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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 

Length ____ _ 
Time ______ _ 
Force _____ _ 

Symbol 

l 
t 
F 

Metric 

Unit 

meter ___________________ _ 
second _______ ___________ _ 
weight of one kilogram ____ _ 

Symbol 

m 
sec 
kg 

English 

Unit Symbol 

foot (or mile) _________ ft. (or mi.) 
second (or hour) _______ sec. (or hr.) 
weight of one pound lb. 

PoweL_____ P kgjmjsec __________________________ _ horsepower __________ _ HP. 

Speed ______ _________ _ {~j~_ ~~~==== ============ ======= === 
mi. /hr ________________ M. P. H . 
ft./sec ________________ f. p. B. 

2. GENERAL SYMBOLS, ETC. 

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

~ m/sec. 2 =32.1740 ft./sec.2 

W m, Mass =-, g 

p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-' 
. sec.2) at 15° C and 760 :mm =0.002378 (1b.-

ft .- 4 sec.2). 
Specific weight of "standard" air, 1.2255 

kg/m3 = 0.07651 Ib./ft.3 

mk2, Moment of inertia (indicate axis of the 
radius of gyration, k, by proper sub­
script). 

S, Area. 
Sw, Wing area, etc. 
G, Gap. 
b, Span . 
c, Chord length. 
b/c, Aspect ratio. 
j, Distance from c. g. to elevator hinge. 
J.L, Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

V, True air speed. 

q, Dynamic (or impact) pressure=i p"V2 

L, Lift, absolute coefficient OL= :s 
D, Drag, absolute coefficient OD = ; 

0, Cross - wind force, a b sol ute coefficient 
o 

Oe=qs 
R, Resultant force. (Note that these coeffi­

cients are twice as large as the old co­
efficients Le, Dc·) 

iw Angle of setting of wings (relative to thrust 
line) . 

it, Angle of stabilizer setting with reference to 
thrust line. 

'Y, Dihedral angle. 
Vl Reynolds Number, where l is a linear 

p P:' dimension. 

{3, 

a, 

E, 

e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, 0° C: 255,000 
and at 15° C., 230,000; 

or for a model of 10 em chord 40 m/sec, 
corresponding numbers are 299,000 
and 270,000. 

Center of pressure coefficient (ratio of 
distance of O. P . from leading edge to 
chord length). 

Angle of stabilizer setting with reference 
to lower wing, = (i, -iw). 

Angle of attack. 
Angle of downwash. 
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FUEL VAPOR PRESSURES AND THE RELATION OF VAPOR PRESSURE 
TO THE PREPARATION OF FUEL FOR COMBUSTION IN FUEL 
INJECTION ENGINES 

By W~L F. JOACHIM and A. M. ROTHROCK 

SUMMARY 

This investigation on the vapor pressures oj juels was conducted at the Langle1.J Memorial 
Aeronautical Laboratory at Langley Field, Va., in connection with the general research on combus­
tion in juel injection engine. The purpose oj the investigation was to study the effects of high 
temperatu7'es such as exist during the fir t stages oj injection on the vapor pressures oj several juels 
and certain fuel mixtures, and the relation of these vapor pressures to the preparation of the fuel for 
combustion in high-speed fuel injection engines. 

The apparatu employed in the te t con i ted of a gas-tight teel bomb, a Bourdon pring 
pre sure gauge, an electric furnace, a thermocouple, and a potentiometer . The bomb was par­
tially filled with the fuel to be tested, the space above the fuel filled with nitrogen to prevent 
combustion, and the bomb heated in an electric furnace. Pressure and temperature readings 
were taken simultaneously during the heating and cooling periods over a temperature range 
from 1750 to approximately 900 0 F. Vapor and gas pressures up to 5,000 pounds per 
square inch were measured. The fuels tested were gasoline, kerosene, Diesel engine fuel oil, 
ethyl alcohol, methyl acohol, benzol, mL'l:tures of methyl alcohol and ga oline, and mixtures of 
benzol and gasoline. An aircraft engine lubricating oil was also tested . Water was tested as 
a standard in order to compare these results with those of other investigators. The conditions 
of the tests were similar to those met in the combustion chamber of a fuel injection engine and 
consequently the data apply to tho e conditions. 

It was found that the vapor pressures of the fuels increased rapidly at high temperatures, 
the rate of pres ure increase becoming greater as the temperatures approached the critical 
value. Beyond the critical temperature, the rate of pressure increase was constant except at 
one or more temperatures in the case of certain fuels and their vapors in which chemical changes 
took place. The chemical changes in some of the fuels were such that the cooling curves were 
materially different from those obtained during the heating periods. Permanent gases were 
generated during the heating and cooling periods in the ca e of the alcohols, gasoline, kerosene, 
and Diesel engine fuel oil so that the fuels removed from the bomb were materially different 
from those placed in it. The vapor pres ure of the fuels differed from each other con iderably, 
methyl alcohol having the highest vapor pressure, 4,370 pounds per square inch, and Die el 
engine fuel oil the lowest, 140 pounds per square inch, for the maximum temperature investi­
gated, approximately 850 0 F . 

The data for the vapor pressures of the fuels at high temperatures indicate the compression 
temperatures required to produce rapid vaporization of the injected fuel for combustion. 

INTRODUCTION 

In order to control and minimize the maximum cylinder pressures developed in high-speed 
fuel injection engines, particularly in engines designed for aircraft service, it is desirable to have 
the combustion proceed in accordance with the dual cycle, which require the :first and smaller 
part of the injected fuel charge to burn at constant volume and the remainder to burn at con-

a 



l 

4 REPORT ATIONAL ADVISORY COMMITTEE FOR AERONAUTIC 

stant pressure. The constant volume combu tion u uaily determines the maximum pressure 
developed in the engine cylinder. It is necessary, therefore, to investigate and control the 
injection and engine factors that affect the amount of constant volume combustion, in accord­
ance with the spray formation, vaporization, ignition, and combustion requirements of the fuel. 

Recent progress in the performance of high- peed fuel injection engines has emphasized 
the time lag of auto-ignition of the inje ted Iuelrus one of the major factors that affect the amount 
of constant volume combu tion. In order to minimize the amount of constant volume com­
bustion in engine operation, it is neces ary to distribute the small fuel particle properly in the 
combustion chamber and raise them to their auto-ignition temperature during injection of the 
first part of the·fuel charge . The ma)'imum cylinder pre sure developed is proportional to the 
fraction of the fuel charge that is injected and prepared for combustion at the instant that auto­
ignition occurs. Thus, the earlier that auto-ignition takes pJace, the start and rate of injection 
remaining the same, the less will be the amount of constant volume combustion. The cylinder 
pressures of the constant pressure phase of the dual cycle may be controlled, therefore, by varying 
the rate of injection of the remainder of the fuel charge. (Reference 1.) 

The injected fuel in an aiTcraft oil engine must be prepared for igmtion in Ie s than 100 of 
crank-shaft rotation for uniform rate of injection if the time Jag of auto-ignition is to be short 
enough for operation with low cylinder pressures. Thi time lag is dependent upon the type 
of injection system u ed; the timing and rate of injection; the fuel pray velocity and penetra­
tion; the degree of atomization obtained; the distribution of the spray in the combustion chamber 
and of the oil particles within the spray; the compression ratio used in the engine and the depend­
ent cylinder pressur sand temperatmes; the timing, direction, and amount of turbulence 
employed; the amount of radiation from hot surfaces in the combustion chamber; the initial tem­
perature of the injected fuel; and the chemical and physical properties of the fuel. It is probable 
that in the past sufficient consideration has not been given to the physical and chemical proper­
ties, which is due in part to the lack of experimental data in the range of high temperatures 
occurring during the first stage of inj ection in fuel injection engines. This research was con­
ducted at the Langley Memorial Aeronautical Laboratory at Langley Field, Va., to obtain data 
on the effect of high temperature on the vapor pressures of several fuels under conditions 
approximating those in fuel injection engine. In addition the data afford opportunity for 
analyois of the relation of this fuel property to the preparation of the fuel for combustion. 

The principal investigations made heretofore on the effect of temperature on the vapor 
pressures of liquids have been on water, methyl alcohol, and ethyl alcohol. (Reference 2.) 
The temperature range inve tigated has been from room temperature to the critical temperature 
of the liquid, approximately 5000 F. The United States Bureau of Mines in 1922 (reference 3) 
conducted some experiments on gasoline and kerosene over a similar temperature range. Several 
of the tar and paraffin oils have been investigated in Germany up to 800 0 F. (Reference 4.) 
Howeyer, as far as is known, complete data on the errects of high temperatures on the vapor 
pressures of such fuels as are u ed in fuel injection engines have not been reported, particularly 
in the range above the critical temperatures, and data for those fuel mL'\':tures that are used to 
suppress detonation in gasoline engines are entirely lacking. 

The tests reported herein were conducted on gasoline, kerosene, Diesel engine fuel oil, ethyl 
alcohol, methyl alcohol, benzol, mixtures of ethyl alcohol and ga oline, mixtures of benzol and 
gasoline, and an aircraft engine lubricating oil. Water was tested as a standard to compare 
these results with those of other investigators. Temperatures from 1750 to approximately 
9000 F. were investigated and vapor pressures up to 5,000 pounds per square inch were recorded. 

METHODS AND APPARATUS 

The method employed in the determination of the vapor pressure of a fuel consisted of 
partially filling a steel bomb with the fuel to be tested and heating it in an electric furnace through 
the de ired temperature range. The bomb was made of steel instead of some inactive substance 
so that the test conditions in this respect would approach those met in an engine cylinder. The 
space above the fuel was filled with nitrogen since it would prevent combustion and because the 
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gas in the combustion chamber of the fuel injection engine preceding injection of the fuel 
consists of approximately 77 per cent by weight of nitrogen. Temperature and pressure reading 
were taken imultaneously at regular intervals during both the heating and cooling of the bomb 
and fuel. The bomb was not held at each recorded temperature until equilibrium conditions 
were reached, ince uch a condition does not exist in the combustion chamber. 

A photograph of the apparatus is shown in Figure 1 and a diagrammatic ketch of it in 
Figure 2. The apparatu con isted of a gas-tight steel bomb, a cooling pan, a valve block, a 
pressure gauge, connecting tubes, an ele tric furnace, a thermocouple, and a potentiometer. 

The steel bomb was made from a piece of l % -inch diameter chrome-nickel steel 5Yz inches 
long. A well for holding the fuel and it vapor was drilled in the bomb lightly ofT center to a 
depth of 4Yz inche. Two small holes were drilled into this well from the other end of the bomb, 
one to serve as a filling hole connection and the other as an outlet connection to the pre ure 
gauge. Two drilled hexagonal teel bars approximately inches long were Cl'ewed and shrunk 
into these holes. The upper 
ends of the bar were provided 
with union fit('ing , thus pro­
viding a separable joint above 
the cooling pan. teel tubes 
with union fittings were fa -
tened to the drilled bars, a 
O'ooseneck bend being made in 
one of the tube to provide for 
unequal expan ion of the hex­
agonal bars and tubes. The 
lower end of the bomb wa 
do ed by a plug which wa 
al 0 screwed and hrunk in to 
place. The vol ume of the well 
was approximately 22 cm3. 

It wa nccessary to havc 
both an inlet and an exhaust 
opening in the apparatu for 
(,he efficien t deaning of the 
bomb, for filling the bomb 
with the fuel to be te ted, and 
for di placing the air above 

F IGURE l.- \ 'apor pres"ure apparatus. l. \ ·o.tmeter for measuring potential across electric 
furnace. 2. Rheostat for regulating potential aero electric furnace. 3. Electric furnace 
co ntaining bomb. 4. Cooling pan. 5. Valve block. 6. Donrdon pressure gange. 7. Po­
tentiometer for indi cating temperature of bomb. The thermos bottlo holding tbe cold junc­
tion of tho thermocouple can be seen immed iately to the left of tbe potentiometer 

the fuel with nitrogen before the tart of each te t. These openings were placed in the valve 
block where they could be cIo ed by needle valve and were connected by drilled holes in the 
valve block to the two tube from the bomb. In addition, the tube connected to the inlet 
opening was al 0 connected by a drilled hole through the valve block to the tube for transmitting 
the vapor pressures to the pre sure gauge. 

Several Bourdon spring pre sure gauO'e were u ed for mea uring the pre sures exerted by 
the vapor, their ranges varying from 0 to 200 pound per square inch to 0 to 5,000 pound 
per square inch, depending on the maximum pressure to be obtained with the fuel under te t. 
The gauges wcre altered by making the entrances to them very small 0 that the oil placed in 
the Bourdon spring could not easily e cape. In addition a goo eneck bend was made in the 
teel tube connecting the gauge to the valve block. Thi tube was also filled 'with oil and its 

position arranged so as to maintain oil in the gauge and tube in all the te ts. The gauges were 
calibrated by means of a dead-weight gauge tester, 

The cooling pan wa placed midway between the valve block and the bomb to cool and 
condense the hot vapors before they reached the valve block. Cold water was kept flowing 
through thi pan during the te ts. teel wires were inserted in the hexagonal bars in order to 
prevent the condensed vapors from dropping back into the bomb, the liquid being retained in 
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the bars by surface tension and capillarity, aided by the small annular space between the wire 
and the drilled hole. 

Heat was supplied by a cylindrical electric furnace of slightly larger diameter than the 
bomb. The heat energy in the furnace was sufficient to heat the bomb considerably above the 
maximum test temperature. This relation, in addition to the fact that the heat capacity of the 
bomb was considerably in excess of that of the fuel placed in it, assured a steady though slightly 
decreasing rate of temperature rise. A hole was drilled in the thickest part of the bomb wall 
from the bottom of the bomb to a depth of 372 inches, and the hot junction of the thermocouple 
placed approximately 1 inch from the top of this hole in order to locate the hot junction near the 
dividing line of the fuel and the vapor. The cold junction of the thermocouple was surrounded 
by melting ice in a thermos bottle. The electrical potential generated in the thermocouple 
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I. Valve 
block 

2. Needle 
valve 

3 Caolinq 
pan 

Electric 
furnace 

80mb 

Fuel 
well 

7. Thermo­
couple 
leads 

B Hot 
Junction 
afthermo­
couple 

which was indicated by the potentiometer was converted into 
degrees Fahrenheit from a calibration of the thermocouple 
made by means of a certified thermometer. 

The test procedure followed was the same for all the 
fuels. The bomb was first washed thoroughly with the fuel 
to be tested. It was then placed in the electric furnace with 
opened needle valves and heated to a temperatme in excess 
of that to be used in the test. This was done to complete 
any chemical reaction that might take place between the 
metal of the bomb and the fuel and to vaporize any im­
purities that might be present. When the bomb had again 
cooled to room temperature, approximately 13 cm3 of the 
fuel to be tested were placed in it. A tank containing 
nitrogen was connected to the inlet opening and nitrogen 
passed through the bomb and connecting tubes for a definite 
time interval at a slow, steady rate interrupted with occa­
sional intervals of slightly increased flow. Following this 
replacement of the air in the apparatus by nitrogen, the 
pressure in the bomb was adjusted to atmospheric pressure, 
the inlet and exhaust valves closed, and the electric current 

FlG~RE 2,-Diagrammatic sketcb of vapor pres- turned on in the flu'nace. When a temperature of approximately 
sure temperature apparatus 

175° F. was indicated, the ob erver began recording the readings 
of the potentiometer and of the pressure gauge s'multaneously. Readings were taken at intervals 
of pressure of from 1 to 50 pounds per square inch, depending on the range of pressures to be 
covered dming the test. When the maximum temperature desired wa reached, the electric 
current in the fmnace was turned off and readings were taken during the cooling period in the 
same manner. The time for a complete test was approximately three hours. Specimens of 
the fuel and of the gas remaining in the bomb were collected at the completion of each te t. 
The tests were repeated several times with varying amounts of fuel, the bomb being completely 
prepared previous to each test by washing, heating, and cooling as described above. 

Several series of computations and corrections in addition to the temperature and pressure 
calibrations were made to the recorded data in order to obtain the true temperatmes and pres­
sures of the vapor under test. These computations and corrections related chiefly to the nitro­
gen pressure which was calculated for each temperature, assuming a constant volume relation­
ship to exist in the bomb. The nitrogen pres ure was then subtracted from the corrected 
recorded pressure and the atmospheric pressure added to obtain the vapor pressure of the fuel 
being tested. 

TEST RESULTS 

The experimental data from these tests are plotted in Figures 3 to 12. It may be noted 
that critical points were recorded for most fuels and that pressme fluctuations or other physical­
chemical phenomena have taken place. The data for all curves on any fuel were reproducible 
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with a satii:lfactory degree of accuracy up to the critical point. Beyond the critical point the 
data for each fuel were reproducible in their general characteristic , but the vapor pressure for 
any given temperature increased with the 
amount of the fuel originally placed in 100 

the bomb. The phenomena that were 

0 
I I 1 I I 

most evident follow. 90 01--
1-0

1 131cni30~ li~U/Jlnlbo)"b. 
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1. CRITICAL POINTs.- The cri tical 
point is the point at which the curve 
changes from one of increasing slope to 
one of constant slope. It is clearly defined 
in the curves for gasoline (fig. 3), methyl .S 70 

alcohol (fig. 7), ethyl alcohol (fig. 8), benzol ~600 
(fig. 9), and the mixtures of gasoline with :8 
ethyl alcohol (fig. 11), and with benzol (fig. 
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12). The temperature indicated at thi 
point is known as the critical temperature 
of the liquid. At this temperature physi­
cal distinctions between the liquid and it 
vapor disappear. 
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F IGURE 3.-E lJect of temperature on tbe vapor pressure of gasoline 

900 

2. PRESSURE FLUCTUATIO s.-The e 
phenomena occurred during the cooling of 
the kerosene (fig. 4) and of the Diesel oil 
(fig. 5). During the pressure fluctuations 
the indicating hand of the pressure gauge, 
turned at about the speed of the second 
hand of a watch, stopped, and then traveled 
back to within a few pounds of the starting 
pressure, and then repeated the cyqle with 
gradually increa ing and later decreasing 
maximum pressures. These reactions for the Diesel oil continued until tho temperature had 
dropped from about 25° to about 575° F. The reactions for kerosene were considerably more 
restricted, taking place between 725° and 6 0° F . 

3. GENERATIO OF 0 E OR MORE PERMANENT GASES FRO 1 ALL THE F EL TESTED WITH 
THE EXCEPTIO OF BE zOL.- The generation of these permanent gase was indicated by the 

500 high residual pressures exerted by the vapors 
after the bomb had been allowed to cool to Pressur'e Tluctuafions-
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room temperatures as shown for gasoline, 
kero ene, Diesel engine fuel oil, methyl alcohol , 
and ethyl alcohol. (Fig. 3,4, 5, 7, and .) 

4. PERMA EN'!' DECOMPOSITIOI .-Perma­
nent decompositon or cracking was indicated 
by the fact that the fuel removed from the 
bomb following the te t wa different from 
that put into it. The alcohols, kerosene, and 
gasoline were changed from clear white thin 
liquids to liquids that resembled fuel oil or a 
very light lubricating oil. 

5. GENERATION Ol? Two OR MORE SEPA-
FIGtiRE 4.-TbeefTect of temperature on the vapor pressure ofkeroscn6 RATE AND DISTI CT VAPORS AT OR AHOVE 

THE CRITICAL T EMPERATURE.-The e phenomena are indicated in the curves for the alcohol 
(figs. 7 and ) and the benzol (fig. 9). In these curve the straight line temperature-pressure 
relations above the critical point n.re made up of two or more straight lines that join but that 
have different slopes. 
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6. RAPID I 'CREASE I VAPOR P RESS RE .-The vapor pre LIre of the ai.Tcraft engine 
lubricating oil (fig. 6) increased at such a rate after it had reached approximately 800 0 F. that 
it was neces ary to open the exhau t needle valve in order to prevent damao-e to the pres ure 
gauge. The rate of pre ure increa e wa 0 much greater than that of the temperature increase 
as to indicate a phy ical or chemical change in the oil, such as cracking at a higher temperature 
than u ed in manufacture. 

7. VARIATIO OF THE VAPOR P RES URES.-A comparison of the vapor pressure of the 
fuels tested i shown in Figure 10. These curve are the same a tho e appearing in Figure 
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FIG oRE 5.-EfTect or temperature on t he vapor pressure or Diesel engine FIGURE 6.-EfTect or temperature on Lhe vapor pres nre on aircrart 
fuel oil engine lu bricating oj] 

3 to 9 for the te t with 13 cm3 of the fuel in the bomb. The wide variation of the vapor pre -
sures of the SL>.": fuel and of the lubricating oil is clearly illu trated. 

8. D EVIATION FROM DALTON's LAW OF PARTIAL PRE RE .- The values for the vapor 
pressures of the mL>.":tures of ethyl alcohol and of benzol with the ga oline (fio-s. 11 and 12) , are 
not the sums of the vapor pre ure of the individual liquids as would be expected from Dalton ' 
law. This is probably due to the fact that chemical reactions took place between the two fuels 
or between the ga es existing and generated in the bomb at the high temperatures of the tes ts. 
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It is particularly interesting to note that in the ca e of the benzol-ga oline mixtures, at the higher 
temperatme , the vapor pre ures of the mixture with the excep tion of the a per cent benzol 
20 per cen t gasoline mixture are Ie than those of either of the fuel . The curves for the e mix­
tures form a family of curves which has materially different characteristic and trends from the 
curves for either fuel. This family is further illustraterl. in Figure 13, which is a cross plot from 
Figure 12. 
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ACC RACY OF TEST RESULTS 

VAPOR PRES UREs.-The accuracy of the computed vapor pre sures depended on the error 
of observation in the vapor pre ure readings, the gauge calibrations, and the computed nitrogen 
pre sures. The error of observation in the pre sure gauge rea ling wa 0.5 per cent to 1.0 per 
cent of the maximum reading of the gauge.. The accuracy of the gauge calibration depended 
upon the accuracy of the tandard used. T he po sible error in thi tandard, the dead-weight 
gauge tester, wa so small in comparison with that of the Bourdon gauge as to be negligible. 
However, there was an error in the computation of the nitrogen pressure becau e its volume 
did not remain constant as wa assumed. The volume 0 cupied by the vapor changed during 
the test due to the thermal expansion of the bomb and the liquid, the pre sure expansion of the 
bomb and compres ion of the liquid, and the vaporization of the liquid. The following method 
was used to determine the magnitude of the error introduced by a SllITling that the volume of 
the vapor remained constant. 

The chaJlO"e in the volume of the bomb due to the increase in the tempern.ture and the pre -
sure wa computed. The volume of the liquid at the temperature and pre ure lmder con iderA.-
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on the vapor pressure of watcr on the "apor pressurc of methyl alcohol on the vapor pressure of ethyl alcohol 

tion wa derived, The volume of the liquid was subtracted from the total volume to obtain the 
volume occupied by the vapor. The weight of the vapor wa computed and subtracted from the 
total weight of the liquid under te t. The olume occupied by the remaining liquid was again 
computed and these calculations repeated until the true volume of the vapor was fOlmd within 
the accuracy de ired, For methyl alcohol at the critical temperature, 473° F ., and the corre­
sponding critical pressure, 1,100 pounds per square inch, the true nitrogen pres ure was 3.6 
pounds per square inch greater than the value obtained by a suming that the vapor volume 
remained con tanto Con equently the vapor pres ure compu ted with thi assumption was in 
error by only 0.33 per cent. 

TEMPERATURE.-The accuracy of the temperature depended on the potentiometer and 
thermocouple calibration, the error of observation in the potentiometer reading, the temperature 
gradient between the hot j lIDction of the thermocouple and the vapor, and the conduction losses 
along the thermocouple ,"vire. The thermocouple and the potentiometer were calibrated by 
means of a 6 0° F . thermometer that had previously been calibrated and certified by the United 

tates Bureau of tandard. The maximum variation from the mean of anyone reading was 
2° F. The error of observation in the potentiometer reading was 0.5° F. The temperature 
gradient between the hot j unction of the thermocouple and the in ide wall of the bomb was 
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computed (,0 be 0.10 F. The wire of the thermocouple was wrapped around the bomb several 
times to prevent conduction 10 es from the hot junction along the thermocouple wires. The 
maximum error of the temperature readings was therefore approximately 2.6 0 F. 

COMPARISON OF DATA \VITII THAT OF OTHER INVE '.rIGATIONs.-Water was tested as a 
standard for compari on of the data presented with that given by other investigators. Thi 
comparison was made to determine whether other factors than tho e considered ailected the 
experiments. The experimental results from these test on water are hown in comparison v.-.ith 
the values given by Regnault (reference 2) in Figure 14. If the di crepancy in the water data 
was caused by some factor inherent in the apparatus, the same discrepancy should appear in the 
data for all the liquids tested which were affected in the same manner by this factor. In order 
to determine whether or not the arne error did appear in the data for the alcohols, the difference 
in pre sures from Figure 14 were added to the vapor pre sure as computed from the te ts and 
plotted together v.-.ith the results obtained by Ramsey and Young for these two liquid (reference 
2) in Figure 15 and 16. The conclu ion is drawn from an examination of the e curves that at 
any given temperature the eiTect on the vapor pre ure is appro:-.imately the same for waLeI' 
and the alcohols. The discrepancy i probably due in part to the diiTerent catalytic effect of 
the m8. terials of the bomb on the liquids. The data presented in this report can only be applied 
therefore to these fuels when heated wlder conditions similar to those existing in the tests. 

ANALYSIS 

everal change Lake place in fuel for oil engines when they are injected into the combu tion 
chamber of the engine. The hicrh temperature of the air in the combustion chamber heats the 
fuel particles, begin to vaporize them, and in some cases decompo e them into new hydro­
carbons. The processe continue until some of the fuel reache its auto-ignition temperature and 
combu tion is initiated. The combu tion pread through the combustion chamber at a rate 
depending on the degree with which the fuel i mixed with th air and on the rapidity \\-.ith which 
the fuel i rai ed to the au to-ignition temperature. The endeavor to decrea e the time lag of 
auto-ignition i an eilort to speed up the processes of preparing the comparatively cold, liquid 
fuel chemically and physically for au to-ignition. The physical properties of the fuel partially 
control the time necessary to carry out these proce ses. Amon o' these properties may be men­
tion d the specific heat, the heat of vaporization and the saturated vapor pressure of the fuel, 
and the specific heats of the fuel vapors. 

The yapor pres me presented in tIns report are not in every case the vapor pres ure of 
the fuels originally placed in the bomb. With the exception of the alcohol and benzol, the 
fuel were a combination of saturated and un aturated hydrocarbons, and the increasing tem­
perature caused chemical as well as physical changes. The vapor above the fuel formed hydro­
carbons which did not appear in the fuel. 

The pre sure of a vapor i caused by the impact of the wiftly moving molecule on the walls 
of the retaining ye e1. The pres ure i proportional to both the number and the magnitude of 
these impacts. The magnitude i determined by the mean kinetic energy of the molecules. 

This i equivalent to ~ 7n 02 in wInch m is the mass of the molecule and 'Ii is it mean velocity. 

The vaporization proces consists of energizing the molecules by heating them until they posses 
sufficient kinetic energy to overcome the surface ten ion of the liquid and enter the vapor. A 
decrease of the surface tension of the liquid or an increase in the mean kinetic energy of the 
molecules in the liquid will result m a greater number of the molecules entering the vapor. 
When a liquid is subjected to an increa ing temperature the surface tension is lowered (refer­
ence 5) and the mean kinetic energy of the molecules i rai ed. As a result the vaporization and 
consequently the vapor pressure increases at a more rapid rate than the temperature. Tills is 
illustrated in all the experimental results. 

According to the kinetic theory of ga e , for equal volumes and temperatures the number 
of molecules in any two vapors i proportional to the pressures exerted by the vapors. The total 
'amount of vaporization- that i , total number of free molecule - for equal vapor volumes of 
any two liquids at a given temperature is, therefore, proportional to their vapor pressures. 
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An examination of experimental data (fig. 10) indieates that the order of the preparation 
of the several fuels for combustion in the range of temperatures between 2000 and 8000 F. i 
ethyl alcohol, benzol, ga oline, kerosene, and Die el engine fuel oil. The vapor pres ures of 
these fuels at 4500 F. are given in Table I. They are in the ratio 120:35:22:4:1, 1'e pec­
tively. The specific heats of the fuels at 1040 F., and the latent heats of vaporization at the 
boiling temperatures are also given in Table I. 

TABLE I 

Fuel I Vapor pressures, I 
pounds per Specific heat at Latent beat or vaporization, 

square inch at 104° F . B. 1. U. per pound 

Ethyl alcohoL _______________________________________ _ 
Benzol ______________________________________________ _ 
Gasoline ____________________________________________ _ 
Keroscne _____ ______________________________________ _ 
Diesel engine fuel oiL ________________________________ _ 

1 Re[erence 2. ! Re[erence i. 

450° F. 

600 
175 
115 
20 

5 

10.64 
1.423 
2. 501 
2.4 2 
2. 472 

369 at 173 0 F. ' 
166 at ]760 F.I 
137 at 1940 F.3 
135 at 2440 F .3 
115 at 33 0 F.3 

3 Rererence 6. 

Actual practice indicates that in carburetor engine burning ethyl alcohol or ga oline the 
alcohol i the more difficult to ignite. Thi variance from the vapor-pressure data which hows 
there are a lesser number of free molecules produced in the ea ily ignited ga oline is due to the 
comparatively h' specific heat and latent heat of evaporization of the alcohol. Ethyl alcohol 
therefore require ome form of preheating, such a hot pots, high inlet air temperatures, or 
high compre3sion ratios to supply this heat energy in order to obtain sufficient vaporization 
for the production of an ignitable and rapidly combustible mLxture. 

Above 0" F. th vapor pre~ ure of the Diesel engine fuel oil increa'3e at uch a rapid rate 
that a compamtively small chanO'e in the temperature, and co n equently in the compression 
ratio of an eugine, will result in a con iderable decrease in the laO' of auto -iO'nition. 

The rapid increase in the vapor pre ure of the lubricating oil indicates the maximum tem­
perature at which this oil may be used for lubricating or cooling purpo es. 

The rate of the increase of vapor pressure with temperature increa e rapidly with the tem­
perature. For this reason a mall increa e in the compression temperature of an engine will 
result in a marked increase in the vapor pre~ ure of the fuel. The data for the vapor pre sures 
of the fuels, therefore, indicate tbe compression temperature required to produce the rapid vapori­
zation of the injected fuel for combustion . 

• 
CO CLUSIO S 

Several conclusions are drawn from the experimental re ult. The vapor pre ures of the 
fuel tested, which are mea ures of the number of free molecules produced by the vaporization 
proces e , vary over a wide range of pressure at any given temperature. The rate of change 
of vapor pressure with temperature for anyone fuel increa e rapidly until the critical tempera­
ture is reached . Above this temperature the rate of increa e of the vapor pressure remain at 
a constant value, which depend on the ratio of th ma s of the vapor and liquid per unit volume. 
At high temperature the fuel vapor form new hydrocarbons which in ome ca e on conden -
ation form a fuel of different compo ition from that originally placed in the bomb. The vapor 
pre sures of the fuel mixture investigated do not follow Dalton's law of partial pressure, the 
vapor pres ures of the mixtures being either greater or Ie s than the vapor pres ure of either 
of the unmixed fuels. The data for the vapor pre sures of the fuel at high temperatures indicate 
the compression tcmperatW'e required to produce rapid vaporization of the fuel for combu tion. 

LANGLEY MEMORIAL AERONAUTICAL LABORATORY, 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 

LANGLEY FIELD, VA., October 16,1928. 
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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) Designa- Sym-Designa.tion bol symbol tion bol 

LongitudinaL __ X X rolling _____ L 
LateraL ____ ___ Y Y pitching ____ M 
NormaL __ __ __ Z Z yawing _____ N 

Absolute coefficients of moment 

L M N 
OL= gbS OM=gcS ON = gfS 

Linear 
Positive Designa- Sym- (compo-
direction tion bol nentalong Angular 

axis) 

Y--.Z rolL _____ ~ u p 
Z--.X pitch _____ e v q 
X--.Y yaw _____ ~ w r 

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

4. P ROPELLER SYMBOLS 

Pv, 

Diameter. 
Effective pitch 
Mean geometric pitch. 
Standard pitch. 
Zero thrust. 

pal Zero torque. 
p/D, Pitch ratio. 
V', Inflow velocity. 
V" Slip stream velocity. 

T, Thrust. 
Q, Torque. 
P, Power. 

(If "coefficients" are introduced all 
units used must be consistent.) 

TI, Efficiency = T VIP. 
n, Revolutions per sec., r. p. s. 
N, Revolutions per minute., R. P. M. 

<1>, Effective helix ~ngle=tan-l(~) 
21l'rn 

5. NUMERICAL RELATIONS 

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

1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3 .2808333 ft. 




