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AERONAUTICAL SYMBOLS
1. FUNDAMENTAL AND DERIVED UNITS

Metric English
Symbol
Unit Symbol Unit Symbol
Length_____ l mebers - JAORE A o T A m foot (or mile) .- _______ ft. (or mi.)
Rimeal Lo t SeConH i Bl el A v OF e sec second (or hour)_______ sec. (or hr.)
Eorcerihe & F weight of one kilogram_____ kg weight of one pound 1b.
Power______ B §g/7n/sec ........................... hor/slelgower ........... E/IP'P e
1Y ah v 7o Bk Ul BT SRR | A SRR R 0 g 1215y o A RO S
Bpeed. ol rer--os {m/sec ______________________________ L S SN f. p. 5.
2. GENERAL SYMBOLS, ETC.
W, Weight, =mg mk?, Moment of inertia (indicate axis of the
g, Standard acceleration of gravity =9.80665 radius of gyration, %k, by proper sub-
m/sec.2=32.1740 ft./sec.? seript).
m, Mass A R g
/ S S,, Wing area, etc.
p, Density (mass per unit volume). @, Gap.
Standard density of dry air, 0.12497 (kg-m™ b,  Span.
~sec.?) at 15°C and 760 mm =0.002378 (Ib.- ¢,  Chord length.
fb=4"sec 2 b/c, Aspect ratio.

Specific weight of “standard” air, 1.2255 f,  Distance from c. g. to elevator hinge.
kg/m?®*=0.07651 1b./ft.? g,  Coeflicient of viscosity.

3. AERODYNAMICAL SYMBOLS

V, True air speed. v,  Dihedral angle.
Vi Reynolds Number, where 7 is a linear
u  dimension.
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,

¢, Dynamic (or impact) pressure=% o V2
L, Lift, absolute coefficient 0“:%8

D, Drag, absolute coefficient 0”=q%

0, Cross-wind force, a bsolute coefficient corresponding numbers are 299,000

C o) and 270,000. 3

¢ ¢S Op, Center of pressure coefficient (ratio of

R, Resultant force. (Note that these coeffi- distance of (. P. from leading edge to

cients are twice as large as the old co- chord length).

efficients L¢, De.) B, Angle of stabilizer setting with reference
1, Angle of setting of wings (relative to thrust to lower wing, = (i; — i,).

line). a, Angle of attack.

1, Angle of stabilizer setting with reference to ¢,  Angle of downwash.
thrust line.
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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 Wwm. F. Joacmmm and A. M. RoTHROCK

SUMMARY

This investigation on the vapor pressures of fuels was conducted at the Langley Memorial
Aeronautical Laboratory at Langley Field, Va., in connection with the general research on combus-
tion in fuel injection engines. The purpose of the investigation was to study the effects of high
temperatures such as exist during the first stages of injection on the vapor pressures of several fuels
and certain fuel miztures, and the relation of these vapor pressures to the preparation of the fuel for
combustion in high-speed fuel injection engines.

The apparatus employed in the tests consisted of a gas-tight steel bomb, a Bourdon spring
pressure 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 175° to approximately 900° 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 alecohol, methyl acohol, benzol, mixtures of methyl alcohol and gasoline, 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 those conditions.

It was found that the vapor pressures of the fuels increased rapidly at high temperatures,
the rate of pressure 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 case 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 pressures of the fuels differed from each other considerably,
methyl alcohol having the highest vapor pressure, 4,370 pounds per square inch, and Diesel
engine fuel oil the lowest, 140 pounds per square inch, for the maximum temperature investi-
gated, approximately 850° 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 requires the first and smaller
part of the injected fuel charge to burn at constant volume and the remainder to burn at con-
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stant pressure. The constant volume combustion usually 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-speed fuel injection engines has emphasized
the time lag of auto-ignition of the injected fuel as one of the major factors that affect the amount
of constant volume combustion. In order to minimize the amount of constant volume com-
bustion in engine operation, it is necessary to distribute the small fuel particles properly in the
combustion chamber and raise them to their auto-ignition temperature during injection of the
first part of the*fuel charge. The maximum cylinder pressure 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 place, 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 aireraft oil engine must be prepared for ignition in less than 10° of
crank-shaft rotation for uniform rates of injection if the time lag of auto-ignition is to be short
enough for operation with low cylinder pressures. This time lag is dependent upon the type
of injection system used; the timing and rate of injection; the fuel spray 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 pressures and temperatures; 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 stages of injection 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 temperatures on the vapor pressures of several fuels under conditions
approximating those in fuel injection engines. In addition the data afford opportunity for
analyz=is 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 investigated has been from room temperature to the critical temperature
of the liquid, approximately 500° 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° F. (Reference 4.)
However, as far as is known, complete data on the effects of high temperatures on the vapor
pressures of such fuels as are used in fuel injection engines have not been reported, particularly
in the range above the critical temperatures, and data for those fuel mixtures 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 gasoline, 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 175° to approximately
900° 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 desired 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 readings
were taken simultaneously 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, since such a condition does not exist in the combustion chamber.

A photograph of the apparatus is shown in Figure 1 and a diagrammatic sketch of it in
Figure 2. The apparatus consisted of a gas-tight steel bomb, a cooling pan, a valve block, a
pressure gauge, connecting tubes, an electric furnace, a thermocouple, and a potentiometer.

The steel bomb was made from a piece of 13{-inch diameter chrome-nickel steel 514 inches
long. A well for holding the fuel and its vapor was drilled in the bomb slightly off center to a
depth of 414 inches. 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 pressure
gauge. Two drilled hexagonal steel bars approximately 8 inches long were screwed and shrunk
into these holes. The upper
ends of the bars were provided
with union fittings, thus pro-
viding a separable joint above
the cooling pan. Steel tubes
with union fittings were fas-
tened to the drilled bars, a
gooseneck bend being made in
one of the tubes to provide for
unequal expansion of the hex-
agonal bars and tubes. The
lower end of the bomb was
closed by a plug which was
also screwed and shrunk into
place. Thevolume of the well
was approximately 22 cm?.

It was necessary to have
both an inlet and an exhaust
opening in the apparatus for

t} ﬂ . 1 . f I FIGURE 1.—Vapor pres:ure apparatus. 1. Vo.tmeter for measuring potential across electric
e eflicient ¢ eaning o the furnace. 2. Rheostat for regulating potential across electric furnace. 3. Electric furnace

bOHlb, for ﬁlhng the bomb containing bomb. 4. Cooling pan. 5. Valve block. 6. Bourdon pressure gauge. 7. Po-
ith the fuel to be t 1 d tentiometer for indicating temperature of bomb. The thermos bottle holding the cold junc-
with the fuel to be testec , an tion of the thermocouple can be seen immediately to the left of the potentiometer

for displacing the air above

the fuel with nitrogen before the start of each test. These openings were placed in the valve
block where they could be closed by needle valves and were connected by drilled holes in the
valve block to the two tubes from the bomb. In addition, the tube connected to the inlet
opening was also connected by a drilled hole through the valve block to the tube for transmitting
the vapor pressures to the pressure gauge.

Several Bourdon spring pressure gauges were used for measuring the pressures exerted by
the vapors, their ranges varying from 0 to 200 pounds per square inch to 0 to 5,000 pounds
per square inch, depending on the maximum pressure to be obtained with the fuel under test.
The gauges were altered by making the entrances to them very small so that the oil placed in
the Bourdon spring could not easily escape. In addition a gooseneck bend was made in the
steel tube connecting the gauge to the valve block. This tube was also filled with oil and its
position arranged so as to maintain oil in the gauge and tube in all the tests. The gauges were
calibrated by means of a dead-weight gauge tester.

The cooling pan was 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 this pan during the tests. Steel 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 314 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

_To pressure gouge which was indicated by the potentiometer was converted into
degrees Fahrenheit from a calibration of the thermocouple
L Z%\éi made by means of a certified thermometer.
2 The test procedure followed was the same for all the
7]\ < Needle fuels. The bomb was first washed thoroughly with the fuel
Z valve : . :
] to be tested. It was then placed in the electric furnace with
= /(;gg//nq opened needle valves and heated to a temperature in excess
of that to be used in the test. This was done to complete
any chemical reaction that might take place between the
4%%‘7222 metal of the bomb and the fuel and to vaporize any im-
purities that might be present. When the bomb had again
5. Bomb cooled to room temperature, approximately 13 cm® of the
6 Fuel fuel to be tested were placed in it. A tank containing
el nitrogen was connected to the inlet opening and nitrogen
7. Thermo- passed through the bomb and connecting tubes for a definite
Z}%‘(’;;/e time interval at a slow, steady rate interrupted with occa-
sional intervals of slichtly increased flow. Following ‘this
&Zizcmn replacement of the air in the apparatus by nitrogen, the
gg LZ;:r‘mo- pressure in the bomb was adjusted to atmospheric pressure,

the inlet and exhaust valves closed, and the electric current
Blov 2';ﬂfﬁgﬁi’;ﬁ;‘r‘:&:‘ggi‘aﬁsvap”’ pres= turned on in the furnace. When a temperature of approximately

175° F. was indicated, the observer 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 during the test. When the maximum temperature desired was reached, the electric
current in the furnace 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 test.
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 temperatures 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 pressure 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 pressure 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 satisfactory degree of accuracy up to the critical point. Beyond the critical point the
data for each fuel were reproducible in their general characteristics, but the vapor pressure for
any given temperature increased with the

amount of the fuel originally placed in 1008,
the bomb. The phenomena that were Coske ot
most evident follow. gt 1-0- 13 AL QI S L. 2
1. CriticAL Points.—The critical 7
point is the point at which the curve 800 4 '/ }
changes from one of increasing slope to
one of constant slope. It is clearly defined 5, / /
in the curves for gasoline (fig. 3), methyl S Vi lf
aleohol (fig. 7), ethyl alcohol (fig. 8), benzol 5_’600 ViV
(fig. 9), and the mixtures of gasoline with < i /’
ethyl alcohol (fig. 11), and with benzol (fig. ¢ // /
12). The temperature indicated at this 3°%9 P
point is known as the critical temperature § 77
of the liquid. At this temperature physi- %400
cal distinctions between the liquid and its ‘g . / J /
vapor disappear. O 300 L/
2. Pressure Fructuarions.—These / 7
phenomena occurred during the cooling of ol /
the kerosene (fig. 4) and of the Diesel oil
(fig. 5). During the pressure fluctuations v”‘%/
the indicating hand of the pressure gauge, i V4
turned at about the speed of the second i
hand of a watch, stopped, and then traveled 0~200 300 400 %00 600 790 80O 900
back to within a few pounds of the starting Temperature, °F
pressure, and then repeated the cy(;le with FIGURE 3.—Eflect of temperature on the vapor pressure of gasoline

gradually increasing and later decreasing
maximum pressures. These reactions for the Diesel oil continued until the temperature had

dropped from about 825° to about 575° F. The reactions for kerosene were considerably more

restricted, taking place between 725° and 680° F.
3. ENERATION OF ONE oR MORE PERMANENT GASES FROM Ary TE FueLs TESTED WITH

e Exceprion oF Bexzon.—The generation of these permanent gases was indicated by the
high residual pressures exerted by the vapors

,500 Aressure fl/"c"l“"’l".o’%s——nl’l after the bomb had been allowed to cool to
g 400 room temperatures as shown for gasoline,
5 O. 1/ cm3 of liquid in bomb | I olg kerosene, Diesel engine fuel oil, methyl alcohol,
I e e T e Sl ({17 1 J| and ethyl alcohol. (Figs. 3, 4, 5, 7, and 8.)
&5300 [ vy 4. PerMANENT DECOMPOSITION.—Perma-
b /J nent decompositon or cracking was indicated
@300 £ by the fact that the fuel removed from the
°~ o Z bomb following the test was different from
Sghbels dee el ] *;//J that put into it. The alcohols, kerosene, and
5 . )/x/ gasoline were changed from clear white thin
e o liquids to liquids that resembled fuel oil or a

0 > . . .
200 %0 400 %0 600 799 800  vyery light lubricating oil.
Temperature, °F

5. GENERATION OF Two orR MORE SEPA-
RATE AND Distincr Varors AT Or ABOVE
raE Oriticar TEMPERATURE.—These phenomena are indicated in the curves for the alcohols
(figs. 7 and 8) and the benzol (fig. 9). In these curves the straight line temperature-pressure
relations above the critical point are made up of two or more straight lines that join but that

have different slopes.

FIGURE 4 —The effect of temperature on the vapor pressure of kerosene
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lubricating oil (fig. 6) increased at such a rate after it had reached approximately 800° F. that
it was necessary to open the exhaust needle valve in order to prevent damage to the pressure
gauge. The rate of pressure increase was so much greater than that of the temperature increase
as to indicate a physical or chemical change in the oil, such as cracking at a higher temperature
than used in manufacture.

7. VARIATION OF THE VAPOR PRESSURES.—A comparison of the vapor pressures of the
fuels tested is shown in Figure 10. These curves are the same as those appearing in Figures

g 0.7 7 m3 of i dnbornb

S 200 ——’—gf// et /qlw . ¢ 200— %

-5 A3 cmd| w v LoaleA L s § S //g cma o’f //qU/d /n bomb L

Lo P i v PRS cm 7

Q2 100 Pressure.| o o./00

(9 e fluctuations 5 9

§‘ e é S 0 MM&'

> O %00 %00 400 %0 600 700 800 § 200 300 a0 306 600 700 800
= Temperature, °F

Temperature, °F

Ficure 5.—Effect of temperature on the vapor pressure of Diesel engine FIGURE 6.—Effect of temperature on the vapor pressure on aircraft
fuel oil engine lubricating oil

3 to 9 for the tests with 13 ¢m? of the fuel in the bomb. The wide variation of the vapor pres-
sures of the six fuels and of the lubricating oil is clearly illustrated.

8. DeviarioNn FroM Darron’s Law or ParTiaL Pressures.—The values for the vapor
pressures of the mixtures of ethyl alcohol and of benzol with the gasoline (figs. 11 and 12), are
not the sums of the vapor pressures of the individual liquids as would be expected from Dalton’s
law. This is probably due to the fact that chemical reactions took place between the two fuels
or between the gases existing and generated in the bomb at the high temperatures of the tests.

3T L O L A 117 06 0 A [ 0 5 I I
X, /3cm? of liguid A 1/ 10./3cm? of //C]U/d in bomb X,/3cm? of //qwd i bomb_«_
/r7 bomb. A RKoletcm? | / O,/5em? «
3600 TR 7 +/5cm3T e /7
/ VAL
Q3.200 7 f ] 7 717
¥ AA 7/
32800 T 17V Y1/
Q2400 VW 4
° / / 7 71 7A
§ A/ Vi
S 2000 7
3 AV, 71
] 4 4 o
/600
& riv .
L j [
1200 e
S /17 » e
= 21 L
800 L~ 3 O, /5¢cm3 of b IR
= o A V/
400 5 ligquid 17 bomb. Lo A7
&
oLt At 2] s
200 999 400 °%° 600 7 800 200 3% 400 *°° 600 7 800 200 3% 400 0 600 7° 800 9%
Temperature, °F Temperature, °F Temperature, °F
Fi1cUurE 7.—Effect of temperature on the vapor F1GUREe 8.—Effect of temperature on the FiGure 9.—Effect of teqperature on the
pressure of methyl alcohol vapor pressure of ethyl alcohol vapor pressure of benzol

It is particularly interesting to note that in the case of the benzol-gasoline mixtures, at the higher
temperatures, the vapor pressures of the mixtures with the exception of the 80 per cent benzol
20 per cent gasoline mixture are less than those of either of the fuels. The curves for these mix-
tures form a family of curves which has materially different characteristics and trends from the
curves for either fuel. This family is further illustrated in Figure 13, which is a cross plot from
Figure 12.
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4000
a1
A Aircraft engine lubricating oil
3600—+B Diesel engine fuel o/l
C Methyl alcohol.
— D Ethyl alcoho/
| E Kerosene.
J200—TF Gasoline. /
.| G Benzol.
Cc
£ 2800 TR T T >
. 13 em? of liquid in bomb.
&
2400 /
s
5 2000
8 /)
S
i /600 /
9]
§\/4200
5 G
800 i 1
¥ L
400 /4 ad H—
L LA B E /
/r/ il T A
g 200 300 400 500 600 700 80"

Temperature, °F

900

FIGURE 10—Effect of temperature on the vapor pressure of several fuels

and of lubricating oil

/000 ‘ ‘ ‘
% %z| Critical /
900 Benzo/ Ggso- tempera-
line | ture A o
AT/00 580
gool—1 Bl 80 20 552 /
cil~ 78 30 550 / i
D601 14011 555 By
el" <ol leo |soo| ¥ R
© 700 —rFar=20 8 595 -
S| lsl ol loa |er2 7 o
ﬁe i H ol /0 635 / / 7 f:_
. E
:; // /}/'/7‘%5//
S 500 Vi ) /’; o //: 7
2 AP AT
8400 /1.7 }7 ola s
5 11
§ 300 fﬁ/ Sl
,/7? {20//9/
/,
g
/ +
100
o7
0200 390 400 300 600 700 800

Temperature, °F

900

FIGURE 12—Eflect of temperature on the vapor pressure of benzol, gaso-

line, and benzol-gasoline mixtures

3200

2800—C 50% Gasoline.

Vapor pressure, /

Al
2400
13 3 of liquid i1 bomb.
\2000 cre o /qLI/ Vameley //
7 3
A
/600 2 P’/
4 &
' 'd#,(f
/200 ~ <
7 7
W |7
7 2
800 i e i
+/’*
4/“’/
400 : R
al ] + w
S T

9 ) A6 i

A Ethyl alcohol.
B Gasoline.
50% Ethyl alcohol. /

=

o= e |
200 990 400 90 600 790 800 900

Temperatlure, °F

FIGURE 11.—The effect of temperature on the vapor pressure of ethyl

alcohol, gasoline, and mixtures of ethyl alcohol and gasoline

800
700 750°F
/ 700°F
. 600
% /
> el /
S 71/ ]|650°F
Q, 500 ,/‘/ A / | 131G —]
Q /// /"//( 55l0,/_- of liquid
N v — 1 bomb—
L A
S 400 :
2 1 L1 |s00F
530 e 5
S ] LA | _A4s0F
8 == =
S 200!+ 8. el
= | 400°F
— = ]l 1
Lt = | | _<£350°F
0 20 <40 60 80 /00 % bepzol

100 80 60 40 20 0 % gasoline

FIGURE 13.—Eflect of composition on the vapor pressure of benzol-
gasoline mixtures at constant temperatures
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ACCURACY OF TEST RESULTS

Varor Pressures.—The accuracy of the computed vapor pressures depended on the error
of observation in the vapor pressure readings, the gauge calibrations, and the computed nitrogen
pressures. The error of observation in the pressure gauge readings was 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 standard used. The possible error in this standard, the dead-weight
gauge tester, was 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 because its volume
did not remain constant as was assumed. The volume occupied by the vapors changed during
the test due to the thermal expansion of the bomb and the liquid, the pressure expansion of the
bomb and compression of the liquid, and the vaporization of the liquid. The following method
was used to determine the magnitude of the error introduced by assuming that the volume of
the vapor remained constant.

The change in the volume of the bomb due to the increase in the temperature and the pres-
sure was computed. The volume of the liquid at the temperature and pressure under considera-
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tion was 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 was computed and subtracted from the
total weight of the liquid under test. The volume occupied by the remaining liquid was again
computed and these calculations repeated until the true volume of the vapor was found within
the accuracy desired. For methyl alcohol at the critical temperature, 473° F., and the corre-
sponding critical pressure, 1,100 pounds per square inch, the true nitrogen pressure was 3.6
pounds per square inch greater than the value obtained by assuming that the vapor volume
remained constant. Consequently the vapor pressure computed with this assumption was in
error by only 0.33 per cent.

TemperaTURE.—The accuracy of the temperatures depended on the potentiometer and
thermocouple calibration, the error of observation in the potentiometer readings, the temperature
gradient between the hot junction of the thermocouple and the vapor, and the conduction losses
along the thermocouple wires. The thermocouple and the potentiometer were calibrated by
means of a 680° F. thermometer that had previously been calibrated and certified by the United
States Bureau of Standards. The maximum variation from the mean of any one reading was
2° F. The error of observation in the potentiometer reading was 0.5° F. The temperature
gradient between the hot junction of the thermocouple and the inside wall of the bomb was
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computed to be 0.1° F. The wire of the thermocouple was wrapped around the bomb several
times to prevent conduction losses from the hot junction along the thermocouple wires. The
maximum error of the temperature readings was therefore approximately 2.6° F.

CoMPARISON oF Dara wite THAT oF OTHER INvEsTiGATIONS.—Water was tested as a
standard for comparison of the data presented with that given by other investigators. This
comparison was made to determine whether other factors than those considered affected the
experiments. The experimental results from these tests on water are shown in comparison with
the values given by Regnault (reference 2) in Figure 14. If the discrepancy 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 same error did appear in the data for the alcohols, the difference
in pressures from Figure 14 were added to the vapor pressures as computed from the tests and
plotted together with the results obtained by Ramsey and Young for these two liquids (reference
2) in Figures 15 and 16. The conclusion is drawn from an examination of these curves that at
any given temperature the effect on the vapor pressure is approximately the same for water
and the alcohols. The discrepancy is probably due in part to the different catalytic effects of
the materials of the bomb on the liquids. The data presented in this report can only be applied
therefore to these fuels when heated under conditions similar to those existing in the tests.

ANALYSIS

Several changes take place in fuels for oil engines when they are injected into the combustion
chamber of the engine. The high temperature of the air in the combustion chamber heats the
fuel particles, begins to vaporize them, and in some cases decomposes them into new hydro-
carbons. The processes continue until some of the fuel reaches its auto-ignition temperature and
combustion is initiated. The combustion spreads through the combustion chamber at a rate
depending on the degree with which the fuel is mixed with the air and on the rapidity with which
the fuel is raised to the auto-ignition temperature. The endeavor to decrease the time lag of
auto-ignition is an effort to speed up the processes of preparing the comparatively cold, liquid
fuel chemically and physically for auto-ignition. The physical properties of the fuel partially
control the time necessary to carry out these processes. Among these properties may be men-
tioned the specific heat, the heat of vaporization and the saturated vapor pressure of the fuel,
and the specific heats of the fuel vapors.

The vapor pressures presented in this report are not in every case the vapor pressures of
the fuels originally placed in the bomb. With the exception of the alcohols and benzol, the
fuels were a combination of saturated and unsaturated 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 pressure of a vapor is caused by the impact of the swiftly moving molecules on the walls
of the retaining vessel. The pressure is proportional to both the number and the magnitude of
these impacts. The magnitude is determined by the mean kinetic energy of the molecules.

This is equivalent to 5 m »* in which m is the mass of the molecule and z is its mean velocity.

The vaporization process consists of energizing the molecules by heating them until they possess
sufficient kinetic energy to overcome the surface tension 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 in a greater number of the molecules entering the vapor.
When a liquid is subjected to an increasing temperature the surface tension is lowered (refer-
ence 5) and the mean kinetic energy of the molecules is raised. As a result the vaporization and
consequently the vapor pressure increases at a more rapid rate than the temperature. This is
illustrated in all the experimental results.

According to the kinetic theory of gases, for equal volumes and temperatures the number
of molecules in any two vapors is proportional to the pressures exerted by the vapors. The total
amount of vaporization—that is, total number of free molecules—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) indicates that the order of the preparation
of the several fuels for combustion in the range of temperatures between 200° and 800° F. is
ethyl alcohol, benzol, gasoline, kerosene, and Diesel engine fuel oil. The vapor pressures of
these fuels at 450° F. are given in Table I. They are in the ratios 120:35:22:4:1, respec-
tively. The specific heats of the fuels at 104° F., and the latent heats of vaporization at the
boiling temperatures are also given in Table 1.

TasLe I

|
Vapor pressures,

Fuel pounds per | Specific heat at | Latent heat of vaporization,
square inch at 104° F. B. t. u. per pound
450° F. |
|
HUOvISoohelEE - - e e 600 | 10.648 | 369 at 173° F.1
BENZOIMSIIRNINES = | o D S L T e 175 | 1423 | 166 at 176° F.1
Canaiig oo SR S ‘ 115 2. 501 | 137 at 194° F.3
L i < 0 o T T S N L N ] 20 | 2, 482 | 135 at 244° F3
ieselongineduel ol - _ . . _ .l oo ‘ 5 ‘ 2,472 | 115 at 338° F.3
|
1 Reference 2. ? Reference 7. i Reference 6.

Actual practice indicates that in carburetor engines burning ethyl alcohol or gasoline the
alcohol is the more difficult to ignite. This variance from the vapor-pressure data which shows
there are a lesser number of free molecules produced in the easily ignited gasoline is due to the
comparatively hi®h specific heat and latent heat of evaporization of the alcohol. Ethyl alcohol
therefore requires some form of preheating, such as hot spots, high inlet air temperatures, or
high compression ratios to supply this heat energy in order to obtain sufficient vaporization
for the production of an ignitable and rapidly combustible mixture.

Above 800° F. the vapor pressures of the Diesel engine fuel oil increase at such a rapid rate
that a comparatively small change in the temperature, and consequently in the compression
ratio of an engine, will result in a considerable decrease in the lag of auto-ignition.

The rapid increase in the vapor pressure of the lubricating oil indicates the maximum tem-
perature at which this oil may be used for lubricating or cooling purposes.

The rate of the increase of vapor pressure with temperature increases rapidly with the tem-
perature. For this reason a small increase in the compression temperature of an engine will
result in a marked increase in the vapor pressure of the fuel. The data for the vapor pressures
of the fuels, therefore, indicate the compression temperature required to produce the rapid vapori-
zation of the injected fuel for combustion.

®

CONCLUSIONS

Several conclusions are drawn from the experimental results. The vapor pressures of the
fuels tested, which are measures of the number of free molecules produced by the vaporization
processes, vary over a wide range of pressure at any given temperature. The rate of change
of vapor pressure with temperature for any one fuel increases rapidly until the critical tempera-
ture is reached. Above this temperature the rate of increase of the vapor pressure remains at
a constant value, which depends on the ratio of the mass of the vapor and liquid per unit volume.
At high temperatures the fuel vapors form new hydrocarbons which in some cases on condens-
ation form a fuel of different composition from that originally placed in the bomb. The vapor
pressures of the fuel mixtures investigated do not follow Dalton’s law of partial pressures, the
vapor pressures of the mixtures being either greater or less than the vapor pressures of either
of the unmixed fuels. The data for the vapor pressures of the fuels at high temperatures indicate
the compression temperatures required to produce rapid vaporization of the fuel for combustion.

LaNGLEY MEMORIAL AERONAUTICAL LABORATORY,
NaTioNAL Apvisory COMMITTEE FOR AERONAUTICS,
LancLey Fiewp, Va., October 16, 1928.




FUEL VAPOR PRESSURE IN FUEL INJECTION ENGINES 13
REFERENCES

1. Joachim, W. F.: Research on Oil Engines for Aircraft. Mechanical Engineering, Nov., 1926. Vol. 48, No.
11, pp- 1123-1128, figs. 1-11.

2. Fowle, B. F.: Smithsonian Physical Tables, 1927. 7th ed., revised, xlvi, 458 pp., 585 tables. Washington,
Smithsonian Institution, pp. 178, 228, and 231.

3. Cooke, M. B.: Temperature-Pressure Curves of Petroleum Products. Report of Investigation Bureau of
Mines, Department of the Interior, serial No. 2368, 1922.

4. Sass, F.: Ignition and Combustion Phenomena in Diesel Engines. N. A. C. A. Technical Memorandum No.
482, Oct., 1928.

5. Bucken, A., Jetten, E., and Lamer, K.: Fundamentals of Physical Chemistry, 1925, 1st ed., 700 pp., figs.
New York, McGraw-Hill Book Co. (Inc.), p. 148.

6. Heinlein, Fritz: BExperimental Investigation of the Physical Properties of Medium and Heavy Oils, Their
Vaporization and Use in Explosion Enzines. Part III: Expzrimental Apparatus. N. A. C. A. Technical
Memorandum No. 384, Oct., 1923, p. 7.

7. Washburn, E. W.: International Critical Tables, Vol. II, 1927. 616 pp., tables and figs. New York,
MecGraw-Hill Book Co. (Inec.), pp. 140-144 and 151.

BIBLIOGRAPHY

Alt, Otto: Combustion of Liquid Fuels in Diesel Engines. N. A. C. A. Technical Memorandum No. 281, Oct.,

1924.
Hubendick, E.: Researches on the Alecohol Internal Combustion Engine Problem. International Air Congress,

1923, Report, London. pp. 498-520.

Neumann, Kurt: Experiments on Self-Tgnition of Liquid Fuels. N. A. C. A. Technical Memorandum No. 391,
Dec., 1926.

Tausz, J. and Schulte, F.: Determination of Ignition Points of Liquid Fuels Under Pressure. N. A. C. A.
Technical Memorandum No. 299, Jan., 1925. 3

©)













-
S

- - -

X

*:\
II ¢
/
1
]
e&

Positive directions of axes and angles (forces and moments) are shown by arrows

Axis Moment about axis Angle Velocities
( Forﬁe1
paralle .
Desteriati Sym- to axéis% Designa- | Sym- Positive Designa- | Sym- (ggﬁfgg- yE
SgnsuIon. ol |[:F¥ 120 tion bol direction tion bol [nentalong gular
axis)

Longitudinal .| X X Tolling L4 L Y——Z |roll______ ® u P

Tateral-c. 3 Ao ¥ Y pitching____| M Z—— X | piteh_____ (<) v q

INormal- 'Sk -2 Z Z yawing_____ N X——Y | yaw_____ v w r
Absolute coefficients of moment Angle of set of control surface (relative to neu=

T M N tral position), 8. (Indicate surface by proper
0L=_ 0M=—"‘ 0N=__ :
qb8 geS qfS subscript.)
47 PROPELLER SYMBOLS
D, Diameter. T, Thrust.
P, Effective pitch Q, Torque.
ps; Mean geometric pitch. P, Power.
ps, Standard pitch. (If “coeflicients” are introduced all
Py, Zero thrust. units used must be consistent.)
Pay, Zero torque. n, Efficiency=T V/P.
p/D, Pitch ratio. n, Revolutions per sec., I. p. s.
V’, Inflow velocity. N, Revolutions per minute., R. P. M.
Yo Shp strcoro yelooity. ®, Effective helix angle= tan"‘( ¥ )
2rrn,
5. NUMERICAL RELATIONS

1 HP =76.04 kg/m/sec. =550 lb./ft./sec. 1 1b.=0.4535924277 kg.
1 kg/m/sec. =0.01315 HP. 1 kg =2.2046224 Ib.
1 mi./hr. =0.44704 m/sec. 1 mi.=1609.35 m = 5280 ft.

1 m/sec. =2.23693 mi./hr. 1 m=3.2808333 ft.






