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By A. Mo Rothrock and Arnold E. Blermann
SUMMARY

Date are presented to show the effects of inlet-ailr
pressure, inlet-~alr temperature, and compresslon ratio on
the meximum permissible performence obtalned on a single-
cylinder test engine with aircraft-englne fuels varying
from a fuel of 87 octane nunber to one of 100 octane nunm-
ber plus 1 ml of tetramethyl lead per gallon. The data
were obtained on a 5-inch by 5.75~inch liquid-cooled en=-
g€ine operating et 2,500 r.p.m. The conmpression ratio was
varled from 6.50 to 8,75. The inlet-alr temperature was
varied from 120° F. to 280° P. and the inlet-air pressure,
from 30 inches of mercury absolute to the highes}{ permlis-
slble. The limiting factor for the increase in compres-
slon ratlo and in inlet-alr pressure was the occurrence

of elther audidle or inciplent knock. The date are carre-

lated %o show that, for any one fuel, there is a definite
relatlonghip between the limitlag conditions of inlet-alir
temperature snd density at any compression ratio. This
relationghin is dependent on the combustlon~gas tempera-—
ture and density relatlionship that causes knock. The re-
port presents a suggested method of rating alrcraft-engine
fuels vased on this relationship. It is concluded that
aircraft-engine fuels cannot be satlisfactorily rated by
any single fector, such as octane number, hlghest useful
compression ratio, or allowable boost pressure. The fuels
should be rated by a curve that expresses the limitations
of the fusl over a varlety of engine conditions.

INTRODUCTION

The performence obtalned from a spark-ignitlon englne
with a gliven fuel is limited by the severity of the engine
operating condltions to which the fuel can be subjected

without knocking. The major engine variables that must beo
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controlled to prevent combuation knock are the inlet-alr
pressure, the inlet=air temperatyre, the compression ratio,
the ongino temperature, the spark timing, and the engine
spood. For aircraft englines, high inlet-air pressure 1is
desirable for take—off conditions when maximum power 1ls
needed. A high compression ratiq 1s desirable chiefly
from conslderatione of fuel esconomy, although an increase
in compression ratio 1s accompanied by an increase 1n
power. A high Iinlet-air temperature 1s undesirable be-
cause 1t docreases tho mass of alr inducted into the en-
gino. Tho use of a supercharger, however, results in
incroasod inlet-alr temperatures unless an intercooler is
provided. :

The introduction of aircraft-engline fuels of 100 and
higher octane numbers makes 1t possible to lncrease con-
slderably the power and economy of aircraft engines. The
maximum power and economy that can be obtalned depend on
the particular englnhe and on the previously mentlioned en-
gine varlables., Data on engine performence with high-
octane fuels have been presented in references 1, 2, 3,
and 4; the test results reported therein have shown the
need of a systematic investigatlon -of the effect -of the
difforont ongine vnriables on the maximum permissible en-
gino output obtainable with high-octano fuels. In the
prosont tosts, thc offects of inlet~alr pressure, inlet-
alr tomporaturoc, and compression ratio on the maximum on-
gine porformance as limited by knock were detormined wilth
& liqulid-coolod single-cylindor angine for a range of fu-
els from 87 octone number to 100 .occtane number plus 1 ml
of tetraethyl lead. The investligation was conducted undoer
the dilroction of the N.A.C.A. Subcommitteo on Alrcraft
Fuols and Lubricants. The tests .are to be contlnumed to
covor the offects of engine spoed, combustion-chambor de-
slgn, apd cooling mediun, ’

APPARATUS

The single-cylinder test-engine unit used in the
toste was designed for high-spoed oporatlion at difforent
compresslion ratios over a range of inlet-alr pressures and
inlet=nir temperatures. 4 diagrammatic sketch of the unlt
i1s shown in figure 1. The engline has a boro of 5 inches
and 2 siroke of 5,75 inches (113 cubic inches displacemont).
Tho following ongino conditions weroc maintained constant
throughout thesc toats:

Al
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Valve timing - - - - Inlet opens 20° B.T.C.
Inlet closes 71% A.B.C.
Exhaust opens 56° B.B.C.
Exhaust closes 32° A.T.C.

Valve 11ft - - - - - 0.5 inech.
Engiﬁe coolant ~ - - Prestone. i
Engine-~coolant
temperature - - - 250° F.
Engine speed - - -~ - 2,500 r.p.m.

The cylinder head 1s of cagt iron with a flat—disk
combusgtion chamber (fig. 2). It has two exhaust valves

and two inlet valves, each with a dlameter.of 1-7/8 inches.

The exhaust valves have sodium-cooled stems. All sherp
edges in the combustion chembor, such as exposed spark-
plug threands, have been removed. The piston is made of
aluminum alloy with a ribbed undercrown for cooling (fig.
2). The compression ratio con be varied from 4.50 to 9.50
by ralsing or lowering the head and cylinder &as & unit.:

The ignition system is operated from a battery and
the timer is driven by an independent gear train directly
from the crankshaft. The variation of the ignition spark
ig *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 wator-cooled. _

The carburetor has a double throat with 2=1/2 inch
vonturi tubes. Neeodle valves replaced the maln motoring
Jets. . R -

A closed cooling system, using a pump driven from the

engine, was installed. 4 water-cooled heat exchanger kgpt'

the Prestone at the desired temperaturo.

The fuel.consumption was measurcd by an electrically
operated system, which indicated the time and the numbeor
of ongine revolutions roquired to consume a glven welght
of fuel. Tho mixture strongth was indichted during the
tests by = Oambridge mixture-ratio indicator. The poak
pressures woroc shown by the X.A.C.A. balancod-dlaphragm
indleator. -
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The inlet-alr temperature was measurcd above the car-
buretor, The inlet-alr pressure was moasured 1n tho surge
tank mountod before tho inlot-~alr heater, ms shown in fig-
ure l. The oxhaust temporatures, cnglno-coolant tempora-
tures, end lanlet-nlr temperature were measured with thor-
mocoupleos in conJunction with a potontiometer.

Tho ongine torque was measurocd by a2 direct-~current
dynanonoter in conJunction with a calldbratod direct=
roanding scalo.

Vnrious methods of indicating the occurrence of knock
wero tried. The recording of the start of audldle knock
wag believed to be a satisfactory method and was used
throughout nost of the tests. The start of inciplent
knock below the audible range was also of interegt and a
satlsfactory indication of it was-obtailned by using the
M.I.Te. knockmeter (reference 5) in conjunction with a
cathode~-ray oscillograph. The use.of the cathode-ray os-
clllogroph as the indicoting unit ingtead of the danmped
goalvanoneter originnlly supplied yith the M.I.T. unit nade
1t possible to indicate knock in the individual engine cy-
clos. When the ongine is not knockling, the cathode-ray
tube showe o horizontal trace; whon knock occurs, there 1s
a vertical riso in thisg trace. XKmsck was cloarly indicat-
od bofore it became audible.

An R.C.A. ploezoeloctric engine indicator was installed
in the ongino to chock the modified M.I.Ts method of indi-
cnting inciplont knock. The R.C.4A. unit can be connectod
to a cothode—~ray tubo so that time~pressure records are
shown on the tube for each oengino ecycle. A motion-picture
camoera, drivon from tho onginc cranksghaft at one-half en-
gince spoed, was foousod on two cothode-ray tubee oporatod
by the two indicator units. By moans of thls apparatus, a
photograph was obtaoined each engine cycle of the time~
pressurc. record on one cathode-ray tube and of the knock-
meter record on the second tube. A sectlion of the motlon-
picture film 1s reproduced in figure 3. In the first cy-
cle shown, the timo-pressuroc record appoars smooth and the
knock record is & horizontal line. In cach of the follow-
ing threo cycles, tho ongine was knocking, as indicatod by
tho vibrations in tho time-pressuro rocord starting at or
slightly boforo poak pressure. The corregponding knock .
records show & vertical riso near the right end. ZExaminaw
tion of the film showed that knocking vibrations on tho
time~prossure record wore accomparnled in each case by a
vortical rise on the knockmeter rocord. Congequontly, it
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was declded to use the knockmeter method for recording knock
before the knock became sudible. This preaudible knock

will be designated "incipient kmock." With inciplent knock,
the vertical lirc on the knock record was about 1/16 to 1/8
inch high and, with audible knock, it wes about 3/4 %0 1
inch high.

An engine condition in which knock 1s audible may dbe
unstable in that appreclable knock is accompanled by a tem~
porature rise of critiecal surfaces 1in the comdustion cham-
ber, which in turn may couse a morc severe form of knock.
The exiBtence of thils unstable knocking condition in an
engine is probably a mattor of design and the geverity of
the oporating conditions. Another roason for using in-
eiplont knock as the indication 1s the rapld doproclation
of volves and piston rings whon an engine 1s oporating
with audible knock. The foregoing reasons for limlting
knock ta the inciplent stage become increasingly important
as the octane nunmber of the fuel is increased. The bhigh
inlet pressures .possible with the high-octane fuels cause
very sevore operating conditions when audible knoock is
presente. -

Tho tests showed, under some operatlng condliions, a
record of inciplent knock, which disappoared on further
incrense of the inlet-alr prossuro. 4t a still higher
inlot=air pressure, incipient knock again occurrecd, becon-
ing progressively more intonse as tho inlet-alr pressure
was incressed and finally bocoming sudible. In the test
results presonted for incipilcnt knock, thias second incip-
ient knock was used.

~.

FUELS

Two base fuels were blonded for these tests. Tho
first was o technical igo-~octane of very nearly tho samo
composition as S.A.BE. S~1 fuol., It had a freozing point,
deternined at the National Bureau of Standards, of
«108.98° C., an octane number (C.F.R. mothod) of 99.75,
and o specific gravity of 0.6934. The second fuel was a
fuel of 18 octane numbor and was simllar to 5.4A.Bs H-l
fuol, The iso-octane and tho 18=octano fuel weroc blended
in proportions of 85-15, 90~10, ard 95-5, respectively.
The octane nunbers of tho blonds, as dotermined by tho
C.F.R. mothod and by tho Army Alr Corps method, wore as
follows? : - S :
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85-15
90-10

96~b

100-0

Throughout the discussion, these fuel blends will bde desig-

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

Qgtane nunber
C.F.Re mothod - Arny Alr Corps nethod
(average fron (1 laboratory)

9 laboratories)

86,48 ' 86,9
90.9 ’ ' 91,6
96.2 X o 85.4

(1 laboratory)
99,76

nnted by the followlng rospective octane numdbers: 87, 91,

95, and 100.

In addition to these fuols, tests wero mado of
tho 100-~octane fuel plus 1 nl of tetracthyl lead per gallon.

METHOD OF TESTS

The following test limits wero agreed upon:

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

Inlet~alr pressure: 30 inches of mercury absolute to
highest permissiblo (in increments of 2.5 tachos
of morcury).

Inlot-air temporature: 120°, 160°, 200°, 240°, and
280° F.

" Spark advance: Maoximum power for each compression
ratlo at 32.5 inchee of mercury inlet-alr pressuro
and 200° F. inlet-air tomporature.

In oach cage the limiting values, where no uppor linit 1ig
designatod, were tho highest permissiblo for oithor audi-
ble or incipiont knock.

Each test was run with the air-fuel ratilo glving ap-
proxinately maximunm power and with the alr-fuel ratio
g€iving the mininum fuel consunption because these two val-
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ues are of partliocular interest in aireraft englnes. Suffi-
clent mixture loops were obtained for the various test con-
ditions to establish accurately the alr-fuel ratios for
maximum power and for minimum fuel consumpition. After
these values of the ratios were obtalned, necessary addi-
tlonal rune were made only at these determined values.

The alr-fuel ratios determined from exhaugt-~gas analyses
were: for maximum power, 12.8; and for minimum fuel con-
sumption, l4.4. : - -

The mlixture for maximum power was btaken 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 meximum-economy point. Throughout
the report the mixture for 1 percent reductiorn in maximum
Power 1s deslgnated "best-pvower mixture," and the mixturse
for 1 percent increase above the minimum gpecific fuel
consunmptlon 1s designated "best-economy mixture."

During the tests 1t was found difficult to hold the
inlet-alr temperature within the limits deslred. Conse~
quently, for the test conditions in which mixture loops
were obtalned, it was generally impossible to determine
the exact inlet-air temperature for the best-power or for
the besi~economy mixtures. The temperature wvariation,
%owever, was always within 1100 F. and was usually much

eas. . - - . . -

The spark advance for the 6:50 compression ratio was
38° and was decreased 2° for each 0.75 increase 'in thé
compression ratio; engine tests had shown that these val-
ues met the condltlons.originally prescribed and that the
optimum spark advance was approximately constant foF all
inlet-alr pressuros at any one compression ratio. )

In the tests, the compression ratio and the inlet-air
temperature were held constant and the inlet-alr pressure
was lncreasod in incromonts 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 incipient knock was recorded to within 0,1
inch of mercury. After the pressure required for saudidle
knock was dotermined, the inlet-alr prossure was decreased
to that required for XInciplent knock. :

Perticular care was taken %o distinguish between
knock and prelgnition or afterignition caused by a Pot
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spot 1n the englne. Preignition was indicated by a loss
in enpgine power, and afterignition by continued firing
after the ignition switch was cut off+ When preignition
or afterignitlion occurrcd before audible knock was reached,
efforte were made to remove the het spot that was the ig-
niting source; the tests were then repeated. Spark plugs
and othor plugs in the combustionwchamber wall were &
frequent gource of trouble until water-cooled. Congider-
able difflculty was experienced with the leaded fuel (100~
octane fuel plus 1 ml tetracthyl lead) bocause of a hot
epot in the conter of the top of the combustion chamber.
Thig hot spot-was eliminated by rémoving the bushing .
around the spark-plug hole in thig position and pormitting
tho engine coolant to flow over the plug. (See fig. 2.)
Previous to this alteration, the plug had becn cocled by
tho lubricating oil from the valva gear. Special refor-
ence will bo made to the tests with and without this addi-
tional cooling. : .

All data were computed on the basis of indicatod per-
formanco. The indicated horsepower was obtalned in the
conventlonal manner by adding to the moasured brake horse-
powar tho frlction horgopower detormined by motoring at
the booast pressure. ’

TEST RESULTS

Filgure 4 shows the maximum permisgsgible inletwalr
pressuresg for the l00O-octane fuel at compression ratlos of
- 650 and 7.25. Only the data for the 100-octans fuel are
included in this figure cince the .trend of the curves is
gimllar for the other fuels tested. The curves show that
the difference in meximum permissible inletwalr pressure
for mazinum power and for minimum fuel consumption was
within the increment of 2,5 inchew of mercury used in nost
of the tests. At each ratlo, as the inlet-air temperature
wvao inerecaged, the curves for incipient knock approached
thomse for audidle knoeck. The polnte on the curves for in~
dicated mean effective pressure show the experimental vari-
ation. During the tests, frequent check runs wers nade at
provliously tosted cornditlions: These runsg were consgldered
to be satisfactory when the power was within %5 percent of
t?at obtalned in the previous run under the same condi-
tions.,

A summary of the maximun pernissible inlet-air pres-
sures for all the conditions tested 1s presented in table I,
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Although theso data are for maximunm power, they seorve
equally well for minimum fuel consunption within the lin-
its of oxporimontal accuracy. (Sce fig. 4.) The second
86t of datn checked the firgt eet withln the preclsion of
the tests for the 87~ and 1l00-ogtane fuels, dbut tho second
set of dato for the loanded fuol shows appreclably highor
permissiblo inlet-ailr prossures. The incronse was pormit-
tod by tho incroased cooling of the plug 1n the coenter of
the top of the combustion chambor. As indicated in table
I, boforo the inmprovemont was made in the ¢ogoling, tho
loaded fuel showod preignition or afterignitlon from a hot
spot ot the two lower conpression ratlos. The othor four
fuols did not show this secondary ignlition. Romoving tho
hot spot lmprqved the characterigtlcs only of tho fuel
thet was showing tho secondary ignition and had no appro-—
clable offect on the othor four fuols.

FPlguroe 5 shouws the offect of compression rgtio on the
fuel congumption for tho two air-fuel-ratio sottings. The
Plottod points represent the avorage of all the data ob—
tained at the compression ratios indicated. Aft any one
ratio, the indlcated fuel consumptlion was indopondent of
olthor the inlot-alr proseure or the inlet-ailr tenperature.
The decroaso in fuel consumption with an increase .in con-
prossion ratio 1s shown by tho curves. .

The indlicated mean offective pressuros for the diffor-
ent tost conditions aro shown in flgures 6 and 7; cross
plots givo tho limitg for the differont fuols. The 1linit
for tho 100~octano fuol plus 1 nl tetracthyl lead 1ls in-
cipient knock, and for the other fuels 1t is sudible knock.
The doshed portions of tho curvos represent extrapolated
data. Tho indicatod nean aeffective prossure decreased
steadily with increase of tho inlot-eilr tomperature and
increased, as expected, with compression ratio except for
the values at the lowest conpression ratio tosted.

The lndicated peoak cylinder presgsuros for the air-
fuel ratio giving best powor are shown in figure 8. Theo
pressures shown ropresent the avorages of tho highest val-
ues indicated by the peak-cylinder-pressure indicator and
correspond to the iasgt intermittent fleshes of the neon
tube. The neak cylinder pressures.corresponding to an al-
nost steedy flash of the neon tube in the maxinunm cylinder
Pressure gage were about 125 pounds per square lnch lower
than those shown in this figure,

To what extent the dats obtained on the test engine

\
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can be applled to s fullwgcale aircraft ongine cannot de
sald. It scems reasorable to bolleve that genoral treonds
of the results are applicable to a fullwscalo ongine. Tho
data show clearly a decrease in mapximum permissible power
with a given fuel as the temporafture of the incoming alr
is increased. Also, the data show the gein in maximum
pPernlgelible power obtalned by opernting the engine nt a
low conmpression ratio, a low iniet—-alr tenmperature, and o
high boost pregssure. The data show the permisslible de-
crensgse in ninimum fuel consumption obteined by operating
~the engline at o high compression ratio or at a low boost
presgures to evold knock. The data 1Indlcate that in a
boogted engine the maximum permissidble il.m.e+p. is consld-
erably decreased if no intercooler is provided betwoen

tho supercharger and the engine cylinders. .

A comparlson of the results prosented hereoln with
the reosults that mlight be obtained on another engine with
the samo fuol would probably show tho greatest discrep-—
ancy 1ln the varistion of maximum pormlissible boost with
inlot~air temmerature. This variption wlll dopend on tho
rate of hoot transfer botween the cylindor walls and tho
- alr-fuel mlixturo during the intaks stroko, the compresslon
stroke, and the combustion period up to the time of knock-
ing. If the incoming mixzture ig at a lower temperature
than the walls of the cylinder and of the comdbustlion cham-
ber, the charge wlill be heated during the intake stroke
and the firgt part of the compresgion 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
. walls, the charge wlll be coolsd.. Therefors, depending on
these rotes of heat transfer, the. same fuels in another
ongline might show a greator or a lesser .drop in maximum
permissidle boost pressure with increased inlet—alr tem—
perature. The data undoubtedly givo a comparative plcture
of tho lncrease in power and the decreamseo in fuel consump~
tion that can be expocted from the introductlion of 1iso-—-
octana as an alreraft-engine fuol.

Tho rengo of engine oporating conditions is sufficlont
to pormit the rosults to be usod 1n an analysis of the
problen of rating asireraft-ongine fuols. Such an analysis
le presonted in the followlng soction.
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ANALYSIS OF THE DATA FROM CONSIDERATIONS OF

THE RATING OF AIRCRAFT-ENGINE FUELLS

dbelyale of offectsg of inlet-gir pressure, inlot—alr
lompeorature, nnd compression ratlio on knock.~ A successful
method of rating alrcrafit-engine fuels must give results
from which 1% is possible to predict the maximum perform—
ance obtainable from an aircraft englne using any svecified
fuel. Furthermore, given & cholce of fuels and a definite
set of englne operating conditions, the reting of the fu-
els should permit the choice of the fuel best sulted for
the perticular engine conditions. No satisfactory method
of fuel rating that meets these requirements has yet been
found. '

.The phenomenon thet limitg the severity of engine
conditions %o which a fuel can be sublected 1s knock, Any
basls of fuel rating should consequently be based on the
factors that cause knock. Although not all the chemical
and physlcal processes accompanying knock are understood,
sufflcient knowledge has been accumulated to permlt cer-
taln definlte conclusions to be drawn.

The most generally accoepted theory is that knock in
an internal-combustlion spark-ignition engine results fron
the almost simultaneous burning of the end gases in the
combustion chamber, , This burning 1s sufficiently rapld to
cause a .sudden increase in the pressure in parts of the
combustion chamber., The pressure lncrease takes place at
a rate more rapid than tho rate at which the pressure is
tranamitted to the remaining sections of the combustion
chamber. A system of pressure waves ig therefore set up
within the chamber. These gas vibrations striking the
combustlion—chamber wall induce vibratlions in the engine
structure that gilve rise to the metallic knock,

Hore recent data obteined at thils 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
obgerved to take place after the combustion has apparently
traversed all the combustion chamber. XRegardless of the
section of the gas in which the knock takes place, the ef-
fect on.the pressures within the cylinder . is the same ~ &
sudden increase in the local pressures ' gnd, with heavy
knock, a sudden increase in the mean pressure throughout
the chanber.
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Since knock is s phonomenon of combustion, it must be
controlled by the physical state af—the gases in the com-
bustion chgmber as well as dy the chemlical composition of-
the gases. It seems most remsonable to believe that the
gos donsity and tho temperature immediatsely preceding
knock are the controlling physical properties. Tho engine
condltions that control these fwo properties are:

Y
-

1, Compression ratio, R.
2. Spoark -advance.
* 3. Inlet=air temperature, T,.

4, Inlet-air pressure, P,.
* 5, Oylinder-wall and combustion-chamber-wall
tomperature.

"6 Enginoc gpeod.
7« dlr-fuel ratlo.
8« Exhaugt-gas dilution.

The firet flve 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 alr-
fuel ratio can be eliminated by considering that, for any
given sot of conditions far factors 1 to 4, any air-fuel
ratio that causes knocking is being consldered. Exhaust-—
gas dilution doos not vary much over the normal full-
throttle rango of ongine opoerating conditlong and will not
be considered in this analysis. The effect of englne
spopd will be discussed later in more dotail.

If tho assumpition is accepted that the two physical
propertios controlling knock are tho gas density, and the
gas temperaturo, 1t can bo sald that, for each gas donsl~
ty, thore is a minimum.gas tempergture at which knock will
occur. If this contention is true, 1t follows that a fuel
can be accurately rated by determining tho relationship
. botwvoon tho gns temperature and the gas donslty that re-
sults in knock. 4 sccond, and equally important, conten-
tion is that-it will be impossidle to rate a fuel accu-
rately by detormining ono and only onc temperature and
density at which knock ocecurs. A fucl should be rated,
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then, not by octanse number, highest useful compression
ratio, compresslon pressure, or any other single value,
but by a curve of denslty against temperature.

The gas density p, and the gas temperature that are
the immediste causes of knock ere the density and the ten-
perature of that portion of the charge in the knocking
reglion of the combustion chamber the instent before kmock
occurs. Thig density caen be measured fairly eesily and
accurately but the temperature cannot. The feasibility of
using the temperature .and density at some other time in
the cycle must be determined. Since all fuels burn with
approxinately the same flame speod, the density and ten-
Perature at the start of combustion or at top center (as-
suning no combustlon before top center) should provide o
satlsfactory measure of the conditlons in the knocking
region, The density at top center, i1f it 1s assumed that
all tho fuel ie vaporized, depends on the compression
ratio, the inlet-nlr pressure (including volumetric effi-
clency), the inlet-sir temperature, and the heat of vapor-
lzation of the fuel, Inasmuch as the heat of vaporization
of all hydrocarbon fuels 1s =2bout the same, the spoed of
combustion and the heat of vaporizatlon need not be con-
sldered. If s constant spark advaence is assumed, it can
be stated that

P“RPI?EL]. - - - -.--—_

From this rolationship, BRP,/T, cnn be substituted for
the alr density. :

The temperature at top center can be estimated fronm
computations considering the effect of the variation of
the specifioc hoats of the gasos with temperature and the,
effect of the residual gases. Values from such compuba-~
tlons are shown in tablo II. The tablo shows that, whero-
a8 an lacrease in compression ratio from 6.50 to 8.765 in-
crecsos. the compression temporature 100° F., an increcse
in inlet-cir temperaturc fram.120° F., %o 2406 ¥, at the
lower compresslon ratio incremses the compression tempor-
atures 280° ¥, It cen bo concluded that from considera-
tions of temperaturoc alono, an lncreasoe in comprossion
ratio in tho present normal oporating ronge should have no
greet offeet on tho fuel rogqulromonts of the englne. i
Thorefqre, tho chief effoct of increcsing the compression
rotlo must llo in the increase - in the gas denaity at top
center, -
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For uso in rating fuolsg, the tomperature-density re-
lationshlip for knocking combustion ghould be determined
ovor o sufficlont rango of engino condltions to establish
a dofinite rvurvo. If a linear rolationship ls assumed,
the ratling curves for iwo fuelg of difforent chemical prop-
ertles might appear as shown in flgure 9. In this case,
fuel B 1s superior to fuel A at low gas temperatures and
fuel A ig¢ the better at high temperatures; fuel B 1s also
more susceptible to itempersture variation than fuel 4.

The effect of engline speed has not yet been dlscugsed,
Decreasing the engine speed has three major effects: It
decresases the turbulence within the combustion chambers
1t changes the gas temperatures bpcause of the lncreasged
time for heat transfer; and it increasees the time interwval
during which the gases 1n the cylinder are subJected to
the ing¢roasing temperaturc during the compression stroke.
Tho tomporaturs and timo effects are probadbly of most in-
terost. Incrensing the gas tomperatures has the effect of
shifting to tho left the curvos shown in filgure 9 bocausc,
in the computation of the compression temperaturos, the
quostion of heat flow to -the walls was hot congldered.

The effect of the lengthened time interval is more
complicated. If thore are no appreclable chemical chengos
in the gases during compression, the effect of time alone
can probably be neglected. If there are appreclable cheml
cal changes, which vary with the time required for comple-
tion of the compression of the gases, egch fuel wlll have
to be rated at different engine speesds; the change, ei-
ther detrimental or beneficiasl, must be charged to the
fuel and not to the engine. Some of the effects of engine
spoed on the maximum permlssible hoost prossure have boeon
pPresented by Heron and Gillig in reference 3.

In order. that the foregoing analyeis may be thorough-
ly checked, o.serles of fuels must be tested in sgevoral
difforent—engines.. Each ongine must be run on each fuel
over 2 range of compression ratiog and inlet-air tempera-
tures ond pressures, and at different Jjacket temperatures
and englne speods. Such a set of .data 1s not avallabdleo in
the literatures.

dvplication to the analysis gof the date presented.-
The deta presented herein, from tasts of only one englne,
show the maximum permissible inlet~alr pressures for a
gerles of compression ratlos, inlet-~air temperatures, and
fuels. The fuels, although differing in octane number,
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are slmiler 1in chemical properties. Tmble I shows the
maximum permissible .inlet-air pressures for different fu-
elpg, inlet~air temperatures, and compreseion ratios. In
the first amerles of tests, up to the time the cooling in.
the center of the head was improved, "the inlet-ailr pProg-—-
sureg were recorded to the closest 2.5 inches of mercury.
In the second series, the pressures were recorded to with—
in 041 Inch of mercury. The data for the.conditlons ro-
8ulting In preignition or afterignition have purposely
been ,omitted from the table. Before the coolling to the
cylinder heed was alterod, this secondary lgnitlion oc-
curred with the leaded fuel at the two lowest compression
ratios (6.50 and 7.26); and, after the aoling had been im-
proved, the-secondary ignition ogcurred at a compression
ratlo of 7.25 and an inlet~air tempersfure of_280o ¥, The
tests were not run at a compression ratio of 6.50,.

The regults 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 elther preignition or afterignitiom occurred, the data
mugt be interpreted differently than when knocking occurred
without this secondary ignition,

In figure 10 the air-density factor RP,/T, for sudi-
ble and lneiplent knock is plotted agalnst the eetimated
compresslon temperature for the 100-~octane fuel and the
100~o0ctans. fuel plug 1 ml of tetraethyl lead. The data in
each case pre those obtalned after the additional cooling
was suppllied to the top of the combustlon chamber. For
the 100~octane fuel, the points form a smooth curve with
the exception of the data for the two higher ratlos at .
120° F. inlet-air temperature. When the data were plotted,
the recorded inlet-ailr temperatures were used in determin-
ing the compression temperature. These tempsratures vor-
1ed by %£10° F. from the values-given in teble I. The data
for the leaded fuel are not so satisfactory as those for
the unleaded fuel, probably because of the more severse
operating conditions.

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

TlRY" « Agsuming the value of Y to be 1.4, Ry“ at . a
compression ratio of 6.50 is 2.1l and, at & ratio of 8.76,
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1s 2.38, o variation of %6 percent from the mean of the .
two ' values. OCongequently, plotting the values of RP /T,

againgt T, should be accurate to within this valuse.

In figure 11 the value of RE,/T, for twé of the

fuels 1s plotted against ‘inlet-air tomperaturo. For the |
100~0ctane fuel, the maximum variation of thoe pointe from
the curve ig *0.25 RP,/T, which represents a maximum °

variation in inlet~air pressure of-£t3.56 inches of mercury.

For tho 100-~octane fuel plus 1 ml of tetraethyl leed, the -
varlation 1s approximately the samo with the exception :
of two points. '

When values of RP,/T, are plotted agelngt inlet

alr tomperature instead of compression temperaturs, it is
autonatically assumed that, for a.given inlet-ailr temper—
ature, the factor RP,/T, 1is a constant, regardloss of

comprossion ratio. The data indicate that this factor is
approxinately constant for the englne tested over the

range of compression ratios from 6,50 to 8.75. Data ob~ -
tained ot two other laboratoriss (table III) for threo
difforent engines of a sige sinmilar %o that used in the _
present tests and over a corresponding range of ratios

also show this factor to be approximately constant. Tho

assunption appears to be justlfied. .

Flzure 11 indicates that a single curve can be used
for both maximum power and minimum fuel consumptlon,
which sinplifies the fuel rating. The lower curve shows
that no inprovenent was obtained with the 100-~octane fuel
after tho additional .cooling wes applied to the top cen-
ter of the combustion chambex; nor was any inprovement
obgerved with the 87-cctane fuel,

The marked impravement obtained with the 100O~octane
fuel plus 1 ml of tetrasthyl 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 usod under more severe ongine conditions if the hot
spot 1s ronoved; whereas, fuols that knock without pre-
1gnlting of afterigniting aro not improved, In these par-
ticular tosts, the hot spot probably occurred only with
tho high rete of heat flow through the cylinder head that .
accompanied the high inlet~alr preesures permigsible with
the 100-~octane fuel plus 1 ml of tetraethyl lsad. A more
inportant conclugion 1is that preignition and afterignition

a
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are phenomena separate from knockling and muet be treated
as such. Either of these secondary ignitions may glve
rise to knocking.

A summary of all the results obteilned for the fuels
tested is presented in figure 12. The curves of T,
against RP,_/'J!1 are presented for each fuel, Ourve 6 is

for inciplent knock and the other five are for audible
knoek., The curves give the limiting engine condiiIons to
which egch fuel can be subjected. The fact that the )
curves ars slmllar 1s to be expected because the fuels are
similar. 4 cross plot of RP,/T, ‘agalinst octane number

indicated that curve 5 represents a fuel with an octane
number of 1066 whereas curve 6 represents an octane number
of 127 at 120° F. inlet-air temperature and 138 at 280° F.
inlet—~alr temperature. The leaded fuel 1s apparently less
susceptible to temperature than the unleaded fuels. Thils
varlation of the temperature suscoptibility of the differ~
ent fuels la of extreme importance and is clearly indicat-
ed by the slope of the curves shown in figure 12. Some
fuels, such as toluene, afe much more susceptible to tem—
perature than a fuel. that is predominately 1so-octgne (2,
2, 4 trimethylpentane). As a regult, toluene shows an ocec-—
tane number much in excess of 100 at low temperatures butb
below 100 at high temperatures (reference 3).

In the present tests, the coolant temperature was not
varled, The temperature factor should, however, express
the temperatures both of the inlet air and of the engine .
coolant 6r of the walls of the cylinder and the combustion
chember. Some data on the effects of engine~coolant tem—
perature glvon 1in.references 3 and 8 indicate the same
general rolationship as was observed in the teasts reported
herein., From the dats presented by Heron and Gillig, the
varlatlion. in the rate of temperature depreciation for dif-
ferent fuels can be shown. :

Ag has been previously mentioned, any change in the
snglne speed will alter both the ges temperature and the
time during which the gases are subjected to these temper-
atures. Consequently, in any investigation of the effects
of englne speed, the effects of these two varlables must
bo sevaerated. Date 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 gpeed varles considerably for different fuels.
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Other wvariasbles, such as the effect of humlidity and
of exhaust gases, must be more completely lnvestigamted.
In the present tests no attempt was made’ to malntaln these
two factors constant. ZFrom the unlformity of the regults,
however, 1t ias questionable whetlher the offect of eithor,
of these two variablos will prove of much importance.

From the present analysils and tho appllcation of the
togt rosulbts, it is belioved that a method of rating alr-
croft-engine fuele must be based on o relationship, simli-
lar to that described, which. expresses the dependency of
the gas denslty on the gas tomperaturo at conditlons cous-—~
ing knock. Such g nethod of rating expresses by a single
curve the value of a fuel under a variety of englne oper-
ating condltions. )

CONCLUSIQONS

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

le In this investigation an increase in octans num-
ber from 87 to 100 permitted an increasse in i.m,8.p. from
178 to 210 pounds per square inch at a compression ratilo
of 6,50 or a decrease in. the indlcated specific fusl con~
sunption from 0,39 to 0.35 pound per indicated horsepower-
hour, obtalned by incrsasing the compression ratio. from
6.50 to 8,00. The pddition of 1 ml of tetraethyl lead ver
gallon to the 100=octane fuel permitted g furiher luprove-
mont in l.m.e.p. of about these same values, provided thet
proignltlion or afterlignition d4id not occur.

2, The indicated fuel consumptlon 1s indepengent of
elthor the lnlot-alr pressure or the inlet-alr temperature.

3. In these tests theo maximum permissible boost pres-
sure was approxinmately the same for .best-power and beste
oconony seottings,

4, Alrcraft-ongine fuels cannot be rated satlsfac-
torily by a single value, such as: octane number, highost
useful compression ratio or allowable boost ratlo.

5. 4 satisfactory method of rating ailrcraft-engine
fuelp may be based on the temperature~density relationship
of the combustible gas for the condltion of knook combus-
tion, '
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6. In the rating of fuels, particular care must be

taken to determine that knock is not caused by & hot spot
in the combustion chamber, which would produce a second-
ary source of ignitionmn.

Langley Memorial Aeronautiecal Laboratory,
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2.

3e
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8.

9.

National Advigory Committee for Aeronautics,
Langley Field, Va., March 18, 1938,
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TABLE I

idecnnical NOTE NOa

647

20

Effect of Inlet-Ailr Temperature on Meximum Permissible

Inlet~Alr Presgure at’ Different Compression Ratios
Best~Power Mixture

Inlet=gir| Inlet-air pressure (in. Hg)
Enock oz:ei tempera~ ) )
num:e: ture Compression ratio

(°r.) 6,50 7.25 |8.00|8,75
Audible 87 120 32,5

160 32,5

200 32.5

240 30.0

280 .
Audibvle 91 120 35,0 32,5

160 35,0 32.5

200 32,5

240 32.5

280 32.0 . ,
Audible 95 120 3745 35.0 30,0

160 3745 35.0

200 35.0 32.5

240 32.5

280 30.0 .
Audible 100 120 40,0 37,56 |%2,5(30.0

160 40,0 32,5 32.530.0

200 35,0 32,5 30,0

240 35,0 32.5

280 30,0 30,0 .

Audible 100 + 1.0 120 Maximum inlet—~ailri 37.5]|32,5
ml tetra- 160 |pressure limited [35,0|32,5
ethyl 200 by preignition or|32,.,5|30.0
lead 240 afterignltion 30,0
Improved cooling in center of comdustion chamber

Audlible 87 120 34,4 29.5

160 33,1
200 82,1
240 29.9
280 29.7 .
Audible 100 120 40.7 35.8 | 34.2|31,.4
160 41.6 36,6 32,4|27,.8
200 39,8 3342 29,.4
240 36.6 3069
. 280 33,0 27,6

Inciplent|100 + 1.0 120 48.5 43.,9|41.8
mn) tetra- 160 48, %5.6 %1.2
ethyl 200 46, 2 9,333,
lead 240 42.9 34.7132.5

280 32.7|30.3
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* TABLE II

Estimated Compression Temperatures for Various Oompression
Ratlos and Inlet-Alr Temperatures, -Coneidering Effect of
Resldunl Gases and Variatlon of Specific Heats with

Temperature. OConstant Inlet-Alr Prsssure

Compression temperature (°F.)
Compression Inlet-ailr temperature (°F.)
ratlo —
120 160 200 240
6.50 930 1,020 1,120 1,210
7 .25 960 1,060 1,150 1,250
8.00 990 1,100 1,180 1,280
8.75 1,030 1,130 1,230 1,320
) 9,25 1,060 1,160 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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Effect of Compression Ratlo on Allowable Boost Pressure
Inlet-Air Temperature Constant for Bach Seriles of Teasts

Compresalion Maximum

Fngine Fuel ratio indyection | REy

pressgure 10

(in. Eg)

Single~cylinder . E .
Napier Petrol 4,5 42,3 19,0
(reference 6) 4,0 54,3 21,7
3.5 60.8 21,3

Single—~cylinder . )
Rolls-Royce Benzole 4.0 65 .4 26,1
(reference 6) 540 56,8 28,4
54,5 51.4 28,3
640 50,9 30,6
6.5 45 .3 29.4
7.0 41,1 28,8
N.A.GnA. Domestic 3'5 44.0 15,4
Universsl aviation 4.0 37 45 15,5
test englne gasoline 4.5 32.6 15.3
(reference 7, 5.0 30.0 15.5

fig. 11)
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(1) Fo kmock

Time-pressurs
record. Xnock record,

"(4) Knocking

Figure 3.~ Motion pictures of time-pressure record smd of
knock rscord for four successive engine cycles,
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Figure 5.- Average fuel consumptlion for different inlet-alr pressures
anl temperatures. :


http://www.abbottaerospace.com/technical-library

N.

i.m.e.p., 1h./sq. in,

A.C.A. Technical Note-No. 647 Fig. 6

Inlet tair t#mp , o,
230 20 4
chn]bressi n ratio
160 8.76
210 1200

190]

)

8.00

170

~_ 28

150

T
3k

7.25

3
\‘E%i\\\ﬁ
BY

160 <2 '/: 280]
% //'/f -
140/ VA A< /é/ A3k
g Y - 120
abo ///¢// Beg el
L ~ |ae0 |
7 200~ ]
& o]
- 8T
150 //////

130

AN
N
\\\

160
ml tebraethyl leafl
140
20 T
1 30 34 38 43 46 50

Inlet-alr pressure, in. Hg absolute
FTigure 6.- Engine performance with best-power wixture(euiible knock)


http://www.abbottaerospace.com/technical-library

Fig.

160
200
240

120

160
8.0C(Comp. | ratio)

7. 25(Comp. rftio 120

8.75(Comples. rhtio)

2910

2N

+1.9 mb
ra_.ethyl legd

g

a, 1
t

//?/ 6.50[Comp. | ratio)

e 71

[eTal

Z

38

—

2

Inlet-alr pressure; in. Hg absolute

34

X.A.C.A., Technlcal Note Ho. 647
210

-.n.ﬂ -Mvw\.p.ﬁ [} -n-o.auﬂ

30

knock) .

Figure 7.- Engine performance with best economy mixture(auiible


http://www.abbottaerospace.com/technical-library

N.A.C.A., Technical Note No. 647 Fig, 8
900

I — - ,{32.5 Compressio
i \\\— ratio =~
800 |- T S 20 ; N
I ~ 8.75
) Inletlalr pressure,
900 + o
-:N-\F\_\ _Hf,'és
T e
. 3
700 {~ | 30 O ——h
!
1000 }
——
H \_ ’
__;i>~ hQ‘"“‘jfl o
900 - g —— oy
é \\ 37.5 ~, e — -l _
.H a—
'e: '\NH 32.5. "'—-~-—__d’_ .
00— - e
o - —_——t
a 600 ——
Q
B i i
g 0% == *jL\ 5
& 900} . ~——_ | __ -i42.5 |
| \i\& 40 \'\i—
800._“__"J:T::T::::_> | A —
] s ] [ Te.%0
\ .
H \ ! —
700 b \lL\ |_35 —
e
} [ ——]
600 ———=== .
\f\‘
1 : N B
590 120 160 200 240 280

Inlet-air temperature, °F,

Figure 8.~ Cylinier pressures with best-power mixture.


http://www.abbottaerospace.com/technical-library

N.A.C.A.

RP, /Ty

Technicel Note No. 647

Fuel B

Fuel A

Compression ratio

Figure 9

Flg. 9


http://www.abbottaerospace.com/technical-library

N.A.C.A. Tecinical Note Ho. 647 Fig. 10

Compression ratko
a 8.5
— X 7.25 -
1 o o 8.00
X \..m\ O 8.75
.60 ~]
] N) a
X

.40 3 ~$ )ﬂ\ O"
x .
B S
A
>.\\‘\“X

.30 "'C:K\ g“*\\

\Q"\A‘\x

\{‘x
.m
900 1,000 1,100 1,200 1,300

Estimated compression temperature,CF.

1. 100-octane fuel +1lml tetraethyl lead, lncipient kmock
. 100-octane fuel audlble kmock.
« 100-octane fuel . incipient kmock

KN

Figure 10.- Relationship between sstimated compressi_on temperature ani

alr-density factor BP]_/ T, for 100-octane fuel and for 100-
octane fuel + 1.0 ml tetraethyl lead. Improvel cooling in center of
combustion chamber.
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Figure 1l.-~ Effect of inlet-alr temperature on a.ir-d.ensity factor
RP /Tl. Best power mixture.
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Figure 12.- Effect of inlet-alr temperature on alr-density factor
at top center at start of detonation. Best-power mix-
ture.
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