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SUMMARY

Data are presented to show the effects of inlet-air
pressure, inlet—~air temperature, and compression ratio on
the maximum permigssible performance obtained on 2 single-
cylinder test engine with aircraft-engine fuels varying
from a fuel of 87 octane number to one of 100 octane num-
ber plus 1 ml of tetraethyl lead per gallon. The data
were obtained on a 5-inch by 5.75~inch liquid-cooled en=
gine operating at 2,500 r.pe.m. The compression ratio was
varied from 6.50 to 8.75. The inlet-air temperature was
varied from 120° F. to 280° F. and the inlet-air pressure,
from 30 inches of mercury absolute to the highest permis-
sible. The limiting factor for the increase in compres-
sion ratio and in inlet-air pressure was the occurrence .
of either audible or incipient knock. The data are corre-
lated to show that, for any one fuel, there is a definite
relationship between the limiting conditions of inlet-air
temperature and density at any compression ratio. This
relationshin is dependent on the combustion-gas tempera-
ture and density relationship that caugses knoeck. The re-
vort presents a suggested method of rating aircraft-engine
fuels based on this relationship. It is concluded that
aircraft-engine fuels cannot be satisfactorily rated by
any single factor, such as octane number, highest useful
compression ratio, or allowable boost pressure. The fuels
should be rated by a curve that expresses the limitations
of the fuel over a variety of enginc conditions.

INTRODUCTION

The performance obtained from a spark-ignition engine
with a given fuel is limited by the severity of the engine
operating conditions to which the fuel can be subjected
without knocking. The major engine variables that must be

-
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controlled to prevent combustion knock are the inlet-air
pressure, the inlet-air temperature, the compression ratio,
the engine tempernture, the spark timing, and the engine
speed. For aireraft engines, high inlet-air pressure is
desirable for take—off conditions when maximum power is
needed. A high compression ratio is desirable chiefly
from congiderations of fuel economy, although an increase
in compression ratio is accompanied by an increase in
powers, A high inlet-air temperature is undesirable be~

t decreases the mass of air induected into the en-
ginc. The use of a supercharger, however, results in
increased inlet-air temperatures unless an intercooler is
provided.

The introduction of aircraft-engine fuels of 100 and
higher octane numbers makes it possible to increase con-
siderably the power and economy of aircraft engines. The
maximnum power and econonmy that can be obtained depend on
the particular engine and on the previousgly mentioned en-
gine variables. Data on engine performance with high-
octane fuels have been presented in references 1, 2, Bl
and 43 the test results reported therein have shown the
need of a systematic investigation of the effect of the
different engine variables on the maximum permissible en-
gine output obtainable with high-octane fuels. In the
present tests, the effects of inlet-air pressure, inlet-
air temperaturc, and compression ratio on the maximum cn-
gine performance as limited by knock were determined with
a liquid-cooled single-=cylinder engine for a range of fu-
els from 87 octane number to 100 octane number plus 1 ml
of tetraethyl lead. The investigation was conducted under
the dircction of the NeA.C.A. Subcommittee on Aircraft
Fuels and Lubricants. 'The tests are to be continued to
cover the effects of engine speed, combustion-chamber de-
sign, and cooling mediun,

APPARATUS

The single-cylinder test—-engine unit used in the
tests was designed for high-spced operation at different
compression ratios over a range of inlet-air pressures and
inlet~air tomperatures. A diagrammatic sketch of the unit
is shown in figure 1. The engine has a bore of 5 inches
and o stroke of 5.75 inches (113 cubic inches displacement).
The following onginc conditions were maintained constant
throughout thesc tosts:
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Valve. timing. -. - ~. - Indles openas. 20° Bals0.
g 3 Inlet closes 71° A.B.C.
Exhaust opens 56° B.B.C.
Exhaust closes BoY FEW Gy

Valve, L3 th, - s e o~ 0B niehe

Prestone.

I
|

} Engine coolant -
[

Engine=coolant
temperature - - - 2500 F.
Engine speed - - - - 2,500 r.p.m.

The cylinder head is of cast iron with a flat-disk
| combustion chamber (fig. 2). It has two exhaust valves
and two inlet valves, each with a diameter of 1-7/8 inches.
} The exhaust valves have sodium-cooled stems. 41l sharp
edges in the combustion chamber, such as exposed spark-
plug threads, have been removed. The piston is made of
( aluminum alloy with a ribbed undercrown for cooling (fig.
< 2). The conpression ratio can be varied from 4.50 to 9.50
( by raising or lowering the head and cylinder as a unit.

. The ignition system is operated from a battery and

J the timer is driven by an independent gear train directly
from the crankshaft. The variation of the ignition spark

| is *2,5 crankshaft degrces. Two BG 3B-2 spark plugs were

| located on opposite sides of the combustion chamber, one

‘ between the exhaust valves and one betwcen the intake

| valves, and were fired simultaneously. The spark plugs
were watecr-cooled.

The carburetor has a double throat with 2-1/2 inch
vonturi tubes. Needle valves replaced the main metering
‘ Jetiss

A closed cooling system, using a pump driven from the
\ engine, was installed. A water-cooled heat exchanger kept
' the Prestone at the desired temperaturec.

‘ The fuel consumption was measurcd by an electrically
operated system, which indicated the time and the number

‘ of engine revolutions required to consume a given weight
of fuel. The mixture strength was indicated during the
tests by a Cambridge mixture-ratio indicator. The peak
pressures werc shown by the F.A.C.A. balanced-diaphragm
indicator.
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The inlet-air temperature was measured above the car-
buretor. The inlet-air pressure was measured in the surge |
tank mountcd before the inlet—air heater, as shown in fig-
ure l. The oxhaust temperatures, cnginc-coolant tempera-
tures, and inlet—-air temperature were mcasured with ther-
mocouples in conjunction with a potentiometer.

The cngine torque was measured by a direct-current
dynamoncter in conjunction with a calibrated direct-
reading scale.

Vorious methods of indicating the occurrence of knock \

were tried. The recording of the start of audible knock

was bellieved to be a satisfactory method and was used

throughout nost of the tests. The start of inecipient

knock .below the audible range was also of interest and a
satisfactory indication of it was obtained by using the

M.I.Te knockmeter (reference 5) in conjunction with a
athode~ray oscillograph., The use of the cathode-ray os-

cillograph as the indicating unit instead of the damped

galvanometer originally supplied with the M.I.T. unit made

it possible to indicate knock in the individual engine c¢y- $ &

cles., VWhen the engine is not knocking, the cathode-ray

tube shows o horizontal trace:; when knock occurs, there is

a Vertical rige in this trace. Knock'was c¢learly indicat~

ed before it became audible.

An R.C.A. piezoelectric engine indicator was installed
in the enginec to check the modified M.I.Te method of indi=-
cating incipient knock. The R«CeA. unit can be connected
to 2 cothode=ray tube so that time~pressure records are \
shown on the tube for each engine cycle. A motion-picture
canecra, driven from the engine crankshaft at one-~half on-
gine spced, was focused on two cathode-ray tubes operated
by the two indicator units. By means of this apparatus, a
rhotograph was obtained each engine cycle of the time-—
pressurc record on one cathode~ray tube and of the knock-
meter record on the second tube. A section of the motion-
picture £ilm is revproduced in figure 3, In the first ey
cle shown, the time-pressurc record appcars smooth and the
knock record is a horizontal line. In each of the follow-
ing threc cycles, the engine was knocking, as indicated by
the vibrations in the time-pressure record starting at or
slightly before pcak pressure. The corresponding knock ‘
records show a vertical rise near the right end. ZExamina-
tion of the film showed that knocking vibrations on the .
time—~pressurce record were accompanied in each case by a
vertical rise on the knockmeter rccord. Consequently, it
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was decided to use the knockmeter method for recording knock
before the knock became audible. This preaudible knock

will be designated "incipient knock." With inecipient knock,
the vertical linc on the knock record was about 1/16 to 1/8
inch high and, with audible knock, it was about 3/4 to 1
ineh high.

An ecngine condition in which knock is audible may be
unstable in that appreci able knoeck is accompanied by a tem—
perature rise of ecritieal surfaces in the comdustion cham-
ber, which in turn may couse a more scvere form of knock.
The existencce of this unstable knocking condition in an
engine is probadbly a matter of design and the severity of
the operoating conditions. Another rcason for using in-
cipient knock as the indication is the .rapid deprcclation
of valves and piston rings when an engine is operating
with audible knock. The foregoing reasons for limiting
knock to the incipient stage become increasingly important
as the octane number of the fuel is increased. The high
inlet pressures possible with the high-octane fuels cause
very sevecre operating conditions when audible knock is
present.

The tests showed, under some operating conditions, a
record of incipient knock, which disapneared on further
increase of the inlet-air pressurc. At = still higher
inlet-air pressure, incipient knock again occurrcd, becomn-
ing progressively more intense as the inlet-air pressure
was increased and finally beccoming audible. In the test
results presented for incipicnt knock, this second incip-
ient knock was uscd.

FUELS

Twvo base fuels were blended for these tests. The
first was o technical iso-octanc of very nearly the same
composition asiStA.B.' S-1 fuecl. It had o freegzing point,
determined at the National Bureau of Standards, of
-108,98° C., an octane number (C.F.R. method) of 99.75,
and o specific gravity of 0.6934. Thke second fuel was a
fuel of 18 octane number and was similar to S.A.E. L=l
fuel, The iso-~octane and the 18-octane fuel werc blended
in proportions of 85-15, 90-10, and 95-5, respectively.
The octone numnbers of the blends, os detcrmined by the
CoeF.Re nethod and by the Army Air Corps method, were as
followas
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Blend Octane nunber
CeFeRe method Army Air Corps method
(average fron (1 laboratory)

9 laboratories)

85-15 8648 86,9
90-10 90.9 Q16
955 952 95.4

(1 lavoratory)

100-0 28] S

Throughout the discussion, these fuel blends will be desig-
nated by the following respective octane numberge: 87, 91,

9515 ande L 00 Int add: thion' ftie” thiese” Tuelish¥testaiwere nade of
the 100-octane fuel plus 1 nl of tetracthyl lead per gallon.

METHOD OF TESTS

The following test limits were agreed upon:

Compression ratio: 6.50 to highest permissible (in
increments of 0,75).

Inlet-air pressure: 30 inches of mercury absolute to
nighest permissible (in increments of 2,5 inches
of nercury).

Inlot;air temperature: - 120°, 160°, 200°, 240°, and
280° ¥,

Spark advance: Maximum power for each compression
ratio at 32.5 inches of mercury inlet-air pressure
and 200° F. inlet-air temperature.

In each case the limiting values, where no upper linit is
designated, were the highest permissible for either audi-
ble or incipient knock.

Each test was run with the air-fuel ratio giving ap-
proximately maximum power and with the air-fuel ratio
giving the mininum fuel consunption becausce these two val-
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ues are of particular interest in aircraft engines. Suffi-
cient mixture loops were obtained for the various test con-—
ditions to establish accurately the air-fuel ratios for
maximum power and for minimum fuel consumption. After
these values of the ratios were obtained, necessary addi-
tional runs were made only at these determined values.

The air-fuel ratios determined from exhaust-gas analyses
were: for maximum power, 12.8; and for minimum fuel con-’
sumption, 14.4.

he mixture for maximum power was taken slightly on
the lean side of the mixture loop, which corresponded to a
reduction in power of about 1 percent. Similarly, the
mixture for minimum fuel consumption was taken slightly on
the rich side of the maximum-economy point. Throughout
the report the mixture for 1 percent reduction in maximum
power is designated "best-power mixture," and the mixture
for 1 percent increase above the minimum specific fuel
consumption is designated "best-cconomy mixture."

During the tests it was found difficult to hold the
inlet-air temperature within the limits desired. Conse-
quently, for the test conditions in which mixture loops
were obtained, it was generally impossible to determine
the exact inlet-air temperature for the best-power or for
the best-economy mixtures. The temperature variation,
however, was always within %100 F. and was usually much
less.

The spark advance for the 6.50 compression ratio was
38° and was decreased 2° for each 0.75 increase in the
compression ratio; engine tests had shown that these val-
ues met the conditions originally prescribed and that the
optimum spark advance was approximately constant for all
inlet-air pressures at any one compression ratio.

In the tests, the compression ratio and the inlet-air
temperature were held constant and the inlet-air pressure
was increascd in increments of 2.5 inches of mercury until
the knock became audible. OCheck runs were made in some
cases for which the inlet-air pressure required for both

audible and 1n01n10nt knock was recorded to within 0.1
inch of mercury. After the pressure required for audibdle
knock was dectermined, the inlet-air pressurc was decreased
to that required for incipient knock.

Particular care was taken to distinguish between
knock_and_preignition or afterignition caused by a hot




8 NeA.C.A. Technical Note No. 647

spot in.the engine: Preignition was indicated by a loss
.in -engine power, and afterignition by continued firing
after the ignition switch was cut off. When preignition
or afterignition occurred before audible knock was reached,
efforts were made to remove the hot spot that was the ig-
niting source; the tests were then repeated. Spark plugs
and other plugs in the combustion-~chamber wall were a
frequent source of trouble until water-cooled. Consider=—
able dif¢1cu1ty was experienced with the leaded fuel (100-
octane fuel plus 1 ml tetracthyl lead) because of a hot
spot in the center of the top of the combustion chamber.
This hot gpot was eliminated by removing the dbushing .
around the spark-plug hole in this position and bcrmlttlng
the engine coolant to flow over the plug. (See fig. 2.)
Previous to this alteration, the plug had becn cooled Dby
the. lubricating oil from'the valve gear. Special refeor-
ence will be made to the tests with and without this addi-
tional cooling.

All data were computed on the basis of indicated per=
formance. The indicated horgepower was obtained in the
conventional manner by adding to the measured brake horse- -
power the friction horscpower determined by motoring at
the boost pressure.

TEST RESULTS

) Figure 4 shows the maximum permissible inlet-air
pressures for the 100-octane fuel at compression ratios of
6.50 and 7,25. Only the data for the 100-~octane fuel are
included in this figure since the trend of the curves is
similar for the other fuelsg tested. The curves show that
the difference in maximum permissible inlet-air pressure
for maxinum power and for minimum fuel consumption was
within the increment of 2.5 inches of mercury used in mos%t
of the tests. At each ratio, as the inlet-air temperature
wag increased, the curves for incipient knock approached
those for audible knock.: The pointg on the gurves for in-
dicated mean effective pressure show the experimental vari-
ation. During the tests, frequent check runs were nade at
previously tested conditions. These runs were considered
to be satisfactory when the power was within X5 vercent of
that obtained in the previous run under the same condi-
tions.

A summary of the maximum permissible inlet-air pres-
sures for all the conditions tested is presented in tabdle I,
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Although these data are for maximum power, they serve
equally well for minimum fuel consumption within the lim-
its of cxperimental accuracy.: (Sce fig. 4.) The second
set of dota checked the first set within the precision of
the tests for the 87- and 100~octane fuels, but the second
set of data for the leaded fucl shows appreciably higher
permissible inlet-air pressures. The increase was permit-—
ted by the increased cooling of the plug in the center of
the top of the combustion chamber. As indicated in table
I, before the improvement was made in the cooling, the
lecaded fuel showed precignition or afterignition from a hot
spot at the two lower conpression ratios. he other four
fucls did not show this secondary ignition. Removing tho
hot spot improved the characteristics only of the fuel
that was showing the secondary ignition and had no apprec-
ciable effect on the other four fuels.

Figure 5 shows the effect of compression ratio on the
fuel consumption for the two air-fuel-ratio settings. The
plotted points represent the average of all the data ob-
tained at the compression ratios indicated. At any one
ratio, the indicated fuel consumpition was independent of
either the inlet-air preossurec or the inlet-air temperature.
The decrcase in fuel consumption with an increase in con-
pression ratio is shown by the curves.

The indicated mean eoffective pressures for the differ-
ent test conditions are shown in figures 6 and 7; cross
Plots give the limits for the different.fuels. The limit
for the 100~octane fuel plus 1 nl tetraethyl lead is in-
cipient knock, and for the other fuelg it is audible knock.
The dashed portions of the curves represent extrapolated
data. The indicated mean effective pressurc decreased
steadily with increase of the inlet-air tenmperature and
increascd, as expected, with compression ratio except for
the values at the lowest conpression ratio tested.

The indicated peak cylinder pressurcs for the air-
fuel ratio giying best power are shown in figure 8. The
pressures shown represent the averages of the highest val-
ues indicated by the peak-cylinder-pressure indicator and
corregpond to the last intermittent flashes of the neon
tube. The peak cylinder pressures corresponding to an ale-
nost steady flash of the neon tube in the maximum cylinder
Pressure gage were about 125 pounds per square inch lower
than thoge shown in thig figure.

To what extent the data obtained on the test engine
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can be applied to a fullwgcale aircraft engine cannot be
salid. It scemg reasonable to beclieve that gencral trends
of the results are applicable to a.full-scale cngine. The
data show clgarly a decreasc in maximum permissible power
with a ' given fuel as the temperature of the incoming air
is increased. Also, the data show the gain in maximunm
pernissible power obtained by operating the engine at a
~low compression ratio, a low inlet-air temperature, and a
high boost pregsure. The data show the permissible de=
crease in minimum fuel consumption obtained by operating
the engine at a high compression ratio or at a low boost
pregsure to avoid knock.' 'The data indicate that in a
boosted engine the maximum permissible i.m.e.p. is consid-
erably decreased if no intercooler is provided betwee

the supercharger and the engine cylinders.

A comparison of the results presentecd herein with
the results that might be obtained on another engine with
the same fuel would probably show the greatest discrep=
ancy in the variation of maximum permissible boost with
inlet~air temperature. This variantion will depend on the
rate of heat transfer between the cylinder walls and the
air-fuel mixture during the intake strokc, the compresgssion
stroke, and the combustion period up to the time of knock-
inge. If the incoming mizture ig at a lower temperature
than the walls of the cylinder and of the combustion cham-
ber, the charge will be heated during the intake stroke
and the first part of the compression stroke and the amount
of heating will depend on the rate of heat transfer, If
the charge enters at a temperature higher than that of the
wallg, the charge will be cooled. Therefore, depending on
these rates of heat transfer, the same fuels in another
engine might show a greater or a lesser drop in maximum
permissible boost pressure with increased inlet—-air tem-
perature. The data undoubtedly give a comparative picture
of the increase in power and the decrease in fuel consump-
tion that can be expected from the introduction of iso-
octane as an aircraft-engine fuel.

The range of engine opcrating conditions is sufficient
to permit the results to be used in an analysis of the
problem of rating aircraft-ongine fuels. Such an analysis
is presented in the following sectione
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ANALYSIS OF THE DATA FROM CONSIDERATIONS OF

THE RATING OF AIRCRAFT-ENGINE FUELS

Anplysis of effects of inlet-air pressure, inlet=—air
temperature, and compression ratio on knock.-~ A successful
method of rating aircraft-engine fuels must give results
from which it is possible to predict the maximum perform-
ance obtainable from an aircraft engine using any specified
fuel., Furthermore, given a choice of fuels and a definite
set of engine operating conditions, the rating of the fu-
els should permit the choice of the fuel best suited for
the particular engine conditions. No satisfactory method
of fuel rating that meets these requirements has yet been
found.

The phenomenon that limits the severity of engine
conditions to which a fuel can be subjected is knocks Any
basis of fuel rating should consequently be based on the
factors that cause knock., Although not all the chemical
and physical processes accompanying knock are understood,
sufficient knowledge has been accumulated to permit cer-
tain definite conclusions to be drawn.

The most generally accepted theory is that knock in
an internal-combustion spark-ignition engine results from
the almost simultaneous burning of the end gases in the
combustion chamber, Thigs burning is sufficiently rapid to
cause a sudden increase in the pressure in parts of the
combustion chamber. The pressure increase takes place at
a rate more rapid than the rate at which the pressure is
transmitted to the remaining sections of the combustion
chamber. A system of pressure waves is therefore set up
within the chamber. These gas vibrations striking the
combustion—~chamber wall induce vibrations in the engine
structure that give rise to the metallic knock.

liore recent data obtained at this laboratory have led
to the conclusion that the volume of gas causing the knock
may not necessarily be the end gas, because knock has been
observed to take place after the combustion has apparently
traversed a2ll the combustion chamber. Regardless of the
section of the gas in which the knock takes place, the ef-
fect on the pressures within the cylinder is the same —~ a
sudden increase in the local pressures and, with heavy
knock, a2 sudden increase in the mean pressure throughout
the chamber. j
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Since knock is a phenomenon of combustion, it must be
controlled by the physical state of the gases in the com-
bustion chamber as well as by the chemical composition of
the gases. It seems most reasonable to believe that the
gas density and the temperature immediately preceding
knock are the controlling physical properties. The engine
conditions that control these two properties are:

1, Compression ratio, R.
2. Spark -advance.
3« Inlet-air tcemperature, T,.

4e Inlet—air pressure, P,.
5, Cylinder-wall and combustion-chamber-wall
temperature.,

6 Engine speed.
oe) LS nEiEuiell et ilol.
8¢ Exhaust-gas dilution.

The first five factors are the major independent variables.
The last three factors also affect the density and temper-
ature of the gas, but the other effects they have on the
combustion may be of more importance. The effect of air-
fuel ratio can be eliminated by considering that, for any
given set of conditions for factors 1 to 4, any air-fuel
ratio that causes knocking is being considered. ZExhaust-
gas dilution does not vary much over the normal full-
throttle range of engine operating conditiong and will not
be considered in this analysis. The effect of engine
speed will be discussed later in more detail,

If the assumption is accepted that the two physical
properticg controlling knock are the gas density, and the
gas temperature, it can be said that, for each gas densi-
ty, there is a minimum gas tempcrature at which knock will
ocieu®,  If thig contentiagn ‘18 truse, it follows that "arfuel
can be accurately rated by determining the relationship
betwecen the gas temperature and the gas density that re-
sults in knock. A sccond, and equally important, conten-
tion is that it will be impossible to rate a fuel accu-
rately by determining onc and only onc temperature and
density at which knock occurs. A fuel should be rated,
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then, not by octane number, highest useful compression
ratio, compression pressure, or any other single value,
but by a curve of density against temperature.

The gas density p, and the gas temperature that are
the immediate causes of knock are the density and the tenm-
perature of that portion of the charge in the knocking
region of the combustion chamber the instant before knock
occurs., This density can be measured fairly easily and
accurately but the temperature cannot. The feasibility of
using the temperature and density at some other tiume in
the cycle must be determined. Since all fuels dburn with
approxinately the same flame speed, the density and tem-
perature at the start of combustion or at top center (as-
suning no combustion before top center) should provide o
satisfactory measure of the conditions in the knocking
region. The density at top center, if it is assumed that
all the fuel is vaporized, depends on the compression
ratio, the inlet—nir pressure (including volumetric effi-
ciency), the inlet-air temperature, and the heat of vapor-
ization of the fuel, Inasmuch as the heat of vaporization
of all hydrocarbon fuels is ~bout the same, the speed of
combustion and the heat of vaporization need not be con-
sidered. If a constant spark advance is assumed, 1t can
be stated that

From thic relationship, RP;/T, can be substituted for
the air density.

The temperature at top center can be estimated from
computotions considering the effect of the variation of
the specific heats of the gases with temperature and the
effect of the residual gases. Values from such computa-
tions are shown in table II. The table shows that, where-
as en increase in compression ratio from 6.50 to 8.75 in-

‘creascs the compression temperature 100° F., an increasc

in inlet-air tempeorature fram.120° F. to 240° F. at the
lower compression ratio increases the compression temper-
atures 280° F. It can be concluded that from considera-
tions of temperature alone, an increase in compression
ratio in the present normal operating range should have no
great cffect on the fuel requircments of the enginoc.
Therefore, the chief effect of increasing the compression
ratio must lie in the increase in the gos density at -top
center,
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For use in rating fuels, the temperature-density re-
lationship for knocking combustion should be determined
over a sufficient range of engine conditions to establish
a2 definite ecurve. If o linear relationship is assumed,
the rating curves for two fuels of different chemical prop-
erties might appear as shown in figure 9. In this case,
fuel B is superior to fuel A at low gas temperatures and
fuel A is the better a2t high temperatures; fuel B is also
more susceptible to temperature variation than fuel A.

The effect of engine speed has not yet been discussed.
Decreasing the engine speed has three major effects: It
decreases the turbulence within the combustion chamber$
it changes the gas temperatures because of the increased
time for heat transfer; and it increases the time interwval
during which the gases in the cylinder are subjected to
the increasing temperature during the compression stroke.
The temperature and time effects are probably of most in-
terest. Increasing the gas temperatures has the effect of
shifting to the left the curves shown in figure 9 because,
in the computation of the compression temperatures, the
question of heat flow to the walls was not considered. 2

The effect of the lengthened time interval is more
complicateds If there are no appreciable chemical changes
in the gases during compression, the effect of time alone
can probably be neglected. If there are appreciable chemi-
cal changes, which vary with the time required for comple-
tion of the compression of the gases, each fuel will have
to be rated at different engine speedsy the change, ei-
ther detrimental or beneficial, must be charged to the
fuel and not to the engine. Some of the effects of engine
spced on the maximum permissible boost pressure have been
presented by Heron and Gillig in reference 3.

In order that the foregoing analysis may be thorough-
ly checked, a seriegs of fuels must be tested in sewveral
different engines. ZEach engine must be run on each fuel
over & range of compression ratios and inlet—air tempera-
tures and pressures, and at different jacket temperatures
and engine speeds, Such a set of data is not available in
the literature.

Avplication to the analysis of the data presented.-
The data presented herein, from tests of only one engine,
show the maximum permissible inlet-air pressures for a £
series of compression ratios, inlet—air temperatures, and
fuels. The fuels, although differing in octane number,
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are similar in chemical properties. Table I shows the
maximum permissible inlet-air pressures for different fu-
els, inlet~air temperatures, and compression ratios. In
the first series of tests, up to the time the cooling in
the center of the head was improved, the inlet-air pres-
sures were recorded to the closest 2.5 inches of mercury.
In the second series, the pressures were recorded to with=
‘in 0,1 inch of mercury. The data for the conditions re-
sulting in vpreignition or afterignition have purposely
been omitted from the table. Before the cooling to the
cylinder head was altercd, this secondary ignition oc-
curred with the leaded fuel at the two lowest compression
ratios (6.50 and 7.25); and, after the ooling had been im-
proved, the secondary ignition occurred at a compression
ratio of 7.25 and an inlet-air temperature of 280~ F. The
tests were not run at a compression ratio of 6.50.

The results in table I show that the improved cooling
of the head permitted higher inlet-air pressures to be
used with the leaded fuel but not with the other fuels.
This fact and the analysis of the data indicated that,
when either preignition or afterignitiom occurred, the data
must be interpreted differently than when knocking occurred
without this secondary ignition.

In figure 10 the air-density factor RP,/T, for audi-
ble and incipient knock is plotted against the estimated
compression temperature for the 100-octane fuel and the
100~octane fuel plus 1 ml of tetraethyl lead. The data in
each case are those obtained after the additional cooling
was supplied to the top of the combustion chamber. For
the 100~octane fuel, the points form a smooth curve with
the exception of the data for the two higher ratios at
120° F. inlet-air temperature. When the data were plotted,
the recorded inlet-air temperatures were used in determin-
ing the compression temperature. These temperatures var-
ied by £10° F., from the values given in table I. The data
for the leaded fuel are not so satisfactory as those for
the unleaded fuel, probably because of the more severe
operpting conditions.

The problem of determining the curves for the differ-
ent fuels will be simplified if recorded test temperatures
can be used in place of the estimated compression tempera-
ture, The compression temperature is approximated by

TlRy*l. Assuming the value of Y to be 1.4, G e

compression ratio of 6.50 is 2.11 and, at a ratio of 8.75,
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is 2.38, a variation of %6 percent from the mean of the
two values. Consequently, plotting the values of RP /T,

against T, should be accurate to within this value.

In figure 11 the value of RPl/T1 for twoé of the

fuels is plotted against inlet-air temperature. TFor the
100~octane fuel, the maximum variation of the points from
the curve is *0.25 RP,/T, which represents a maximum '

variation in inlet-air pressure of %3.5 inches of mercury.
For the 100~octane fuel plus 1 mb of ‘tetraecthyl lead, the
variation is approximately the samc with the exception

of two points.

When values of RP,/T, are plotted against inlet-

air temperature instead of compression temperature, it is
autonatically assumed that, for a given inlet-air temper—
ature, the factor RP; /T, is a constant, regardless of

compression ratio. The data indicate that this factor is
approximately constant for the enéine tested over the
range of compression ratios from 6,50 to 8,75. Data ob-
tained at two other laboratories (table III) for three
different engines of a size sinilar to that used in the
present tests and over a corresponding range of ratios
also show this factor to be approximately constant. The
.assunption appears to be justified.

Figure 11 indicates that a single curve can be used
for both maximum power and mininmnum fuel consumption,
which sinplifies the fuel rating. The lower curve shows
that no improvement was obtained with the 100~octane fuel
after the additional .cooling was applied to the top cen-
ter of the combustion chamber; nor was any. improvement
observed with the 87-octane fuel,

The marked improvement obtained with the 100O~octane
fuel plus 1 nl of tetraethyl lead after the cooling had
been improved indicates that fuels subjected to secondary
ignition because of a hot spot in the combustion chamber
can be used under more scvere cngine conditions if the hot
spot is removed; whereas, fuels that knock without pre-
igniting of afterigniting are not improved. In these par-
ticular tests, the hot spot probably occurred only with
the high rate of heat flow through the cylinder head that
accompanied the high inlet-air pressures permissible with
the 100-octane fuel plus 1 ml of tetraethyl lead. A more
important conclusion is that preignition and afterignition
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are phenomena separate from knocking and must be treated
as such, Either of these secondary ignitions may give
rise to knocking.

A summary of all the results obtained for the fuels
tested is presented in figure 12. The curves of T,
against ‘RP, /T, are presented for each fuel, COurve 6 is

for incidient knock and the other five are for audible
knock., The curves give the limiting engine conditions to
which each fuel can be subjected. The fact that the
curves are similar is to be expected because the fuels are
similar, A cross plot of RP,/T, against octane number

indicated that curve 5 represents a fuel with an octane
number of 106, whereas curve 6 represents an octane number
S il PIp G 120é F. inlet-air temperature and 138 at 280° F.
inlet—~air temverature. The leaded fuel is apparently less
susceptible to temperature than the unleaded fuels. This
variation of the temperature susceptibility of the differ-
ent fuels is of extreme importance and is clearly indicat-
ed by the slope of the curves shown in figure 12. Some
fuels, such as toluene, are much more susceptible to tem-
perature than a fuel that is predominately iso-octane L2
2, 4 trimethylpentane). As a result, toluene shows an oc=
tane number much in excess of 100 at low temperatures bdut
below 100 at high temperatures (reference 3).

In the present tests, the coolant temperature was not
varied. The temperature factor should, however, express
the temperatures both of the inlet air and of the engine
coolant or of the walls of the cylinder and the combustion
chamber. Some data on the effects of engine-coolant tem-
perature given in references 3 and 8 indicate the same
general relationship as was observed in the tests reported
herein., From the data presented by Heron and Gillig, the
variation: in the rate of temperature depreciation for dif-
ferent fuels can be shown.

As has been previously mentioned, any change in the
engine speed will alter both the gas temperature and the
time during which the gases are subjected to these temper-
atures. Consequently, in any investigation of the effects
of engine speed, the effects of these two variables must
be sevarated. Data on the rating of fuels at different
engine speeds are contained in references 3 and 9, in
which it is shown that the change in highest useful com-
pression ratio or in maximum permissible boost pressure
with engine speed varies considerably for different fuels.
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Other variables, such as the effect of humidity and
of exhaust gases, must be more completely investigated.
In the present tests no attempt was made to maintain these
two factors constant. PFrom the uniformity of the results,
however, it 1s questionable whether the effect of either
of these two- variables will prove of much importance.

From the present analysis and the application of the
test results, it is believed that a method of rating air-
craft-engine fuels must be based on a relationship, simi-
lar to that described, which expresses the dependency of
the gas density on the gas temperature at conditions caus-
ing knoclk. Such a nethod of rating expresses by a single
curve the value of a fuel under a variety of engine oper-
ating conditionse

CONCLUSIONS

The following conclusions are drawn from the test
data and the analysis presented:

le In this investigation an increase in octane num-
ber from 87 to 100 permitted an increase in i.m.e.p. from
178 to 210 pounds per square inch at a compression ratio
of 6450 or a decrease in the indicated specific fuel con=-
sunption from 0439 to 0.35 pound per indicated horsepower-
hour, obtained by increasging the compression ratio from
6.50 to 8,00, The addition of 1 ml of tetraethyl lead per
gallon to the 100=octane fuel permitted a further improve-
ment in iene.e.p. 0of about these same values, provided that
preignition or afterignition did not occur.

2s The indicated fuel consumption is independent of
either the inlet-air pressure or the inlet-air temperature.

B In these tests the maximum permissible boost vres-
sure was approximately the same for best-~power and best-
econony settings,

4, Aircraft-cngine fuels cannot be rated satisfac-
torily by a single value, such as: octane number, highest
useful compression ratio or allowable boost ratio.

5¢ A satisfactory method of rating aircraft-engine
fuels may be based on the temperature~density relationship
of the combustible gas for the condition of knock combus~
taiom’e
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6« In the rating of fuels, particular care must be
taken to determine that knock is not caused by a hot spot
in the combustion chamber, which would produce a second-
Sy souree of ignition.

Langley Memorial Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., March 18, 1938,
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TABLE I

Effect of Inlet-Air Temperature on Maximum Permissible
Inlet-Air Pressure at Different Compression Ratios
Best-Power Mixture

Fuel I?i;g:iir Inlet—-air pressure (in. Hg)
ks Sy ture Compression ratio
s °r.) | 6,50 7.25 |8.00(8.75
Audidle 87 120 3245
160 B0 .5
200 b2
240 3040
280 '
Audible 91 120 35,0 S e
160 35 40 &2 55
200 3245
240 Siekels
280 32.0
Audible 95 126 37«5 35.0 30,0
160 37.5 35,0
200 35.0 32.5
240 B 2D
280 30.0 .
Audible 100 120 40,0 5755 32,5300
160 40,0 3255 32.,5|30,0
200 35,40 d2gh 30,0
240 S0t 3245
280 30.0 30,0 :

Audible O ONEEg0) 120 Maximum inlet—air| 37.5|32.5
nl tetra- 160 pressure limited |35.0|3245
ethyl 200 by preignition or|{32.,5]30.,0
lead 240 afterignition 30,0
Improved cooling in center of comdustion chamber

Audidble 87 120 34,4 2945

160 53,1
200 gegl
240 2999
280 29167
Audible 100 120 40,7 35,8 34.,2]|31l.4
160 41 4.6 SHB 32,4(2748
200 3948 3342 29,4
240 3646 3049
280 33,0 27 &

Incipient|100 + 1.0 120 48,5 |4349|41.:8
nl tetra-— 160 48,2 45,6412
ethyl 200 46,2 39,3133,1
lead 240 42.9 34,7325

280 32.7130.3




NeAeCiAs Technical Note No. 647 21

TABLE II

Estimated Compression Temperatures for Various Compression
Ratios and Inlet-Air Temperatures, Considering Effect of
Residual Gases and Variation of Specific Heats with

Temperature. Constant Inlet-Air Pressure

Compression temperature (°F.)
Compression Inlet-air temperature (°F.)

ratio

120 160 200 240

6.50 930 1,020 1,120 14210

i d 960 1,060 1AL 1,250

8.00 990 1,100 1,190 1,280

8.75 1,030 1,130 1,230 1,320

9,25 1,060 Ly 166 1,260 1,350

11,00 1,120 1,230 1,330 1,440

12.50 1,190 1,300 1,400 1,500
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TABLE III

Effect of Compression Ratio on Allowable Boost Pressure
Inlet-Air Temperature Constant for Each Series of Tests

Compression Maxinum

Engine Fuel ratio induetion RP,

pressure 10
! (it Hg)

Single-cylinder ) 5 )
Napier Betirol 4,5 42,3 1ke)- (g
(reference 6) 4.0 54,3 2lg¥
345 60.8 2liy b

Single~cylinder ) )
Rolls-Royce Benzole 4.0 65 +4 26yl
(reference 6) 540 56,8 28,4
5D 51,4 28,3
6.0 5049 30,6
645 45 .3 29,4
750 41,1 28,8
NSAG Ul Domestic S8 44,0 15,4
Universal aviation 4,0 3785 1555
test engine gasoline 4.5 32.5 1549
(reference 7, 5.0 800 155

figw 11)




N.A.C.A. Technical Note No. 847 Figalil, 2

A
/
Y
('\: <f <:‘1

AN

Figure ). — Diagrammatic layoul of test unit. A, electrical air heaters B, thermocouple
for intaKe t‘empemtu re. C,surge tankK. D, air cooler, E, Roofs blower;
e carburetor;

|
u

i
i

l
!

e e e e e

l

Figure 8- Section through cylinder head.




N.,A.C.A. Technical Note No. 647 Fig.3

(1) No knock

Time-pressure
record. Knock record.

(2) Enocking

(3) EKnocking

(4) Knocking

Figure 3.~ Motion pictures of time-pressure record &and of
knock record for four successive engine cycles.
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Fig. 10
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Fig. 12
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