
howing the pre sures in the cylinder and a photo­

graph of the flame in the chamber. A metal ] late 
with a %6-inch horizontal slot was placcd in front of 
the window so that; a record of £lame travel aero the 
combustion chamber could be taken. The lot W fi 

in line with the spark gap when it \Va either in the 
center or at the edge of the chamber. 
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For a Le t, the engine wa tarted and, when the 
required speed had been obtained, the room was 
darkened and the camera shutter opened. At a 
given signal, one operator pu mped the 1uel-njection-
ystem re ervoir up to the de ired injection pres ure. 

Thi operation clo ed the hydraulically operated com­
pre sion-rciea e valve so that full compression pre -
sllre exi ted in the combu tion chamber every time 

The injection period was approximaLely 0.0025 secolld. 
For the majority of te t the park adnlOce anO'le was 
et at 20° before top center. 

Te ts were made for the following condition: In­
jection advance angle over the entire combu tion 
range; jacket temperatlU'c from 100° F. to 300° F. at 
50° intervals; and engine specds of 570 and 1,550 
1'. p. m. 

FIGURE 2.-Photograph of the N. A. C. A. combustion apparatus. 

the piston renched the top of it strok, The other 
operator cloRed a witch lighting the in trument 
lamp in icle the optical indicator and pulled the lover, 
ettll ing ono injection of fuel into the engine. 

The fuel-injection nozzle u ed in all these te thad 
five round orifice which spread the fuel into a fan 
shape; a C1'OSS- ectional view of the nozzle and photo­
graphs of th(' fuel prays 1rom thi nozzle are given in 
rcfC'J'enc(' :3. Th(' injection p]'(' ur(' wa 4,700 pound 
pel' sqUI1],C' inch, nnd the injectioll vain' \Vel et. Lo 
open at n Pl'<' sur(' of 4,100 pound per quare inch. 

Moving 
film-": 

Narrow 
slit 

A,Oscillalln9 
mirr or 

FIGl'RE 3.-DIsgrammatic sketch of the optical indit-ulor. 
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AN ALYSIS OF VARIABLES 

I N J ECTION ADVAN CE A G LE 

The significance of varying the injection advance 
angle, in addition to the obvious effect of varying tbe 
time interval between injection and ignition, may he 
seen in figme 4 which hows the ratio of the ab olute 
value of the ail' pressme, density, and temperature at 
the different point in the cycle to the initial values of 
pressure, den ity, and temperature. Inj ecting the 
fuel at different injection advance angle ubj ected it 
to diA'erent initial condition and a different range of 
press ure, volume, and temperature. 

I I 
I I 

I 
I r 

I I r 

-
-~T- r-I 

I 
Cp / Cv =I.31 

/ 
./ 

...-:: ~ l----"'( 

I f 

1/ 
o-

Ii-
pressure--I 

/ 
/ Dens~ 

II L 

L V 

/ V 
/ 

.--
:' -Temperature 

28 ' 

~ 
o 
I... 

24 !IJ 

~ !IJ~ 
'-::' 
,,"tl 

20 0 :" 
iJ)--
!IJ.~ 
~ .~ 

~·S 
16 !IJ~ ..... 

~!IJ 
o~ 
iJ)VJ 

1215 ~ 
~1:i. 
~"b 
s::§ 

8~ 
\::~ 
.t2~ 
iJ)VJ 
.~ ~ 

4,,<5 
o 
.S? 

~ 
120 100 80 60 40 20 0 

Crankshaft degrees before top center 

F,GURE 4.-EfTect of crankshaft position on ratios of instantaneous absolu te va lues 
of air temperatu re, density, and pressure to initial absolute values. 

JA C KET AND AIR TEMPERAT URE 

Because of the special characteri tics of the appa­
ratus as used in these test, the temperature of the air 
charge wa lowered considerably by compressing and 
decompressing the charge apprQ},:imately 15 to 25 
times (depending on the speed) before the introduction 
of the fuel. Thi lowering of the temperature of the 
air charge made i t po sible to ignite the mixture with 
a spark before auto-ignition took place. 

The exact temperature at the start of compre sion 
was not known . Estimates made on the ba i of the 
vaporization te t (reference 2) indicate that the air 
temperatme at bottom center was considerably 
below 00 F. More recent tests in which a cavenaing 
mechanism has been employed (reference 4) have 
shown that, without scavenging, it i necessary to 
maintain the jacket of the cylinder and combu tiOD 
chamber at a temperatme in excess of 300 0 F. in 

order to obtain re ults imilar to those obtained wi th 
scavenging at a jacket temperature of 500 F. 

There has been no direct determination of the air 
temperature witbin the combustion chamber at the 
start of compres. ion and it is only known that this 
temperature i much lower than the measmed jacket 
temperature and increases with the latter, although 
probably not to the ame extent. The t.emperature 
variation cause another change in conditions, that is, 
an inverse variation of ail' density, so thaL the air-fue l 
ratio decreases as the ini tial engine temperature 
mcrease . 

A sy tem uch a the one under co nsideration is 
an'ected by temperature in several ways. The eli,tri­
bution of the spray itself is influenced by increased 
temperature. Lowering of the visco ity, which tend,., 
to make 'malleI' drops and more rapid spray disinte­
gra tion , i fl direct result of incren ed temperature 
(reff'rence 5). The inrrcaspd urface as the drops gro '" 
mnl1er facilitates beat transfer , dispel' ion, nnd urface 

reactions if uch exi t. 
Increa ed heat transfer and vaporization are a nat­

ural consequence of increased temperature, particularly 
tbe vaporization of tbe higher boiling components that 
ignite mo t easily. It is an established fact that , in 
a given erie of hydrocarbons, the ignition tempera­
tures decrea e as the molecular weight increase. This 
decrease i du e to the fact that, with the greater com­
plexity of the molecule, less energy of activation is 
required to break a bond with subsequent reaction. 
Where the time interval is hort and vaporization not 
complete, raising the temperature not only furnishes a 
greater quantity of vaporized fuel but aLo a more 
reactive fuel containing a greater proportion of higher 
boiling components. 

The rate of chemical reaction is more rapid at high 
temperatures. Even in those explosive reaction for 
which temperature has apparently little effect, at 
least the delay period or ianition lag i shortened, the 
reaction will start sooner and, being autoaccelerative 
thereafter, the net result will be greater in th e given 
time. 

The rate of thermal decompo ition i greater at 
higher temperatures. The products of sucb decom ­
position are more difficult to ignite (reference 6) than 
the original substance. This effect i the only inhibi­
tory action due to high temperatures and, as will be 
seen from the te t 1'e ult ) the other factors outweigb 
it. The rate of thermal decompo ition ha a tempera­
ture coefficient eq llivalent to 1.3 for 10 0 C. for diesel 
fuel and l.5 for gasoline according to Boerlage and Van 
Dyck (reference 7). From Frey's work (reference 8) 
the averaO'e rate increase for saturated hydrocarbons 
is threefold per 25 0 C. at 5500 C. and fivefold at 400 0 

C. As the tempBrature con tin ued to be increased, the 
composition above a certain temperature would no 
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longer change due to the vaporization proces . Though 
the increa ed rate of oxidation still overbalanced the 
increased rate of thermal decompo ition (reference 9), 
one would expect the net effect of temperature increase 
at high temperatures to be lower. 

The magnitude of the pressure rise varie inversely 

with the initial temperature (t.J.P=;t.J. T} fl, relation­

ship that may be easily derived from the ga equation 
if certain a sumptions are made (reference 10). The 
rate of pressure ri e therefore varie inver ely with the 
initial temperature but directly with the rate of temper­
ature rise or rate of heat input. The rate of heat 
input increases with increased temperature 101' it 
depends on the rate of chemical reac tion, which in­
crease with temperature. Obviously ther mu t be 
orne initial temperature that will result in an optimum 

ra te of pre ure ri e ince two factors are operative, one 
cleereasing the rate of pre ure r ise with increased initial 
temperature, the other increa ing the rate of reaction, 
thu increasing the rate of pre ure ri e with increa ing 
temperature. A qualitative treatment of the effect of 
temperature on explosive reactions will be found in 
reference 10. 

OTHE R VARIA BLES 

With variation of engine speed, only the time ele­
ment yaried, the duration of a crankshaft degree at 
570 r. p. m . being 2.7 time that at 1,550 r. p. m. 
There is little change in initial conditions for the arne 
injection advance angle at different speed. 

Further eX']Jeriment introduced other variables uch 
as the park-advance angle, which changed the con­
ditions at the time of ignition, and the position of the 
spark, which gave orne indication of the effect of 
mLxtlll'e distribution in the combu tion chamber. 
The method for comparing combu tion in the different 
te t consisted of an examination of the flame photo­
graphs in conjunction with an analy is of the pres ure­
time curve (indicator card ). In the analysis of the 
latter, the kinetic rather than the thermodynamic 
consideration were tressed, that i , by finding the 
rate of pressure ri e, the extent of the reaction a, 
indicated by maximum cylinder pressur and by 
emphasizing the time element. 

FUEL 

The te t were run with three difi'el'ent fu el : Die e1 
fuel, hydrogenated afety fuel, and ga oline. The 
propertie of a fuel from wluch behavior can be pre­
dicted are the di tillation curve, which i known quite 
accurately (fig. 5), and the chemical nature, of which 
there is a rather limited knowledge. The boiling range 
of gasoline and diesel fuel were very wide; ga oline 
tarting at abo ut 160 0 F. and endin O' at abou 420 0 F . 

and the die el fuel starting at about 370 0 F. and ending 
above 690 0 F., the first 10 percent varying from 370 0 

to 530 0 F. The hydrogenated safety fuel did not 

vary 0 much, 75 percent of it di tilling between 330 0 

and 375 0 F., and the entire range extending from 290 0 

to 3950 F . Considered with reference to their vol­
atility, the fuels fall in the order: gasoline, safety fuel, 
diesel fuel. A to their chemical nature, it is known 
that diesel fuel and gasoline are both of a very complex 
nature, the former having the greater complexity as it 
consi t of components more likely to decompo e and 
yet more ea~ily ignited . The hydrogenated safety 
fuel ha a lower hydrogen-carbon ratio and, by the 
process of it production, must necessarily be more 
homoO'eneoll , less complex molecularly, and more 
staNe thermally than the other two fuel 
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FIGU RE 5.-Distilla tion curves of fuels tested. 

TEST RESULT 

DIESEL FUEL 

The effect of the injection advance angles on the 
combu tion of the die cl fuel at an engine peed of 
1,550 r. p. m. and at three different engine tempera­
tW'e i hown in figures 6 and 7. The flame picture 
hown at he top of the chart have the same ahscissa 

a the indicator card . A the left of figure 6 are 
hown conta.ct print of the original indicator card . 

In ome of the Bame photograph the igniting spark 
i recorded at the right-hand edge. At an engine 
temperature of 200 0 F ., combu tion took place with 
an injection lead of 10 0 over the igniting park. With 
fL lead of 20 0 the combu tion improved but became 
' ucce ively poorer a the injection was further 
advanced. IthouO'h in each ca e the photogmphic 
record showed that the £lame propagated through­
out, or nearly throughout, the visible portion of the 
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chamber, the ombustion was far from compI te, 
a evidenced by the lo~ explosion a~d expall lOn 
pressures. 

With an engine temperature of 300° F. (fig. 7), 
Lhe effect of the injection advance angle between 
47° and 67° before top center became negligible. 
Thi e'ffect i al 0 indicated at an engino peed of 
570 1'. p. m. (See fig . 8 and 9.) At thi peod 
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1---+---1--+---+---1---1 200 
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T/me, crankshaff deqrees 

FIGUHE 6.- EfIecL of injection ad vance angle on combu Lion of diesel fuel at engine 
tern peratu ra of 200° F . 

I~ngine speed..... ._.. . ....... _. _. . ... 1,550 r. p. m. 
k'uel quanti t y...... . . .......... __ ..... __ .... 0.00027 lb . 
SI)ark adva nce angle . . . 20°. 
Injection arh'nnce onJ.!lc_ . __ _ 679 30°, 6 0-40°, G 2-50°. 

comhustion t.ook plucr aL an engine Lompcra.LlIl'c of 
150° F. (fig . ), hllt the' range of inj ection advance' 
angles \\'a e'xL]'rJ1lely limited. 'i\ ith an inj ection 
H<h'Hl1 Ce angl o of 55° tho n,une wa J'e ol'clod only 
in the' crnter of the chamber clo 0 to the. park gap, 

bu t pel'si ted for 40° 01' 50°. At an engine teJll­
perature of 250° (fig. 9), the effect of injection ad­
vance angle decreased con iderahly but the change 
in the inten!'ity of the combustion could be noticed 
audibly . The test corre ponding to record 570 wa 
marked by knock; whereas the others in figure 9 
were not. The extreme shortne of the flame i 
particularly noticeable. Record 570 also shows bright 
fla hes of flame acro the window. These bright 
fla he w re characteristic of th.e explosion records 
accompanied by e)'1)lo ion hock, l'eo-ardless of whether 
combu tion wa caused by park or by auto-ignition. 

The eHe t of engine tempern,ture on combustion is 
demon trntocl in fi ures 10 and 11. At an inj ocLion 

" " )~~ I ' , 
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800 ti­
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Cl.. 

6 00-:2 
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o 
A.T.C.40 20 Te. 20B.r.e. 

Time, crankshaft degrees 

FIGUa E 7.- EfTacL ofinj ection ad vance angle on combustion 0( diesellual at an cngina 
temperature of 300° F . 

Enginc specd _ _ _ ______ .__ _ ______________ . ,550 r. p. m. 
Fuel Quantity ____ .... ____ . . .. __ .. ______ . 0.00027 lb . 
Hpark advance a ngle. ____ ..... . . ______ .. 20°. 
Injection advance angle __ __ ___ . _____ _ _______________ 735-4 7°, i 37-6i o. 

advance iU1g1e of 50° (fi g. 11 ) the variation is con­
ideru.ble, but at an injection advance angle of 40° 

(fig. 10) it i much Ie . It was also found that an 
increase in jacket temperature from 150° F. to 200° 
F. effected more change than an increa e from 250° 
F. to 300° F. At the higher temperature the period 
of inflammation of the ga e was con iderably shorter 
and wa accompanied in some ca e by considerahlo 
hock. III fact, wit.h all the injecLion advance augles 

u od at a tom perature of 250° F. and an no-ine speed 
of 570 r. p. m., knock would at times occur, althouo'h 
it wa 1110 t prevalent with an injection advanco 
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angle of 40°, which was approximately the optimum 
angle at all engine temperatures for this speed. 

The results show that the rate of combustion was 
controlled within fairly wide limits by the engine­
jacket temperature and the fuel-injection advance 
angle. At an engine speed of 570 r. p. m. the opti­
mum injection advance angle was 40° and at 1,550 
r. p. m. the optimum value was 50° to 60°. 
These facts indicate that the rate of prep­
aration of the fuel for combustion is not 
solely a function of time in crank degrees 
bu t of time in seconds as well. 

The effect of ignition by the spark on the 
course of the combustion is shown in figure 
12. Without the spark, the fuel auto-ignited 
with a high rate of pressure rise, accompanied 
by knock. With the spark, the fuel burned 
at a more moderate speed. 

Table I records the number of explosions 
and misses obtained under each test condi­
tion investigated with diesel fuel. When 
the records showed that the combustion was 
strong, check runs were generally not made. 
When the combustion was weak or when the 
firing apparently was not regular, several 
runs were made for each set of test condi­
tions. The range of ignitibility with respect 
to the injection advance angle, the engine 
temperature, and the engine speed can easily 
be seen. As the injection advance angle was 
increased for anyone temperature, the per­
centages of explosions did not show much 
variation until the limit was approached and 
the explosions either became too weak to 
record or did not occur at all, in which case 
no indicator cards were taken and the data 
are not listed in the tables. As the engine 
temperature was increased the range of ignit-
ibility increased until at the highest temper-
ature all the injections resulted in explosions 
beyond a certain minimum injection advance 
angle. 

The effect of injection advance angle on combustion 
at three different engine temperatures is illustrated in 
figures 13, 14, and 15. Figure 14 is one of the best 
examples of this effect. ot only do the rates of 
pressure ri e vary in the definite order of 30°>40°>50° 
but also, as the injection advance angle is increased, 
the beginning of combustion is delayed, and the maxi-

800.~ 
c:i-
"l 

~ 
Cl.. 

6OOf!. 
1Il-

~ 
I/) 
I/) 
III 

400~ 
486 

200 

A . T. C. /6 8 T. C. 8 /6 B. T. C. 
o 

Time, crankshaft degrees 

HYDROGENATED SAFETY F EL 
FIGURE S.-Effect of injection advance angle on the comhustion of diesel fuel at engine temper· 

, ature of 150° F. 

The tests with the hydrogenated fuel, 
Engine speed.... .......... ...... ..... ... ..... ..... . ......... 570 r. p. m . 
Fuel quantity. .. .. ..........•.............. . ... ........ . .... 0.00024 lb. 

although manifesting the same major va­ Spark advance angle..... . . . .. ....... . . ............... . ........... 20°. 
Injection advance angle. ........................... . ....... . 4 1-35.,484-45.,486-55°. 

riations as the other fuel, exhibited these 
variations with greater regularity. In no cases did 
the hydrogenated fuel burn at a rate that resulted 
in combustion shock. Auto-ignition was very rare 
and, when it did occur, started late on the expansion 
stroke. With this fuel, a high engine temperature 
was required to operate con istently with full-load 
fuel quantity. 

1024590-35-2 

mum cylinder pressure developed is lowered and 
reached at a later point in the cycle. The indicator 
cards show that, with this fuel quantity at about 60 
percent of full load, combustion at the first two tem­
peratures was optimum for an injection advance angle 
of 30°. At the highe t temperature, 300° F. (fig. 15), 
combustion was optimum with an injection advance 
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angle between 30° and 40°, and persisted over a greater 
range of injection advance angles. The rates of 
pressure rise did not appear to be exee ive nor did the 
combustions sound harsh. 

In general, it was found that the pressure rise and the 
rate of pressure rise varied less with changes in inj ec-

Table II nmmarizes the results of the effect of 
temperature and injection advance angle on ignitibility 
with the spark gap in the center and at the edge of the 
combu tion chamber. (See fig . 16.) 

At the highest temperature (300° F.) the range of 
ignition with the spark at the edge compares favorably 

~----~--~-----+-----h~~~~-r+-~--r----+-----+-----i1000 

A.T.C. 16 B T. G. B 
Time, cronkshofl degrees 

FIGURE 9.- E tIect of injection ad vance angle on combustion of diesel fuel at engine 
tern pera tu re of 250° F. 

E ngine speed __ ____ . ___ . ______________________________ _ 570 r. p. m. 
Fuel quantity __ ______ .__________ _ _____ . ______ . ____ ___ 0.00024 lb . 

Spark advance angle_______________ _ ... ___ .. ___ . _______ 20°. 
Injection advanceangle _______________ . _____________ . ___ 570-40°,572-50°, 573-<JO°. 

16 B.T.C. 

800. 
·s 
t>-

" l 
III 
Q. 

600::j 

Ill' 

~ 
~ 
III 

400ct 

200 

o 

tion advance angle and temperature in the combustion 
of safety fuel than with diesel fuel. Little change was 
caused by an increa e of temperature from 250° F. to 
300° F., con i tent with the ·tendency already noted 
of a decreased effect or temperature at higher tempera­
tures. 

with that for the spark at the center of the combustion 
chamber. Flame record 1057 and 1060 (fig. 16) show 
vibrations that had a frequency of approximately 
10,000 per second. Although these vibration started 
while the explo ion pressure was still increasing, they 
continued for some time a.fter maximum pre ure was 



SO ME F AC'l'ORS Ali FEC'l'ING COMBUSTIO I A ITER AL-COMBUSTIO E GINE 9 

/ 
I.---

v 
/ / 

4fj V / 
/ 

V V- 57O 

V V 
/' 

rv '\ 
\ \ 

\ \ 
\\ 

\ 1\ 
1\\ 

\\ 

/eOO 

/000 

. ~ 
800 6-

U) 

~ 
Q.. 

600fi 

QJ 

~ 
II) 
II) 

\ 
400QJ 

d: 

A. T.G. /6 8 T.G. 8 
Time, cronfrshoft degrees 

I~ ~ 200 

o 
16 8.T.c. 

FIGUIIE 1O.- ElIect of engine temperature on combustion of diesel fuel with an 
injection advance angle of 40°. 

Engine speed ___ ___ __ _ . _____ ._ _ ____ . _____ __ 570 r. p. m. 
Fuel quantity____ __ __ _______ __ 0.00024 lb . 
Spark advance angle ______ . _______ ._ __ ___ _ ____ _ 20°. 
Engine temperature _____ _____ . ______ _______________ _ 570-250° F., 482-150° F. 
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FIGURE 1l.-ElIect of engine temperature on combustion of diesel fuel at an 
injection advance angle of 50°. 

Engine speed____ __ ____ ____ __ ___ _______ _ _ 570 r. p. m. 
Fuel quantity ____ _______ ____ _ 0.00024 lb. 
Spark advance angle ____ ___ ____ . _ ___ ____ . _ 20°. 
Engine temperature _____ ___________ ___ __ ____ 572-250° F., 494-200° F., 485-150° F. 
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FIGURE 12,-ElIect of ignition spark on combustion of diesel fuel at an engine 
temperature of 250° F. 

Engine speed__ ________ _ ____________ _ 570 r, p. m. 
Fuel quantity _____ _ ____________ 0.00024 lb. 
Injection advance angle__ _ __ _ _ 572 and 539-50°, 573 and 540-60°, 

park advance angle _______________ __ . __ _ 572 and 573-20°, 539 and 540, no spark 

TABLE I.-EFFECT OF E GINE TEMPERATURE AND 
INJECTION ADVANCE ANGLE ON IGNITIBILITY 
OF DIESEL FUEL 

[Spark-plug gap at cenler of combustion cbamber] 

Engine Injection ad vance angle, degrees B, T . C. 
temper- Ignition sture, 

30 140 50 150 170 : 80 190 i 100 1110 1120 ' 130 I OF. 140 

FUEL QUANTITY PER INJECTION, 0.00024 LB. ENOL E SPEED, 
1,550 R. P. M. 

100 {EXPlosions_ _ _ 0 I 1 2 2 -- -- ---- ---- - .. ---- ---- ------Misses ________ 4 

I I 
3 3 7 -+-- -._- ---- --_. --.- ---- ----_. 

150 
{Explosions ____ 0 1 1 1 ---- ---- ---- ---- ---- ~ --- ------Misses ______ 5 4 3 4 -- -- ---- ---- ---- --_. -----

200 {EXPIOsions __ -- 2 2 1 1 1 1 2 ---- ----- --- -----Misses __ _______ 1 0 1 0 0 0 0 2 --iJ- ------
250 

{EXPlosions_ _ _ 2 1 2 3 3 2 1 ._- ---- 1 ------
fisseL _. ______ I 

?/ 
0 6 1 0 0 0 1---- 1 --- 0 --- ---

300 
{ExPIOSions _____ . 1 2 0 1 I I 1 --- I ------Misses __ ________ 0 0 1 0 0 0 1---- 0 -- - 0 ------, 

FUEL Q ANTI'l'Y PER II JE TION, 0.00020 LB, 
570 R. P . M. 

E Tor TE SPEED, 

100 lliXPlosions_--- --1---- 2 2 41 0 ~ I 0 0 -I 0 --- 0 Misses ___ __ ______ 2 3 
L . 5 

4 5 4 -- 4 

150 
xplosions __ ___ I 3 2 2 --~- - - --- ---Misses____ ____ I 0 0 0 --

tl fl 
-- -- -- - --- I 

200 {EXPIOSions ______ / 2 I I I I 

t I 
- -- I 

Misses__ ____ ___ 2 

! I 
0 

! I ! I I -I- ~- ----.-
250 {EXPIOsions____ _ 0 I I ~ I Misses__ ____ ___ I 0 

o ___ 
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TABLE II.-EFFECT OF TEMPERATURE A JD IN­
JECTIO N ADVAI CE ANGLE ON IGNITIBTLITY OF 
HYDROGENAT E D SAFETY FUEL 

reached. Since the frequency of these waves was very 
close to that of the inilicator diaphragm, the results of 
the vibrations were shown on the indicator record as a 
broadening of the expansion line. It can be concluded 
from these records that the occurrence of these waves 
is not necessarily accompanied by knock. (See also 
references 11 and 12.) 

[Engine speed, 5iO r. p . m . Fuel quantity per injecUon , 0.00020 lb .] 

Engine 
lem­
pera­
Lure, 
o f. 

I InjecUon advan ce angle, degrees B. T . C. 

IgniUon 

130 140 1 50 160 1 70 1 80 190 1100 1 110 1
1W 

SPARK-PLUG GAP AT CENTER OF COMB USTION 
CHAMBER 

100 
{EXPIOSions ________ 1 1 13 12 13 13 13 

MI es ____________ 0 0 0 0 0 0 0 
J50 

{EXPIO ions ________ 2 J 1 13 13 13 1:3 
iisses ______ ____ _ 1 0 0 0 0 0 0 

200 {ExploSions __ -----. 1 \ 1 1 13 13 
~1isse!L _____ ______ 0 0 0 0 0 0 

250 {EXplosions __ ------ 1 J 1 12 13 13 0 M isses ____________ 2 0 0 0 0 0 3 
300 {EXPIOSions ____ -- -- 1 J [ 3 4 , 4 2 33 

Misses ___________ . 0 0 0 0 4 7 5 5 

SPARK·PL a GAP AT ED GE OF COi\lnL''''I' LO X 
CIlAMllE R 

150 {EXPIOSions __ . ----- 0 0 Misses _______ _____ 2 2 

200 {EXPlOsions __ --- __ . 0 0 Misses _____ _______ 2 2 

2 0 _______________ . _._ 
1 2 ___________ ._. ___ ._ 
o 0 _____________ _ 
2 2 ____ . ________ _ 

250 {EXPIOsions _____ --- ---- 2 Mlsses ___________ _ 4 

o J 0 ___________ _ 
3 2 1 

300 
{ Explosi ons _______ _ 2 1 Mlsses ____________ 8 0 

5 1 1 1 

1 I 0 I 0 0 

I[ 

9 

I All explos ions weak. 23 weak explosions . 3 2 weak explosions. 

GASOLINE 

The results of the tests with gasoline at an engine 
speed of 1,550 T. p. m. are presented in table III. The 
table shows that for every engine temperature there 
was quite a range of injection advance angles at 
which some of the injections of fuel would ignite. 
Cards showing the greatest combustion efficiency were 
obtained with the 70° and 80° injection advance 
angles, decreasing as the injection advance angle 
increased beyond this optimum range. 

The results of the test made at 570 r. p. m. are Ii ted 
in table IV. 

In general, for a constant injection advance angle 
combustion improved with rising temperature, but 
it was only for the earlier injection advance angles that 
the effect was considerable. At 1,550 r. p. m. a difIer-

TABLE III-EFFECT OF ENGINE TEMPERATURE AI D I JECTION AD VA CE ANGLE 0 IGNITIBILITY OF 
GASOLINE 

lEngine speed 1,550 r. p. m . Fuel quantity per injection, 0.00022 lb. Spa rk-plug gap a l cen ter of combustion ch amber] 

I n jection ad van ce a ngle, degrees B. T . C. 

Ignition 
Engine 
temper­

ature, OF. 
30 40 50 60 i O 80 90 100 11 0 120 130 140 150 160 170 180 

------- ---------1-- - ----- - -----------------------_ 

100 {EiW~~~~~_'_-_-~~::::::: : ::::::::::::_::::::: 
160 {~ti~~~~~_' ____ :::::::::::::::::::::::::::::: ~ 
200 {~ti~~~~~_'_· __ ~::::::::::::::::::::::::::::: ~ 
250 mj~~~~~~~-'--::::::::::::::::::::::::::::::: _::::: 
300 {~Ii~~~~~~_' __ ::::::::::::::::::::::::::::::: ~ 
350 {f[i~~~~~~~_' ____ :::::::::::::::: :::::::::::::: :::::: 

1 
7 
1 
4 
0 
4 
0 
4 
0 
4 
2 
2 

1 3 3 
6 6 1 
1 5 5 
5 0 0 
0 3 4 
<\ 2 0 
0 4 4 
4 G 0 
0 4 
4 0 
3 <I 
1 0 

4 ------ ------
0 ------ -.----
4 4 2 
J J 3 
4 3 3 
0 2 2 
4 3 1 
0 J <\ 
·1 3 3 
0 0 1 
4 2 3 
0 1 1 

------ --.--- ------ ------ ------ ------ - - ---- --- ---
------ -----. ------ --- --- ------ -.---- ------ -- - ---

2 2 0 0 0 0 ------ 0 
3 3 5 5 5 4 ------ 5 
0 1 0 0 ------ ------ ------ 0 
5 9 5 5 -.-_.- -.---- ------ 4 
J 1 [ 0 1 U 
4 'I 3 <\ 3 3 
2 0 1 0 0 
2 4 :l <\ 4 
2 0 0 1 2 
2 4 <\ 1 2 

TABLE TV.- EFFECT OF ENGI E TEMPERAT RE A TD INJECTION ADVANCE AI GLE ON IGNITIBILITY OF 
GASOLI I E 

Engine 
temper­

ature, of . 

[Engine speed 570 r. p. m . Fuel q ua n t ity per injection, 0.00037 lb. park-plug gap at center of combustion cbam'pr j 

[ojeclion ad va nce a ngle, degrees B . 'r . C . 

Ignition 

30 40 50 60 70 80 90 100 110 lW 130 J40 1.>0 160 J70 

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

100 {f[i~~~~~~_' ____ :::::::::::::::::::::::::::::: 
0 J 2 0 0 0 I 1 0 0 0 0 0 - - - - -- 0 
4 4 3 6 .S 5 6 -l 6 6 6 6 7 ------ 5 

160 iEXPlosions- - - - - ---------------- -- -------- 1 'I " J 0 0 0 0 0 J -----. - - - - -- - - ---- ------ ------Misses __ __________________________________ J 0 1 4 5 5 5 5 5 (j ------ ------ -----. ------
200 

Explosions _______________________________ 0 3 3 2 1 0 -_.-. -_.--- -----. 0 ------ -----. ------ -----. Misses __ __________________________________ 
4 J J 3 3 4 ------ ------ ------ ------ 4 ------ ------

250 mj~~~~~~-'--::::::::::::::::::::::::::::::: 0 3 2 2 J 0 0 0 1 0 ------ ------ 0 0 
4 2 2 3 <\ 5 4 4 3 4 ------ ------ 5 5 

300 I{ Eti~;~~~~~_' __ ::::::::::::::::::::::::::::::: 
2 4 3 3 1 0 1 J 1 0 0 2 0 0 
2 J 1 1 3 4 3 3 3 <\ 4 2 4 4 
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T1~~ iiu:6'f,foqJ' ~bv~ gk EAl~~PEORJT¥~~ I ence of 10° in the injection advance angle u ually had 
IG ITIBILITY OF GASOLI E a slightly greater effect than a 50° F . change in jacket 

[ I" n ~ine speed 570 r. p. m. Fuel Qunntity per injection, 0.00037 lb . pa rk-plug 
gap one-sixteenth inch above the top center position of the piston crown) 

temperature. 
It was thought that the failure to fire with very early 

injection might be due to the fuel penetrating to the 
bottom of the combustion chamber before the occur­
rence of the igniting park, which would leave little 
fuel in the top of the chamber near the spark plug. A 

I~ ngine 
lemper-
nture 
° F . 

150 __ 

200 __ 

250 

aoo 

Tnjection adva nce a ngle, degree B . T . C. 

In~ition 

30 40 50 60 70 0 90 

-- - - ------ - - - -
tPBrk expLosions.. ___ 6 5 2 0 0 0 0 

Com pression explosions __ 0 0 2 2 0 0 0 
Misses ____________ _ .. 9 a 7 8 4 4 4 

{ park explosions _'. ____ 0 R I 0 0 0 0 

~I~~Js"~~~ i~_~ _e~~~~~ ' i on~ ~ _: 
0 0 0 2 I 0 0 
3 0 5 3 5 (i 4 

{Spark explosions _ _ _._ I 5 0 J I 0 0 
Compression pxplosion~ _ 0 0 I I 0 4 .S 
111 isses .. _ __ __ __ __ _ 4 I 5 3 5 I 0 

{Spark ex plosions _ _ __ 2 5 a 0 0 0 0 
C'~rnprCRs i on ex plmdons . __ I 0 I 2 4 !i <I 
l\11 ~:$C." __ • ~ _ 2 0 I :J I 0 I 

--- - ---

park plug wa 0 con trueted, therefore, tha t th e gil p 
was about one-sixteenth inch from the pisto n crown 
po ition at top eent01' . Te t '\-0re made with 0.00037 
pound of fuel per eyclc at 0ngine temperaturc frolll 
150° to 300° F . and ",'itl! injcetion advancc angle 
from 30° to 170° beforc top centel'. The results HI'C' 

gIven III table \ -. 

r--~---t---t---t---t---t--~--~~--~~~~---4-----+----~----~----~ /OOO 
983 

984 

800~ 
tj. 
":> 
l.. 
<b 
Q. 

600~ 
e' 
::, 

~ 
~-~~~~--~--~--~--+--~--+---4---+--~~ __ \---4---+--~ 400~ 

~---+----~----~---+----~----~--~----+----4----~----~---+----4-----~~~200 

A. T. C. 32 24 16 8 T. C. 8 
Time, crankshaff de grees 

F IGUR E 13.-Effect of injection adva nce angle on com bustion 01 salely fuel at engine 
tem perature of 100° F . 

E nginespeed ____________ _ _ _ _ ___ ___ _ __ ______________ 5iOr. ll.m . 
Fuel Qua ntity ____ __________________________________ ______ _ 0.()()()20 Ih. 

park ad vance angle ____ ____ ______________________ __ _________ 20°. 
Injection advance angle __________________________________ 9.'>3-30°, 9'-1- 10° . 

168.T. C. 
o 



12 REPORT NATIOI AL ADVI SORY COMMI'I'TEE FOR AERONAU'I'l S 

An examination of the indicator card showed that 
the burning was efficient but, in some cases, slightly 
lower than with th park in the center of the cham­

ber. In a comparison of table IV and V, it i seen 
that the park ignitions at the optimum inj ection ad­
vance angle of 40° were more regular than those with 
the park at the center of the chamber. The results 

In previous table, all auto-ignitions (compression 
ignition ) have been Ii ted as mis e but in table V t he 
auto-ignitions hav(\ been Ii ted eparately . The meth­
od of eli tinguishing the ignition is hown in figure 17 . 
For flame record 409 and 412 no fl ame wa recorded 
between the igniting spark and the fir t appearance of 
the flame and the flame does no t show any definite 

r----.~==~====~==~====~====~====r===~=====r====T=====r====T=====r====T====, lcOO 

~--~----~--~----~--~----~--~----~~~----~---r--~r----+----r----1/000 

800 .~ 

~ 

~ 
600$. 

Cb~ 

~ 
~ 
III 

400J:.. 

~--~--~----+----+----}---~--~----+----+----r----r--~r----r---i~~ cOO 

A. T. C. 32 24 16 8 T. C. 8 IS B.T.C. 
o 

Time, cranksh aff degrees 

F IGURE 14.-E fTect of injection ad vance angle on combustion of safety fuel at engine 
temperature of 200° F. 

Engine speed ..................... . .......... 570 r. p. ru . 
Fuel quantity ........ . . . . . . . .................... . 0.00020 lb . 

park advance angle .•.. .......•........ _.____ _ 20°. 
ln jection advance anglo ..... ___ .. ____________ .. __ 1021- 30°, 1022-40°, 1023- 50°. 

indicate that, although the distribution of the fu el i a 
factor in con trolling whether or not the spark ignites 
the rnixtW'e, i t is not the only factor . Until further 
work ha been done, therefore, the po sibili ty that 
chemical change in the fu el i a determining factor, 
mu t not be forgotten . 

progre IOn acro the chamber . The burning in each 
case wa accompanied by evere combustion hock. 
In {iame record 410 and 411 a definite progre ion of 
the fi ame took place and the pre ure in the com­
bustion chamber started to increase shortly after th 
spark had ignit.ecl the mixture. In table I a nd II 
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fl ame record similar to 409 and 412 have been cla i­
Hed as compression iO'nition and Ii ted as misse. All 
fl ame records such as 410 and 411 have been classified 
as spark igni tion and li ted in these tables as explo-
ions. Very little do ubt can exist as to the acclll"acy 

of so classifying the latter type of flame record. In 

of the mixture in the cl>amber uddcnly burst into 
flame, giving an appearanc imilar to tho e in flame 
r ecord 409 and 412. 

In all tests where knock occurred, a evidenced by 
an a udible Lock, the indicator card halVed n con­
tinually incrcasing rate of pressure rise untilm<lxilllUIn 

~--~----+-----~---+----~----~----~---+--~-F~==~~~~--~----+-----~--~/OOO 

~--~----+-----~---+----~--~4-----~L-~----~--~+---~~--~T---+-----r----i 800.~ 

A. T. C. 24 /6 a T.C. a 
T/rne, cranksha f t degrees 

FIGUHE 15.- Effect of injection advance angle on combustion of safety fuel at cn~ine 
temperature of 300· F. 

i!:llgine speed __ . _______ . ____ .. __ . 570 r. p. m. 
Fuel Quantity _____ _____ _ ________ . _ 0.00020 lb. 
Spark advanc-e angle______ _ ___________ 20·. 
Injection ad"ance angle. ______________ 1045-20·,104&-30·, ICH1HO·, [04\1-1iO·. 
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regard to the cornpre ion ignition , the cIa ification 
i not so certain. Recent te t conducted by D uchene 
(reference 13) have di clo ed a imilar condition. In 
hi photographic records, however, a definite per i t­
cnce of fl ame around the igniting spark exi ted durinO' 
itn "ignition lag" similar to those recorded in the 
pre ent work . After this local burning, the remainder 

pre ure IVa reached, followed by a udden <lITC t of 
eifectiye burning and a comparatively rapid decrea e 
of the pre lITe cau ed by cooling and leakagc 10 e. 
( ee fig. 10, record 570.) In the records for which 
there wa. no hock, the rnte of pre,Sllre ri e at fir. L 
increased and then decreased, resulting in a wcll­
rounded card at the maximum pressure. In 2 or 3 of 
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DISCUSSION thc records for ga oline with very early injection, the 
characteristic knock card for conventional park igui­
tion was obtained, the rate of pressure ri e first iucl'eas­
ing, thcn decreasing, and just before max.imum pressure 
\vas reached, suddenly increasing ftgain. The nlaxi-

Iu all this work i t has been found that the rate of 
preSSUl'e rise increa es with an increase in jacket tem­
perature, indicating that the increased rate of th e 
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FIGURE 16.- Effect of iojection advance angle 00 combustion of safety fu el with 
ignition spark in side of chamber and at engine temperatu re of 300° F. 

Enginespeed ______________________________ 570 r. p. m . 
Fuel quautity _____________________________ 0.00020 lb. 
Spark advance angle _______________________ 20°. 
Injection advance angle ___ __ __________ _____ 1056-40°,1057- 50°,1060-60°,1061- 70°. 
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mum rate of I res lire risc in the knocking rccords was 
not very much grcater than that with orne of the non­
knocking rccords, 0 that the hock of the comb ustion 
cannot bc attributed solely to the maximum rate of 
pres lire 1'1se. 

oxidatiou reaction overbalances all oppo ing tenden­
meso The fact that the net effect of an increa e of 
500 F. at the higher tempera.tures is much lower tha,n 
for a similar change at the lower temperatures prove, 
however, that a condition is approached where tue 
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increased rate of heat input no longer compensates for 
the inverse variation of rate of pressme rise with 
initial temperature and the increased rate of thermal 
decomposition. 

The consistent variation of combustion with injoc­
tion advance angle is the mo t persistent of all the 
variations. With very short time intervals botwoen 
injection a,nd ignition, the failme to ignite or tho mall 
extent of combustion is due to the lean mixture cau od 
by insufficient vaporization and diffusion. In more 
general terms, the time interval is insufficient for the 
heat transfer necessary for the activation of Lhe fuel, 
regardless of what tills process may consist. There 
may bE' several causes for the fact that maximum com­
bustion appoars at, or soon after, the boginnin o- of the 
range of ignitibility, after which the combu tion do­
creases with increa ing injection advance angle and 
ofLon top nltogether at It oefinitc injection nd vance 
angle. 

The difrerence in density for 10° difference in crank 
nngle as well as the effect on pray di tribution re ult­
ing thcrefrom i insufficient to cau e the large differ­
C!lCC in combu tion, but iL may be a contributing 
cnusC'. Another roa on for regarding tills oau e n 
insufIicient lies in the fact that the greatest variation 
wiLh injection advance angle is in the region where the 
air density changes least. Fmthermore, experiment 
indicate that injection of tho fuel at an advance angle 
of 80° and ignition at 60° before top center give re ult 
a satisfactory as tho e with injection at 40° and spark 
at 20°. The results indicate that the effect of initial 
conditions is not the determining factor. 

Another possible explanation lie in the cheInical 
composition of the vapor which must of neces ity vary 
with the time and also with the pres ure and tempera­
ture of the air dUTing the time interval between the 
injection of the fuel and its ignition. Although thi 
explanation would fit the data obtained, there ha been 
no direct experimental ub tantiation uch a Inight 
be afforded by the use of a ga -sampling valve. 

Safety fuel has a comparatively constant boiling 
range and would therefore never be affected much by 
the changing temperature factor but only by the 
lengthened time with increa ing injection advance 
angle. This fuel is con i tent in not howing any 
marked effect with increa ed initial temperature. 

Yet another po ible canse exi t for the limit of 
ignition at definite injection advance angle: The 
temperature and pre sure required for ignition are a 
function of ignition lag. As Dixon ha found (refer­
ence 14), these nece ary condition for ignition are 
dependent upon time lag alone and not upon any 
chemical change in the sy tern previou to ignition. 
To draw an analogy i quite impos ible becauso of the 
vast difrerence between the homogeneous sy tern 
Dixon investigated and the heterogeneous ystems of 
the present inve tigation. 0 data are availablo on 

the magnitude and direction of this variation for the 
conditions and fuels employed in the present investi­
gation. 

orne of the variations in Lhe behavior of the fuels 
can be explained on the basi of their properties. The 
efre t on combu tion of varying the injection advance 
angle is greate t for die e1 fuel, Ie for aff'Ly fll 1, and 
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FIGU RE li.-EfTect of injection advance angle on combnstion of gO$oIine fit engi ne 
temperature of 2S00 F . 

Engine speed __________ . ___________________ 570 r. p. m. 
Fuel quantily _____________________________ 0.00024 lb. 
Spark advance angIe ______________ . ________ 20°. 
Injection advance angle_ . __________ ____ 409-23°, 41043°,411-63°,412-83°. 

lea t for ga oline, an order exactly oppo ite to the 
ord r of volatility. The mall variation for ga oline is 
probably due to the fact that its decompo ition prod­
ucts have ignition properties morc similar to the 
original vapor. A Tau z and Schulte found (refer-
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enee 15), the decomposition product of all fuels how 
little yariation with re pect to ignition temperature 
aithougil the original fuel vary inver ely at th ir 
boilinO' point if they arc of the arne chemical typc. 
It follow that a fuel with a hiO'h boiling point will vary 
more with the product of it decompo ition in regard 
to it iO'nltion qualities than one with a low boiling 
point. Thu diesel fu el bould di play a gr ater 
variation with incl'ea ed de omposition (tbat i , with 
increa ed injection advance angle) than ga oline ince 
both are predominantly aliphatic and the former ha a 
much higher boiling range (fig. 4). The diesel fuel 
hould have a greater variation than gasoline or safety 

fu el no t only because it boiling range i ltighe t bu t 
beea u e it is the least table thermally . TIle rate 
con tant of decomposition at 575° C. has been found 
by Frey (1' ference ) to increa e fron1 0.0002 econd- I 

for ethane to 0.0 econd- I £01' ga oil. 
The maximum cylinder pre ures developed and the 

rates of pre ure rise u ually vary in the same order but 
not to the same extent. Thu, the rate of pre ure 
ri e i higher for ga oline at low temperature but 
almo t the ame a for the other two fuels at the 
higher temperatures. At 1,550 1'. p. m. a rather com­
plex relation hip exists. At temperature through 
200° F., the rate of pressure ri e are in tbe order of 
ga oline, diesel fuel, and afety fu el, although afety 
fu el bas the highe t maA'imum cylinder pre ure. It 
is assumed that the temperature of 200° F. i too low 
to vaporize and burn the di el fuel completely, and 
above 200° F. it is found that ga oline and die el fuel 
have approxinLately the ame rate of pre sure ri e 
with the die el fuel developing the higher pre ures. 

afety fuel react more slowly and not to the arne 
extent. As ha been stated previously, the difl:erence 
in rates of pre ure rise between safety fu el and the 
other fuels i greater than the difference in the pre -
ul'es. 

Table VI present a ummary of tll range of 
combustibility for the 3 fuel at the 2 engine peeds 
and at different temperatures. Only tho e inj ection 
ad vance angle ar included for which over 50 percent 
of the injection re ulted in park ignition. It i ob­
viou from the table that temperature ha practically 
no efl'ect on the rang of combustibility of ga oline, a 
small effect on that of afety fuel, and a very great 
effect on that of diesel fuel. Although a hiO'h tempera­
Lure i apparently required to cau e the die el fuel to 
react, once this high temperature i reached, the fuel 
will iO'nite over a much wider range. The re ult indi­
cate that vaporization doe not become efl'ective in 
controlling the combustion except at temperature 
much below tho e in the combu tion hamber of a com­
pre sion-ignition engine at the time of fuel injection. 

If the combustibility ranges for the different fuels at 
an engine peed o[ 1,550 r. p. m. and a temp rature of 

200° F. are ompared, it i evident that diesel fuel 
requires a minimum interval of 10° crank angle be­
tween injection and ignition, hydrogenated safety fll el 
30°, and gasolin c 40°. This order i the rever of 
what would be expected if iO'nition vari d with vola­
tility. The only plausible explanation of thi phe­
nomenon i that die el fuel requires the lea t enerO' or 
activation of the three fuels; that i ,if the temperature 
i sufficiently high, the un table highly active compo­
nent , eyen if only a small amount is vaporized, require 
reI a ti vely little energy to tart the reaction. afety 
fuel, on the other hand, need more time although it i 
varorized to a greater extent and req uires much more 
energy of activation, a further evidenced by the fact 
that thi fuel would rar ly auto-ignite (and later in the 
troke in <my case) when it did not ignite from the 
pill'k. For ga oline, the longest tim interval is 

necessary and, as previously mentioned, the time 
interval is tbe arne fiS that at the low peed. ever-

TABLE VI.- RANGE OF INJECTION ADVA CE 
ANGLE RE ULTING I SPARK IGNITION 

{Vnlues given in crank degrees] 

Engine Engine Safety Diesel tempera- speed , Gnsoline I 
ture, OF . r. p. m. fuel fuel 

------ ---------
100 { 570 --- 3(}-.J0 35- 50 

1, 550 r,o... 80 ..... --

150 { 570 30- 60 30-50 30- 60 
J, 550 60- 90 50-60 

200 { 570 30- 60 30-60 30- 130 . 
J, 550 60- 100 50-90 30- 90 

250 { 570 30- 60 30-60 30-120 
J,550 60- 90 50-90 30-130 

300 { 570 30- 70 30-70 --- --
J,550 60-100 -----._- (2) 

I Data lor gasoline at 570 r. p. m. are not directly comparable with the otber dala 
because 01 the increased luel quantity used; i. e., 0.00037 pound instead of the 0.00020 
pound used in other tesls. 

2 Compression and spark ign ition over entire range. 

theless, at low temperatures, 111though diesel fuel will 
ignite ooner, it is the ga oline that give the greater 
maximum cylinder pre ure, showing definitely that 
the diesel fuel i not vaporized to as great an extent 
as the gasoline. At the higher speed (1,550 r. p. m.) 
the safety and diesel fuels would not fire regularly un til 
a jacket temperature of 200° F. wa u ed, furnishing 
further evidence of the necessity of vaporizing a uffi­
cient quantity of fuel to insure ignition. From these 
re lilt, the somewhat paradoA'ical conclu ion is arrived 
at that if a tempera ture i assumed at which all the 
fuels will ignite, gasoline, the most volatile, will be the 
most difficult to ignite; that is, it willreq uire the most 
time to form a combu tible mixture. 

It has often been stated that the volatility of a fuel 
is no criterion of its suitability for u e in an engille. 
The result of the present te t 0'0 one tep further. 
They show that for the same fuel within certain limit 
the extent of vaporization i not the determining fac­
tor, once a certain minimum temperature i reached, 
since combu tion cleCl-eas cl with the increa ed tim 
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allowed for vaporization. Till fact, howe,'er, does 
not lead to the conclu ion that the fuel i not vaporized, 
or only negligibly vaporized, ano. that vaporization i 
not essential for ignition. On the contrary, there is 
rea on to believe from previoll experimental work 
(reference 2) that vaporization occur very rapidly, a 
conclusion not incon istent with the results found in 
the pre ent te t . 

If complete vaporization i as umed, a in the case 
of ga oline, the decrea ing combu tion with increa ing 
injection advance angle can be explained by increa ed 
thermal decomposition of the vapor with increased 
time. If it i a umed that partial vaporization occurs, 
which is more likely for the diesel and safety fuel , 
not only does the increased thermal decompo ition 
playa part but the variation in vapor compo ition 
and the lowered fuel atomization a well. With refer­
ence to thermal decompo ition, no attempt is made to 
specify any exact mechanism of reaction but rather 
some type of reaction that produce molecule of a 
decidedly Ie active nature tha.n tho e originally 
pre cnt. 

CONCLUSION 

Because of the pecial te t condition the pre ent 
re ults are not directly applicable to conventional 
internal-combu tion engine. The re ults, however, 
do lead to two important conclusions: 

1. The characteristic of the combu tion of a liquid 
fuel are determined primarily by it hi tory from the 
time of injection up to the in tant of ignition. Apart 
from the mode of injection, the factor controlling the 
course of the combu,tion therefore, are: (1) the time 
interval between injection into the combu tion chamber 
and the ignition, (2) the temperature and pre ure of 
the air and fuel mixture during thi interval. If the 
mixture of the fuel and air i. heterogen ou, the 
shorter the time interval (above a certain minimum) 
the better the combu tion. s the temperature of the 
air i increa ed tIll eiIect of time i decrea ed. 

2. Volatility of thc fuel affect the rate of combu tion 
only at temperatures con iderably below tho e experi­
enced in the conventional compression-ignition engine. 
At the Illgher temperature it is the chemical character­
istic of the fuel that xert the mo t influence. The 
les table the fuel chemically, the more it i influ nced 
by change in the engine-operating condition . 

LA GLEY MEMORIAJJ AERONAUTICAL LABORATORY, 

ATIONAL ADVI ORY COMMITTEE FOR AERO A ' TICS, 

LA GLEY FIELD, A., September 11,1934. 
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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 

Sym- to axis) 
Designation bol symbol 

LongitudinaL __ X X 
LateraL _______ y y 
NormaL ______ _ Z Z 

, 

Absolute coefficients of moment 
L M 

0,= qbS Om= qcS 
(rolling) (pitching) 

Designation 

Rolling _____ 
Pitching ____ 
yawing _____ 

N 
0,,= qbS 
(yawing) 

Sym-
bol 

L 
M 
N 

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

axis) 

Y---+Z Roll ____ __ cf> u P 
Z---+X Pitch ____ 8 v q 
X---+Y r yaw _____ ,p 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 

Thrust, absolute coefficient OT= ~D4 
pn 

Torque, absolute coefficient OQ= 9Ds 
pn 

P, 

0., 

1/, 

n, 

<1>, 

Power, absolute coefficient Op= ~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. 


