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AERONAUTICAL SYMBOLS 

1. FUNDAMENTAL AND DERIVED UNITS 

Metric English 

Symbol 

Unit Symbol Unit Symbol 

Length ______ _ I 
t 
F 

meter _________________ _ m 
s 

kg 

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

Tirne ________ _ second __ ______________ _ second (or hour) ______ _ 
Force _______ _ weight of one kilogram ___ _ weight of one pound ___ _ 

Power________ P kg/m/s ________ ___________________ horsepower ___________ bp 
S d {krn/h_________ __ _______ k. p. h . mi./hr._______________ m. p. h. 

pee -------- ---------- m/s____________________ m. p. s. ft./sec._______________ 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 

62
) at 15° C. and 760 mm = 0.002378 

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

mlc2,1Ioment of 
radius of 
script). 

Area. 

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

S, 
Sw, 
G, 
b, 
C, 

b2 

Wing area, etc. 
Gap. 
Span. 
Chord. 

S' Aspect ratio. Specmc weight of "standard" au, 1.2255 
kg/m3 = 0.07651 Ib./ft.3• J..L, Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

V, True air speed. 

q, 

L, 

D 

1 
Dynamic (or impact) pressure= 2PV2. 

Lift, absolute coefficient GL=:S 

Drag, absolute coefficient GD = ~ 

Profile drag, absolute coefficient GDo = ~s 

Ind·uced drag, absolute coefficient GD ! = fs 
Parasite drag, absolute coefficient GDp = DS~ 

- q 

Q, Resultant moment. 
n, Resultant angular velocity. 

VI 
p-' Reynolds Number, where 

J..L 
IS a linear 

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

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

or for ::t model of 10 cm chord 40 mis, 
the corresponding number is 274,000. 

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

0, Cross-wind force, absolute coefficient. a, 
chord length). 

Angle of attack. 
Angle of down wash. G 

GC=qS 

R, Resultant force. 
~w, Angle of setting of 

thrust line). 
Angle of stabilizer 

thrust line). 

wings (relative to 

aD, Angle of attack, infinite aspect ratio. 
(~, Angle of attack, induced. 

Angle of attack, absolute. 

setting (relative to 'Y 
(Measured from zero lift position.) 

Flight path angle. 
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FUEL VAPORIZATION AND ITS EFFECT ON COMBUSTION IN A HIGH-SPEED 
COMPRESSION-IGNITION ENGINE 

By A. M. ROTHROCK and C. D. WALDRO 

SUMMARY 

The tests di cussed in this report were conducted to 
determine whether or not there is appreciable vaporiza
tion oj the juel injected into a high- peed compression
ignition engine during the time available for injection 
and combustion. The effects oj injection advance angle, 
f'l1,el boiling temperatures, fuel quantity, engine speed, and 
engine temperature were inve tigated. The result show 
that an appreciable amount oj the fuel is vaporized dur
'ing injection even though the temperature and pressure 
conditions in the engine are not sufficient to cause igni
tion either during or ajter injection, and that when the 
conditions are such as to cause ignition the vaporization 
process affects the combustion. The results are com
pared with those oj several othel' investigator in the 
same field. The tests were conducted with the ,A. O. 1. 
combustion apparatus. 

INTRODUCTIO N 

Since Doctor Diesel's invention of the compression
ignition engine, extended re earches have been con
ducted on fuel vaporization and the effects of this 
vaporization on the combustion. Originally it wa 
believed that the fuel went through four distinct 
stages: Injection, vaporization, ignition, and combu -
tion. This idea was held by Riepell, Alt, Neumann, 
as well as by Die el him elf. (Reference 1 and 2.) 
A research on the combustion proce progressed Alt 
and eumann came to the opinion that there was 
insufficient time between injection and ignition to 
allow for the vaporization of any appreciable quantity 
of fuel. This opinion was accorded general acceptance 
in Germany and the United States. 

Preliminary results obtained by Rothrock with the 
I. A. C. A. combustion apparatus (reference 3) indi

cated, however, that not only was some of the fuel 
vaporizing under the conditions of engine operation, 
but al 0 that this vaporization wa con iderable even 
at compre sion pres ures and at air temperature too 
low to result in auto-ignition of the injected fuel. 

A series of tests was therefore conducted to deter
mine definitely whether or not vaporization did occur 
and if so the effect of this vaporization on the process 

of combustion. The purpose of this report is to pre
sent the results of these tests on which a preliminary 
note has already been publi hed. (Reference 4.) 
The work was done by the ational Advi ory Com
mittee [or Aeronautic at Langley Field, Va. 

AP P ARATUS A D METHODS 

The N. A. C. A. combustion apparatus has been 
de cribed in detail in reference 3. A diagrammatic 
sketch of it is presented in Figure l. The appal'atu 
i 0 con tructed that a ingle-cylinder test engine is 
driven at the desired speed by an electric motor. By 
engaging the clutch, the camshaft of the injection 
sy tern make a single revolution at one-half engine 
speed, and a single charge of fuel i injected into the 
combu tion chamber of the engine. High-speed 
motion picture are taken of the injection proce s by 
mean of the apparatus sho"ffi in Figure 2. In the 
pre ent inve tigation the arranaement and rate of di -
charge of the electric condenser were such that 13 
expo ure were taken at the rate of 1,000 per second. 
When combustion took place it illumination was al 0 

recorded on the film. The film used was ordinary 
commercial film. 

The pa sage around the cylinder and in the cyl
inder head are connected to a tank containing glycerin 
which i circulated through the e pa age. By 
mean of electric heating coil in thi tank, the glyc
erin, a it leave the engine jacket, can be maintained 
at temperature a high a 400 0 F. It is po ible to 
inject the fuel with or without combu tion of the fuel 
spray by changing the temperature of the glycerin. 
Most of the pre ent te t were made at temperature 
below that required for combu tion so that the com
plete. process of vaporization and condensation could 
be studied. 

Two additions have been made to the apparatu 
ince it wa de cribed in reference 3. A circuit breaker 

in erie with a witch operated by the injection y
tem camshaft ha been add d. Thi circuit breaker 
i connected in serie with a mall park gap placed 
in front of the photographic film. 11 re ult, a line 
is recorded on the film a the pi ton pa e through 
top center in the cycle during which injection tal es 
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-Injection valve 

c, Timing gear 
d, Clutch 

e, Serra ted coupling 

To high pressure 
air tank 

°iGlass 
windows 

b, Initial pressure 
conlrol valve 

Section B-B 

f, Cut-off valve cam 
g, Timing valve cam 

:Im:.~=·->T a 
injection 

valve 

Clulch mechanism 

FIGURE l.-Single-{)y linder t t engine and fuel-injection system 
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lube 
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Kenetron 
lube 

Rolary
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swilch 

r Parabollc 
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Safety 
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FIGURE 2.- Photograpllic apparatus 
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place. A compression release valve has been installed 
so that the compre ion is released on the cycles fol
lowing that during which injection takes place. This 
latter change has been made to remove the neces ity 
of determining whether or not combustion of the fuel 
occurs in the cycle during which the fuel is inj ected 
or during some succeeding cycle. (ee reference 3. ) 

In the tests made with this valve the engine was 
brought up to speed with the valve open. The fuel 
pressure in the reservoir of the injection system was 
then brought to the desired value. This operation 
also clo ed the compression release valve. The time 
elap ing between the closing of the valve and the 
operation of the clutch which caused the injection of 
t~e f~el wa 1 second or less. Consequently, the 
time mterval during which the glass windows were 
subject to the high pre sures and temperatures was 
greatly reduced. Also the heat losses a discu ed in 
reference 3 caused by the repeated compression and 
expansion of a single charge of air were reduced. 

With the present apparatus, it i not always possible 
to reproduce the test conditions because of both atmo -
pheric and engine conditions. The chief deviation 
occurs in the gas leakage past the piston rings in the 
engine. The amount of the leakage is indicated by 
the maximum compression pre ure, which wa in 
every case recorded by the trapped-pressure method. 
(Reference 5.) In the following table are tabulated 
the maximum pre sures recorded with all the data 
presented, together with a brief de cription of the 
causes of any considerable variation. 

---,-----

Figure 
No. 

\Yiodow per
ronnance 

Maxi
mum 

Engine cy l
temper- inder 
sture pres· 
of. sure 

Ib .lsq . 
in. 

Yah'e r . t' 
openiJ] (!" nJec Ion Engine 
press- ure prpssure speed 
Ib) sq. It\~Sq. r. p. m. 

Ill. . 

---1-----1----------
S __ ._ 100 4:;0 4,000 4,000 1,-500 
6 ____ 100 455 4.000 4, 000 1,500 
7 __ ._ GlASS windows 100 4fi O 4, 000 .1, 000 1,-500 
~ ___ broken at ir. 100 460 4, 000 4,000 1,-500 

__ ._ regular inter- 100 460 4, 000 4,000 1500 
10 __ ._ vnls. 100 4"0 4,000 4,000 1; 500 
II ___ 100 440 4,-500 4,000 1000 
12 ___ 100 400 4, -500 4,000 '000 
13____ . . 150 470 4, 000. 4,000 1, 500 

Compression release vslve Instslled. New piston rings installed and 
seated 

14 ----I})<o windows I{ 200 I 570 I 4, 200 I 4,100 1
1,500 

15 _ broken. 250 570 4, 200 4,100 1. 500 

During the taking of the test data the greate t 
difficulty encountered wa cau ed by failure of the 
glass window. ince the e window are expen ive 
and since repeated failures score the cylinder liner, it 
was advisable to accept these difference in gas leakage 
rather than to attempt to repeat all te t under the 
arne conditions. Fortunately, the difference do not 

affect the conclusions drawn from the data. The 
failure of the gla s \Va eliminated after the compre -
si~:m relea e valve wa installed. 

OUTLINE OF TESTS 

An examination of the photographs presented in 
reference 3 showed that when the Diesel fuel was 
injected into the combustion chamber the appearance 
of the spray after cut-off was quite different from that 
observed in the previou photographs taken at room 
temperature. When the injection occurred early in the 
cycle the chamber cleared rapidly following the cut
off of injection and remained clear for the remainder 
of the 70-crank-degree time interval included during 
the taking of the high-speed motion pictures. How
ever, when the injection started closer to top center so 
that the photographs included more of the expan ion 
stroke, the exposures howed that the chamber became 
fogged at approximately 35° after top center and that 
the time at which the fogging occurred wa not very 
sen itive to these injection advance angles. In addi
tion, the fogging occurred in orne co. es between two 
succe ive expo urc , a time interval of appro}'.'imately 
0.0005 second. This fogging was attributed to con
den ation of the vaporized fuel at the point on the 
down troke of the piston at which the partial pressure 
of the fuel vapors in the combu tion chamber reached 
their aturated vapor pressure. In the pre ent investi
gation, therefore, a series of te ts was made which 
would how the occurrence of certain definite phenom
ena, provided that the fuel \\' 0. vaporizing and then 
condensing. 

The te t conditions and the phenomena which must 
occur, provided that vaporization and conden ation 
take place, are a follow : 

Variable-injection advance angle,-Provided that 
the fogging of the chamber i cau ed by condensation 
of vaporized fuel, the time in the engine cycle at which 
condensation occur should not show much variation 
over a wide range of injection advance angle. A 
mall change might be ob en-ed becau e of the crack

ing of the vaporized fuel from the initial hydrocarbons 
to lighter hydrocarbons having a lower boiling point. 
In thi case early injection advance angles hould 
give a later conden ation point because of the longer 
time interval during which the fuel i in contact with 
the hoL air in the combu tion chamber. Becau e it 
wa believed that till variable would proyide one of 
the most certain check on the theory, the injection 
advance angle wa varied in all te t from 50° in , 
orne co. e 0°, before top center to top center in 100 

increment. 
Different fuels, -The point of conden ation hould 

be dependent on the vapor pre ure of the fuel 1.1 ed. 
Con equently, a erie of te t wa made u ing dena
tured ethyl alcohol, ga oline, hydrogenated afety 
fuel, kero ne, and Die el fuel (fuel oil). The atmo -
pheric di tillation curve of ample of each fuel are 
hown in Figure 3. apor-pre ure curve that give 
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the comparative boiling temperatures under pressure 
of fuels similar to four of the fuels are shown in Figure 
4. These data are not from actual ample of the fuels 
tested, but are taken from reference 6. According to 
the conden ation theory, the time interval betw en top 

700 
.1. 1. ~ II 

~ Dlsfllloflon curves for: 
I , Denofured efhyl olcohol 

( 2. Gasoline 
3, Hydrogenofed fuel 600 

4. Kerosene 
5, Fuel oil 

5-VI 
p 

,...- -- ~ V i-----f.---

/' 
V ,....--)---' ).---' 0---oj' ..... >:-::: - ~ 

po- V :;/ fC"" 
,./ 

V ~ 

V 
V 

V ..... 
/ 

/. I ..c/ 
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20 40 60 80 100 
Percenfage disft"fled 

FIG URE 3.-Distillation curves of fuels tested 

center and the point at which the fogging of the 
chamber occurred should decrease as the boiling tem
perature of the fuel increased, or as the vapor pres ure 
of the fuel decreased. 

Different fuel quantities.- Since the saturated vapor 
pres sur of a fuel depends only on the temperature and 
since given weights of a fuel vapor will have a definite 
value of vapor pressure at the various volumes and 
corresponding temperatures that exist during the ex
pansion stroke of the engine, the intersection of t he 
saturated vapor-pressure curve of the fu el with the 
curves of the vapor pre sure for the given weights of 
fuel under the temperature and volume conditions in 
the engine will give the temperature and con equently 
the crank position at which these weights of fuel should 
condense. If condensation occur in the engine, the 
effect of varying the fuel quantity on the time in the 
engine cycle at which condensation take place hould 
show the same trend whether the data are obtained 
experimentally or theoretically. Computations show 
that this relationship requires that, as the fuel quan
tity is decreased, the time after top center at which 
the condensation takes place would increase at an 
increasing rate. The fuel quantities used in this series 
of tests varied from 0.00080 to 0.00004 pound per 
injection. In all tests the injection period was 
approximately 25 crank degrees. 

Different engine speeds.-Since the point in crank 
degrees at which condensation should take place is of 

necessity a function of temperature and pressure, it 
should remain independent of engine speed, excep t 
for the increased cooling losses and gas-leakage los es, 
as the speed of the engine is decreased. Conse
quently, tests were made at engine speeds of 1,500, 
1,000, and 500 revolutions per minute. 

Different engine temperatures.- I ncreasing the 
engine temperature decreases the radiation and con
duction on losses from the air during the compre sion 
and expansion stroke and consequently maintains 
higher air temperatures throughout the cycle. There
fore , increasing the engine temperature throughout 
the cycle should cau e the condensation to take place 
at a later point on the expansion stroke. In order 
to test the effect of temperature, runs were made at 
outgoing glycerin temperature of 100°, 150°, 200°, 
and 250° F. 

TEST RESULTS AND DISCUSSION 

VARIABLE-I J ECTION ADVA CE ANG LE 

All the spray photographs presented show the effect 
of the injection advance angle on the vaporization 
and condensation of the inj ected fuel. The discussion 
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FIGURE 4.-Saturated vapor-pressure curves for fuels similar to those tested 

in this and the following paragraph, however, will be 
limited to Figures 5 to 9, which contain the data for 
the different fuels. In each photograph a line has been 
drawn to indicate top center and a second line has 
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FIG UI!E f.-Vaporization Of ethyl alcohol. Engine r. p. m .• 1,500. Engine temperature, 100· F. Fuel quantity, 0,00025 pound. Discharge-{)rifice ' diameter, 0.020 inch 
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FIGlJRE 6.-Vaporization oC gasoline. Engine r. p. m., 1,500. Engine temperature, 100· F. Fuel quantity, 0.00025 pound. D ischarge-oriJlce diameter, 0.020 inch 
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FIGURE S.-Vaporization of kerosene. Engine r. p. m., 1,500. Engine temperature, 100° F. Fuel Quantity, 0,00025 pound. Discharge·orifice diameter, 0.0'.0 inch 
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been dm wn through the cen tel' of the la t clear 
e:x.'])osure at an injection advance angle of 40° or 50° 
before top center. In general, a the injection adyance 
angle (LA.A. ) was decrea ed, the point of condensation 
in crank degrees after top center at first decreased and 
then increased, although the change was slight, approx
imately 10°, in comparison with the variation in 
advance angle. An examination of the vapor-pressure 
data pre ented by Joachim and Rothrock (reference 6) 
hows that the vapor-pressure curve of the fuel were 

not reversible. In each case as the temperature of 
the bomb in which the pI' ures were mea ured wa 
lowered the vapor pre ure were higher than those 
recorded when the bomb wa heated. This nonre
versibili ty indicates that chemical changes took place 
in the fuels so that the fulal product after cooling 
the bomb contained lighter hydrocarbons than those 
which were in the original fuel. The longer th fuel 
wa subjected to the high temperatures and pressme 
in the combu tion chamber, the greater wa the time 
available for the e chemical changes to take place. 

on equently, it i to be expected that with the early 
injection advance angle the fuel in the chamber after 
conden ation had a lower boiling temperature and 
high I' saturated vapor pressure than that which wa 
originally inj ected. A the inj ection advance ano-Ie 
was retarded less of the lighter hydrocarbons were 
formed and con equently the condensation took place 
at a lightly earlier p int on the expan ion stroke. 
When the injection tar ted at 10° before or at top 
center the mixing of the fuel and fuel vapors wa not 
as complete a with the earlier inj ection. Thi ph
nomenon is shown by the uneven manner III which the 
light from the spark di charge wa blotted out. The 
condensation point again retarded with the late injec
tion becau e the time was too short for vaporization to 
be completed and con equently the partial pres ures of 
the fuel vapor were deereased. 

on idering the figures a a whole, it can be said 
that the point at which conden ation occurs doe not 
vary with inj ection advance angle, excepting larg 
angles that cause cracking of the fuel and small angle 
that do not give ufficient time for complete vaporiza
tion of the fuel. Consequently, it can be concluded 
that the fir t requirement of the vaporization theory i 
atified. 

Effect of boiling temperature of the fuel.- Figmc 
5 to 9 show the result obtained with the different 
fuel. With denatured ethyl alcohol (fig. 5) the vapor
ization during the following inj ection wa sufficient so 
that no fuel was seen from soon after injection cut-oil' 
until approximately 55° after top center. With an 
injection advance angle of 50° the fuel between 20° 
and 10° before top center wa fairly well diffused 
throughout the chamber as is shown by the hazy 
image. For the eight successive exposures the cham
ber remained clear and then again became hazy when 

the condensation took place. (Compare third and 
twelfth expo ures.) With injection at 40° before top 
center some of the fuel was still lIDvaporized at 6° 
before top center. ome condensation took place at 
5 ° after top center and condensation became prac
tically complete in the next exposure. With injection 
starting at 30° before top center, orne of the pray 
core is vi ible in the fu'st two exposures and condensa
tion tarted a little before 55° after top center. The 
results for injection tarting at 20° before top center 
are similar to those for 30°. With injection starting at 
10° before top center the conden ation wa less rapid 
or else the fuel vapor had not diffused throughout the 
ail'; con equently the mL-xture was not homogeneou . 
The same is true for injection starting at top center. 
For this last ca e it i interesting to note how the fuel 
disappeared from around the core of the spray. (e 
the first, second, third, and fourth expo ures.) In no 
case was the con den ed fuel sufficient to block out all 
the light on the original negative from the spark di -

, charges. 
The photographs obtained with gasoline (fig. 6) are 

similar to tho e obtained with ethyl alcohol, except 
that the vaporization docs not appear to have been as 
rapid and the condensation started earlier in the stroke, 
approximately 42° after top center. When conden a
tion took place less of the light was transmitted through 
the combustion-chamber windows than was the ca e 
with the ethyl alcohol. The dispersion of the fuel 
SPl~ before vaporization was greater with the earlier 
injeytion advance angle, which is to be expected, since 
the temperature in the chamber dUTing injection are 
lower and consequently the vaporization i not 0 

rapid. With injection starting at top center the 
blocking out of the light was uneven throughout the 
chamber for some time after the condensation started. 

With the hydrogenated afety fuel (fig . 7) the on
densation took place at approximately 30° after top 
center. gain with the greater injection advance 
angles the di tribution before vaporization wa more 
marked than with the Ie er angles. Thi difference 
wa , of course, affected to some extent by the air flow 
in the chamber. (ee reference 3.) With injection 
tarting at top center a slight amount of unvaporized 

fuel wa vi ible at 39° after top center. The next 
exposure shows, a would be expected, that the con
den ation took place around tIns nucleus. The arne 
phenomenon is shown ,vjth injection tarting at 10° 
before top center. 

With kero ene (:flo-. 8) the condensation occurred at 
approximately the sam point a with the hydrogenated 
fuel, 31 ° after top center. Thi is to be expected from 
a compari on of 'the di tillation curve of the two fuels. 
Again the condensation around any vi ible nuclei 
(second and third expo ures, I.A.A. 0°) is shown. 
When the condensation took place the light from the 
spark discharges was completely obstructed with the 
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exception of the photograph having injection starting 
at top center. In this case a slight increase in light 
intensity i shown as the piston approached bottom 
center, probably caused by the decrease in the density 
of the charge in the cylinder. 

The condensation of the fuel oil (fig. 9) occurred at 
approArimately 27° after top center. In no ca e wa 
the vaporization complete when the injection advance 
angle was 30° or less. In all cases the condensation 
completely obstructed the light from the spark dis
charges, although with the injection advance angle of 
0° the obstruction was not complete until 55° after top 
center. 

Comparing all the photographs or this series, we see 
that the point of condensation occLlrred closer to top 
center as the boiling point or boiling range of the fuel 
increased, which fulfills the second requirement of the 
vaporization theory. The vaporization was more 
complcte the earlier the injcction advance angle with 
the higher boiling range fuels. With the fuel having 
the lower boiling range the vaporization was con ider
able for all injection advance angles tested. It can be 
concluded that in high-speed, compre ion-ignition 
engines the fuel during and after its injection vaporize 
con iderably and that if combustion is not started 
until after the end of injection the combustion take 
place from the vapor phase and not from the liquid 
phase a has been generally believed. The re ult 
indicate that it is po sible, and probable, that in every 
ca e the combu tion i al 0 started from the vapor 
phase and not from the liquid pha e. Of cour e, 
with the conventional fuels which con i t of a mixture 
or hydrocarbons it i not nece ary for vaporization 
Lo be complete before ignition take place, but only 
1'01' a sufficient quantity of that fraction which ha the 
lowe t ignition temperature to be vaporized and 
hated to the auto-ignition temperature. The quan
tity which will be ufficient to tart combu tion with 
inflammation will depend on the rate of heat 10 from 
and to the gases in the combu tion chamber. 

Effect of fuel quantity injected,-The result::; of the 
te ts with dillerent quantities of fuel oil are hown in 
Figures 9, 10, and 11. The fuel quantitie were 
measured by injecting 10 charge of fuel into a con
tainer screwed onto the injection valve and weighing 
the container before and after injection. In the deter
mination of the weight of fuel the injection took place 
into air at atmospheric pressure in tead of into air at 
pre sures of from 400 to 500 pound per quare inch. 
However, since the rate of fuel discharge through the 
injection valve nozZle varies a the quare root of the 
pressure difference, the decrease when the di charge 
took place into the combu tion chamber should have 
been small. The differen~ fuel quanti tie were ob
tained by inserting in the injection value nozzles with 
difl'erent size discharge orifices. Consequently, a 
variation in the drop sizes of the injected fuel should 

be expected. As Lee (reference 7) has shown, this 
variation should not be sufficient to affect the general 
conelu ion drawn from the tests. 

With 0.00017 pOlmd of fuel (fig. 10) the photo
graph were similar to those with 0.00024 potilld, 
al though the chamber was cleared of visible fuel 
earlier on the compression troke with an injection 
advance angle of 50°. A before, vaporization was not 
complete with an injection advance angle of 30° or 
Ie s. The photograph for an iiljection advance angle 
of 0° hows the condensation taking place around the 
unvaporized portion of fuel in the chamber. As in all 
the previous tests, the diffusion of the fuel before 
vaporization was greater the earlier the injection ad
vance angle. 

The results hown in Figure 11 for 0.00004 pound of 
fuel s ow a much later point of condensation, 45° after 
top center, than with the larger fuel quantities, 
Thi I'C ult is to be expected because of the decrease 
in the heat nece ary to ,~aporize the fuel charge, and 
becau e of the decrea e in the partial pre sure of the · 
fuel vapor. With injection advance angles of 20° 
or more before top center no fuel was visible for the 
fir t part of the expan ion stroke before the conden a
tion took place. With injection starting at 10° before 
and at top center, fuel was vi ible but not to such an 
extent a 'with the two larger fuel quantities, The 
plioJtographs show that even when the spray pene
trated and di tributed tluough only a small part of the 
chamber before yaporizing the di tribution was quite 
tmiform when the fuel condensed. In no ca e was all 
the liO'ht on the negative obstructed after t19 con
den ation took plac, This phenomenon gives us a 
Iue a to the extent [the vaporization . 'Y can COIl

clud that 0.00004 pound of fuel on condensing will 
ob tl'llct an appreciable amc~mt of the liO'ht. With 
0.00024 pound f fuel, approximately the amount 
required for '·omplete combu tion of the air, no fuel 
was visible with the early injection advance angles and 
yery little wa ,"isible following injection cut-off with 
the later injection adyance angle. Therefore, it is 
afe to ay that a con iderable amotillt of the fuel was 

vaporized in the tim allowable for injection and com
bu tion. 

Another rea on for thinking that the chamber being 
clear oon after cut-off i an indication of almost com
plete vaporization i that Lee (reference 7) and De 
Juhasz (reference ) how that a very small amount of 
the fuel i in the outer enyelope of a pray. However, 
thi outer envelope is clearly photographed (refer
ence 3) showing that when the chamber clears, there 
eau be very little till aporized fuel in the chamber. 

Effect of engine speed on vaporization,-The effect 
of engine peed on the vaporization of the fuel sprays 
i hown in Figures 9, 12, and 13. At an engine speed 
of 1,000 revolutions per minute the photographs are 
similar to those obtained at a speed of 1,500 revolutions 
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FIGURE B.-Vaporization of fuel oil with 0.00004 pound fuel. Engine r. p. m., 1,500. Engine temperature, 100· F . Discharge-orifice diameter, 0.008 inch 
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F IGURE 12.-Vapori zation of fuel oil a t 1,000 r. p. m. Engine temperature, 100° F . Fuel quantity, 0.00025 pound . Discharge-orifice diameter, 0.020 inch 
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FIGURE l3.-Vapori zation of fu el oil at 500 engine r. p. m. Engine temperature, 100· F . Fuel quantity, 0.00023 pound. Discharge-{)rifice dia meter, 0.020 inch 
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per minute. With an injection advance angle of 50° 
the fuel first diffused through the chamber compl tely 
blocking out the light from the spark discharges and 
then vaporized and condensed at approximately 23 ° 
after top center. With an injection advance angle of 
40° the initial diffu ion before the vaporization wa 
not so complete and the vaporization appear d to be 
more complete than with the earlier injection tart. 
With an injection advance angle of 30° the vaporiza
tion was more complete than wa the case at 1,500 
revolutions per minute for the same injection advance. 
Thi is attributed to the longer time interval during 
which the fuel was sub jected to the higher tempera
tures because of the lower enooine peed. The lightly 
earlier conden ation at the lower speed can be attrib
uted t o the lower temperature in the combustion 
chamber caused by the greater heat and ga -leakage 
losses. 

At an engine peed of 500 revolutions per minute 
the vaporization proce with re pect to time in econd 
was slower than at the two higher peed becau of 
the slower rate of temperature chanooe. The conden
sation point was later for an injection advance angle 
of 0°, starting about 32° after top center, al though with 
an injection advance of 20° the condensation started 
between 20° and 30° after top center. The condensa
tion occurred lightly earlier at the speed of 500 revo
lu tion per minute than at the higher speeds becau e 
of the greater heat 10 e of the air in the combu tion 
chamber. The magnitude of the los i indicated in 
the maximum cylinder pre sures at the three peed 
which were 460, 440, and 400 pounds per square inch 
at 1,500, 1,000, and 500 revolutions per minute 
respectively. (T hese values of maximum cylinder 
pressure are average. The values varied by ± 10 
pound per quare inch.) 

A comparison of the three figures shows that ince 
the distribution characteri tics of the fuel spray as 
well as the rate of vaporization of the pray vary with 
peed, the combu tion characteristic must of nece -

sity al 0 vary. However, the variation is not of suffi
cient magnitude to cause any great difficulty, a i 
shown by the numerous succe sful example of engine 
which run with a con iderable peed range. 

Effe ct of engine temperature .- The effect of engine 
temperature on vaporiz.ation is shown in Figure 9, 
14, 15, and 16. F igure 9 show conden ation to have 
occurred at 27° after tOI center when the engine tem 
perature wa 100° F . Figure 14 and 15 how con
densation to have occurred 37° and 67° after top 
center when the engine temperature wa re pectively 
150° and 200° F . 0 conden ation up to 130° after 
top center was hown on the film when the engine 
temperature wa 250° F. The retardinoo of the con
densation point at the higher engine tempera Lure 
satisfies the last requirement of the vaporization 
theory. Figures 14 and 15 show the blo t ting ou t of 

the liooht to have been Ie complete than the blotting 
out that occurred at 100° F. engine temperature. 
This effect was probably cau ed by the fuel being 
broken down more completely into the liooh ter ga es 
at the higher temperatures, leaving less of the heavier 
ooa es to condense. 

During the 100° F. test the blotting out occurred 
earliest with an injection advance angle of 20°. The 
photographs taken when th engine was at 150° and 
200° F. do not how the conden ation to have occurred 
later as the injection-advance angle wa made larger. 

Taking the different temperature te t a a whole, 
it can be said that higher temperatures afl'ect the con
densing of the vaporized fuel, probably causing more 
complete cracking of the fuel before condensation can 
occur. These higher temperature test al 0 how a 
more rapid rate of yaporization. 

An examination of the different temperature tests 
shows that there wa no ignition of the fuel until the 
engine temperature was 200° F. Figure 15 how 
that ignition occurred when the inj ection advance 
angle was increa ed to 30° before top cen ter and that 
the fuel ignited about 5° after top center. The fuel 
apparently burned with a red flame as the film was 
no t much affected by the ligh t of the combll tion. 
When the injection advance angle was r ai ed to 40° 
the fuel apparently burned with a much whiter flam e 
and ignition eemed to occur throughou t the chamber 
at the same time, although occun-inoo no earli I' than 
with the 30° advance angle. With an injection ad
vance anoole of 50° ignition OCCUlTed about 2° after 
top center, but the Harne did not seem a bright a the 
previous combu tion. Increasing the advance angle 
to 60° caused ignition to retard to 5° after top center 
again and combu tion was brigh ter than 'with the 50° 
advance angle, but not as bright as with the 40° angle. 
When injection started 65° before top center ioonition 
wa retarded to about 15° after top center and com
bustion eemed to be brighter around th side of the 
chamber than in the center. This eries of te t wa 
repeated and the same phenomenon wa again re
corded. The following explanation of thi action is 

As the fuel i injected into the combustion chamber 
two types of chemical action tend to take pla ce. As 

eumann (reference 10) and Woller and Ehmcke 
(reference 11 ) have shown, the heavier hydrocarbons 
tend to decompo into lighter, more table hydro
carbon , and free hydrogen. This decomposition in
crea e the auto-ignition temperature of the mLxture. 
On the other hand, the heavier hydrocarbon al 0 

tend to form un table peroxides with the oxygen 
pre ent in the air. These unstable peroxide re ult 
in a low auto-ignition temperature. (An excellent 
di cussion of the peroxide formation and it effect on 
combustion i given by Mardles in reference 12. ) 
Both these changes are affected by temperature. If 
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the decomposition takes place at the lower tempera
ture, then with the earlier injection the lighter hydro
carbons will be formed at the expense of the peroxides 
and consequently the auto-ignition temperature and 
the auto-ignition lag will be increased . T he accept
ance of this hypothesis depends, of course, on the 
results of further experimentation. 

When the engine temperature was 250° F. ignition 
did not occur until the inj ection advance angle was 
increased to 30° before top center. However, when 
ignition took place it started at, or slightly before, 
top center around the edge of the spray and not at 
an indeterminate point or points throughout the 
chamber. Although the combustion seemed quite 
intense, there was a definite time interval that elapsed 
before the flame spread throughout the chamber. 
Further inj ection advance did not change the time of 
the start of ignition but did cause the burning to start 
simultaneou ly throughout the chamber. Subsequent 
tests in which indicator cards were taken simultane
ously with the combustion photographs showed that 
this simultaneous star t of combustion is accompanied 
by violent combustion shock e" detonation "). A 
comparison of this figure with the preceding one 
shows that the increased temperature tended to 
make the combustion more uniform and more intense, 
and also that the engine temperature was an impor tant 
factor in controlling the rate of combustion. 

COMPARISON OF PRESENT RESULTS WITH THOSE OF 
OTHER INVESTIGATORS 

In 1918 eumann published a series of articles 
(reference 10) on the re ults of tests conducted to 
determine the significance of the vapor pres ure of 
various fuels in rela tion to the suitability of the fuels 
for use in compression-ignition engines. He based 
his analysis on the hydrogen preferential theory, ac
cording to which ignition starts from the combination 
of the oxygen with the free hydrogen liberated by the 
decomposition of the hydrocarbons in the fuels. His 
data, however, are of interest since recent work has 
shown that combustion starts through the formation 
by the vaporized hydrocarbons of hydroxyls or per
oxides. 

Before discussing eumann's re ults it is well to 
distinguish between the terms "fuel vapor" and 
"fuel gas" as used by him and subsequently by 
Wollers and Ehmcke. By fuel vapor is meant the 
original hydrocarbons the fuel contained which have 
changed from the liquid to the vapor phase. By fuel 
gas is meant the decomposition products of the oriO'inal 
hydrocarbons. The e decomposition products consi t 
essentially of the lighter hydrocarbons, methane pre
dominating, after complete vaporization of the fuel. 

eumann's experiments consisted essentially of ob
taining vapor-pressure curves for representative ali-

phatic and aromatic fuels suitable for compression
ignition engines. By applying heat at a constant 
rate to the fuels he was able also to obtain information 
on the time rate of vaporization . In addition he 
analyzed the resulting gases for free hydrogen, meth
ane, ethane, and heavier hydrocarbons of the ethane 
series. The analyses showed him that when the fuels 
were heated sufficiently to be completely vaporized 
and then cooled the action was not reversible. Thi 
same phenomenon is shown in the results published 
by Joa.chim and Rothrock. 

Neumann assumed that the greater the rate of 
decomposition of the fuel and the yield of free hydrogen 
the greater was the ease with which the fuel was 
ignited . More recent results have shown that the 
free hydrogen becomes a factor only when ignition is 
not s.tarted from the unstable hydrocarbons at a 
temperature below the a.uto-ignition temperature of 
the hydrogen. eumann may be correct in stating 
that those fuels which yield free hydrogen at the higher 
temperature a.re more suitable for engine operation, 
not becall e of the free hydrogen present, however, but 
becau e of the greater instability of the molecules. 
The rates of fuel-gas formation which he also supposed 
to be an indication of the suitability of the fuels for 
engine use can, therefore, be used as a criterion to a 
certain extent. 

Neumann concluded that the rate of fo rmation of 
the decomposition products should not be too rapid 
but rather steady and consistent. This statement 
must, however, be modified according to the relation
ship between the auto-ignition temperature of the fuel 
and the boiling temperature. Where the auto
ignition temperature is considerably in excess of the 
mean boiling temperature it is advisable to have a 
slow rate of vaporization so that ignition will take 
place before the fuel is completely vaporized. Other
wise the burning will take place with sufficient rapidity 
to cause combustion shock. On the other hand, if 
the auto-ignition temperature is near the mean boiling 
temperature it is advisable to have the vaporization 
take place rapidly. 

Unfortunately, these two conditions are difficul t to 
obtain. The photographs of the fuel spray and of the 
combustion have shown that for a wide range of 
volatility the rate of vaporization i sufficien tly fast 
in all ca es to affect combustion, and that with the 
fuels consisting es entially of the lighter hydrocarbon 
the rate of vaporization is too fast to permit combus
tion to start before the vaporization is completed. The 
re ults obtained at an engine temperature of 200° F. 
show that eumann was correct in concluding that 
the formation of the lighter hydrocarbons before the 
start of combu tion is detrimental and that although 
combustion may take place under such conditions the 
heat of combustion is insufficient to cause the whole 
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charge to burn. It can be concluded that the difficulty 
encountered in burning the predominantly aromatic 
fuels in the compression-ignition engine is principally 
a function of the chemical tructure of the fuel which 
results in a high auto-ignition temperature. 

The next important research on the combu tion 
phenomena following that of eumann's was con
ducted by Wollers and Ehmcke. (Reference 11.) 
Their investigation wa conducted to determine 
whether or not it was po ible to force early ignition 
by the addition of small amounts of easily ignitible 
fuel. They found, as had eumann, that the total 
hydrogen content of the fuel was not the primary 
factor in rating the fuel according to their suitability 
for use in compres ion-ignition engines. T hey also 
concluded that the boiling range of the fuel was not 
indicative of the fuel's suitability for u e in compres-
ion-ignition engines. The present te ts have shown, 

however, that the boiling range doe have a marked 
influence on the combustion shock of the fuel. Woller 
and Ehmcke's test on the relation of the ga ification 
process to the combustion phenomena are extremely 
interesting. They concluded that in the aliphatic 
eries the C-H bond were tronger than the C-C 

bond and that consequently the combustion wa 
started through a breaking down of the hydrocarbon 
in the C-C bonds. With the aromatic compound, 
however, the process wa reversed. In this ca e the 
cyclic C-C bonds were stronger than the chain H 
bonds and the split took place in the latter. T heir 
auto-ignition tests howed that the auto-ignition tem
perature of a fuel was dependent not on the physical 
properties of the liquid fuel but on its chemical struc
ture. In further proof of thi they showed, a eu
mann had, that the final decomposition products of 
all the fuels they tested when completely vaporized 
were identical. In regard to the ignition temperature 
they concluded that in homologous eries the ignition 
temperature decreased with increa ing molecular 
weight. This conclu ion had ince been checked by 
other inve tigators for the normal compounds. ,Yoller 
and Ehmcke did not, however, discard the theory that 
vaporization precedes ignition, for they state, "After 
the fuel has been injected, a momentary vaporization 
takes place. Under the influence of the high tempera
ture prevailing in the compres ion chamber the vapor 
molecules are loosened in the direction tipulated by 
the chemical constitution. The valences made I' -

active by this loosening absorb oxygen eagerly. Igni
tion and further burning take place." Although the 
vaporization of the fuel does not affect the auto
ignition temperature, the pre ent tests have hown that 
the vaporization does affect the course of the 
combustion. 

After the publication of Wollers and Ehmcke' 
report the theory was advanced, based upon that 
report and other work, that not only did vaporization 

have no effect on the combustion but that combustion 
started from the liquid and not the vapor phase. It is 
difficult to understand why 0 many investigators took 
this tand inasmuch as the above-mentioned reporL 
compared only the ignitibility from the ~a eous and ? 
from the va or pha e and presented no material in 
upport of the nonvaporization theory. evertheless, 

Wollers and Ehmcke's re ults, together with the fart 
that fuels could not be compared according to their 
volatilities alone, led many of the leading worker in 
the field to discard the vaporization phase in discussing 
combustion. Little attention was paid to the fact that 
because of the wide variation in the chemical constitll
ents of the fuels tested it is hardly plausible to believe 
that the volatility only of the fuel should determine it 
suitabili ty in a compression-ignition engine. or was 
it realized that although the vaporization had no effect 
on the auto-ignition temperature it might have It 

decided effect on the course of the combustion. 
Alt (reference 1) in di cu ing Woller and Ehmcke' 

work tate that" if vaporization were important for 
ignition, then the higher the ignition point above the 
boiling point, the better it [the fuel] would be [for 
compre sion-ignition engine ]." Actually the oppo ite 
is true. The closer the ignition temperature of the fuel 
is to the boiling temperature the greater the probability 
of starting combustion before the fuel is completely 
vaporized and 0 preventing combustion from taIling 
place at an exce ive rate with the re ulting rough 
running and knocking of the engine. Alt al 0 brought 
forth the fact that with many of the fuel the ignition 
temperature i below the mean boiling temperature. 
Thi does not affect the theory that vaporization pre
cede combustion ince, a Tau z and chulte (refer
ence 13) have hOWD, the ignition temperature of a fuel 
i that of the fraction which ignites at the lowe t 
temperature. The boiling point of thi fraction may 
or may not be below the mean boiling point, and igni
tion i tarted when the vapor of thi fraction reache 
the auto-ignition temperature regardle s of whether or 
not the heavier fraction have been vaporized in the 
meantime. An examination of the data pre ented by 
Alt how that \vith the three fuel for which both 
ignition temperature and boiling temperature are 
given, paraffin oil, light tar oil, and vertical furnace tar, 
the uitability of the fuel for compre ion-ignition 
engine i in th inver e order of the dill'erence betw en 
the auto-ignition temperature and the mean boiling 
temperature, - go, 224°, and 365° F ., re pectively. 

a (reference 2) in hi investigation placed con
iderable weight on the re ult obtained by Woller and 

Ehmcke and felt that they pre en ted convincing evi
dence again t the possibility of the formation of fuel 
vapor in the combustion chamber of the compre ion
ignition engine. The additional data pre en ted by 

ass do not prove or di prove the vaporization theory, 
although he held that they did disprove it. Sass con-
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siders the ignition temperature of acetylene as given 
by Wollers and Ehmcke as the cri terion for showing 
that the ignition temperature of the fuel as measured 
by him in a hot-bulb engine was lower than the 
ignition temperature of the vaporized fuel. ot only 
were his ignition temperature measured in air at high 
density which would of i t elf lower the auto-ignition 
temperature, a T au z and chulte have hown, but he 
also preclude the ignition of the un table peroxides or 
hydroxyls fo rmed during the early stages of vaporiza
tion. ass agreed with T au z' explanation of the 
ignition according to the peroxide formation theory 
but states that the peroxide formation need take place 
only in a relatively small portion of the molecules in 
the fuel drop. 0 proof, however, has been pre ented 
to how that peroxide formation take place in the 
liquid pha e although Mardles (reference 12) has 
hown that peroxide formation does take place in the 

vapor phase. 
eumann (reference 14) in a later repor t presented 

theoretical and experimental re ul ts on the heating of 
the fuel drops in the spray. He started from the 
relation hip that the rate of heat input from the air to 
the drop is equal to the rate of heat absorbed by the 
drop to increa e i ts temperature plus the rate of heat 
absorbed by the vaporization of the drop. The analysis 
is based on the a sumption that the air/fuel ratio 
throughout the chamber wa constant. It i fur ther 
a umed that the temperature at the out ide urface of 
the drop is equal to that of the rest of the air in the 
chamber and that the temperature of the inside 
urface i equal to the temperature of the fuel drop 

which has at any instant the arne temperature through
out. Although such computations do give results 
which are of value from a quali tative standpoint, their 
value from a quanti tative standpoint is questionable. 

eumann found that the computed values for the rate 
of heat tran fer to the drop were much lower than those 
experienced in the bomb which he used for hi te t . 
He attributed the difference to chemical reactions of 
an exothermal nature which preceded the actual . 
ignition of the fuel. The present results show that 

eumann's computed re ults, which indicated that less 
than 1 per cent of the fuel vaporized during the time 
available in the engine, are far from correct and that 
actually the peed of vaporization is so great that a con-
iderable part of the fuel can vaporize even though the 

temperature conditions are too low to cause ignition . 
Tausz and Schulte (reference 13) realized the neces

si ty of determining ignition temperature under pre -
sure, and temperature condi tion similar to those 
employed in the engine and consequently built their 
apparatus accordingly. They state (reference 13) that 
" Ignition depends on the chemical compo ition of the 
fu el and the preceding chemical changes, which differ 

for different pressures and temperature Phy ical 
conditions, uch as finene of divi ion and diffu ion, 
have no immediate effect on the ignition temperature, 
but affect only the completene and rapidity of th 
combustion." Although they did not believe that 
there wa ufficient time for complete vaporization of 
the fuel to take place they do state that "rather in the 
most favorable case only the outer layer of a drop 
evaporates and mingle with the air and ignites at the 
requi ite temperature. The higher temperature, thu 
produced, then cause the ignition of all the re t of the 
fuel. " Thi latter statement is in agreement with the 
ideas of Diesel. However, the pre ent resul ts show that 
the rate of vaporization of the fuel i much greater 
than was previously believed. In fact it i of suffi
cient rapidi ty to permit practically all the fuel in the 
combustion chamber to be vaporized before ignition 
occur. Tau z and Schulte realized that the ignition 
temperatures of Woller and Ehmcke were tho e of 
the decompo ition products produced in the ab ence of 
oxygen and not of the original vapors of the fuels, bu t 
neverthele they precluded the idea of exten ive 
vaporization previous to ignition. 

In te ting fuels (chemical compound ) which did not 
decompose on boiling, Tau z and chulte found that 
"the temperature of ignition was independent of 
whether the fuel i present in the form of a vapor or of 
a fog and whether in thi latter ca e, the drop are 
large or malL" It i in the e te t that proof is given 
of the necessity of vaporization before ignition of the 
fuel. These investigator tested over 100 chemical 
compound covering saturated aliphatic hydrocarbon , 
unsaturated aliphatic hydrocarbon , cyclic compound 
and their derivative, aromatic hydrocarbons, del1.Va
tives of aromatic hydrocarbon, terpene and cam
phor , heterocyclic compounds, aldehydes, alcohol 
and their derivative, aliphatic acids, aromatic acid, 
and variou fat and mineral oils. With three excep
tions, the auto-ignition temperatures of the chemical 
compounds in oxygen were always equal to or greater 
than the boiling temperature of the liquid. For one 
of these, nonylic acid, the difference was mall, 6° F., 
which can be attributed to experimental error. Of the 
other two, stearic acid and undecylenic acid, stearic 
acid is known to decompose on heating. In addition 
Tausz and Schulte di tilled two different crude oils 
and collected the di tilla te at given temperature 
increments. The ignition temperature of the di 
tillates were then determined. They found that 
"the ignition point of the crude product is approxi
mately that of the fraction which ignites at the lowest 
temperature," and that this temperature was higher 
than the boiling temperature of the fraction, which 
presents further proof that even with the complex 
fuels vaporization precedes ignition. 
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CONCLUSIO S 

There are two main conclu ions to be drawn from 
the data presented. First, there is considerable 
vaporization of the injected fuel in a high-speed com
pre ion-ignition engine during the time available for 
injection and combustion. Second, this vaporization 
affects the course of combustion. 

There are also several detailed conclusion : 
1. The percentage of the fuel vaporized before igni

tion i a function of the boiling temperature or tem
perature of the fuel, the injection advance angle, the 
engine temperature, and the engine speed. 

2. If the ignition lag i too great the vaporization i 
accompanied by ufficient breakdown of the h eavier 
hydrocarbon into lighter hydrocarbons to affect the 
time and course of the combustion. 

3. Unless combu tion i star ted before the fuel 
vapor have diffused throughout the chamber the 
combu tion will tart throughout the chamber almo t 
simultaneou ly with consequent combu tion hock . 

LANGLEY MEMORIAL AERO AUTICAL L AB ORATORY, 

ATIO AL ADVISORY OOMMITTEE FOR A ERONAUTIC, 

LA GLEY FIELD, VA., May 4,1932. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Axis Moment about axis Angle Velocities 

Force 
(parallel Linear 

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

10 LongitudinaL __ X X rolling _____ L Y----+ Z rolL _____ cf> u 
LateraL _______ Y Y pitching ____ M Z----+ X pitch _____ 8 v 

ormaL ______ Z Z yawing _____ N X----+ Y yaw _____ 

'" 
w 

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

L M N 
0 1= qbS Om= qcS On= qbS 

4. P ROPELLER SYMBOLS 

D, Diameter. P, 
' P 

Geometric pitch. 
Power, absolute coefficient Op= 3D6' 

p, pn 
p/D, Pitch ratio. 

Os, ~ V' Inflow velocity. Speed power coefficient= Pn2 ' , 
V8• Slipstream velocity. 7], Efficiency. 

T, Thrust, absolute coefficient OT= ;D4 
n, Revolutions per second, r. p. s. 

pn 
cf>, Effective helL'{ angle = tan-1 (2;n) 

Q, Torque, absolute coefficient 0'1= pn~D6 
5. NUMERICAL RELATIONS 

1 hp = 76.04 kg/m/s = 550 lb./It./sec. 
1 kg/m/s = 0.01315 hp 

1 lb. =0.4535924277 kg. 
1 kg = 2.2046224 lb. 

1 mi./hr. = 0.44704 m/s 
1 m/s=2.23693 mi./hr. 

1 mi. = 1609.35 m = 5280 ft. 
1 m=3.2808333 ft. 


