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NATIONAL ADVISORY COMMITT FOR AXZROVAUTICS

TECHNICAL MEMORANDUM NO. 924

MODERN METHODS OF FUEL TESTING*

By F. Seeber

The knock rating of aviation fuels by the convention-
al octane scale in the CFR engine is defective and proceeds
from misleading premises.

After a brief survey of the commonly used single-value
test methods, the importance of the determination of the
incipient knrock for the octane number is discussed and im-
provements suggested for the knock testing in the CFR en-
gine.  But the difficulty of transferring the findings
from the test engine to single-cylinder and multicylinder
airplane engines is still unsolved.

The DVL superchar3e test method with its superiority
of direct determination of fuel knoek in.each single cyl-
inder of an airplane enzine without involving structural
changes, is described and the advantagses of a multiple-value
method enumerated. Owing to the far-reaching sdaptability
of the test conditions of the supercharse method to the
conditions of flisht operation, a diagrammatic presenta-
tion of the knock characteristics is made possible, which
is of 3great significance for the further development of
high-output aircraft engines and their fuels.

IKTRODUCTION

The demands made on aviation fuels for high take-off
power and for low fuel consumption at comparatively high
crulising powers are, as is known, limited by the fuel
knock in spark-ig nltlon engineg., High en“ine powers are
most favorably achieved by higher mean effective pressures.
The latter are most severely affected by the octane number
of a fuel, according to Ellor {(reference 1), But, tried
out in the airplane engine, it was found that the rating
of knock tendency by octane number under fixed test condi-
tions, is insufficient and may lead to erroneous conclu-
sions. The remedy cclled for new scales of appraisal,

which are described in the present report. The treatment,

l.._]

*

"Neuere Verfalren der Kraftstoffprﬁfung." Iuftfahrt-
forgehung, %ol. 16, ne. 8, Auzust 20, 1939, pp. 431-
437.
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however, is confined exclusively to the short-time tests
in single-~cylinder assemblies; any discussion of the test-
ing of fuel-endurance behavior would be premature, since
thig test ig still in the experimental stage.

KNOCK TESTING IN THE CFR ENGINE

a) Rating by Octane Number

The knock rating of aviation fuels is at present al-
most exclusively carried out in the CFR engine, and in
Germany, of late, in the I.G. test apparatus. In both the
fuel is made to knock by changing the compression ratio.
The intensity of the knock, which is maintained in these
tests, is defined for a certain deflection on the knock
meter,

The knock characteristics of the test fuel are, as
is ' well known, compared with those of blends from refer-.
ence fuels - the standard reference fuels being iso-octane
and n-heptane., The knock rating of iso-octane was arbi-
brarily set at 100, and that of n-heptane at O,

Thus the knock rating of fuels today is by mears
of the octane number; i.e., the amount of iso-octane of a
blend of iso-octane and n-heptane which, under certain
test conditions has the same knock characteristics as the
fuel to be tested.

Since this test was chiefly intended as a check on
the fuel manufacture and therefore on the uniformity of
the delivered product, it was believed that the testing of
the knock characteristics of the various fuels could be
effected without recording pressure, temperature, or heat
transfer.

The following test methods are in present use (refer-
ence 2):

1. CFR research method (Italy)

2. CFR and I.G, engine methods, respectively (Ger-
many )

B Modified.CFR'engine method (England, France)
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4, CFR low-temperature method (U.S.A.)
5. CFR-L 3-method (U.S.A.)

64t UssS . Army temtr method dln modifieds CFR encine

(.88 )

All these methods confine themselves to one single
characteristic value which, with the exception of the U.S,
Army method, is determined at a comparatively severe knock.
The test conditions of the methods differ from one another
only in ‘the inlet-air temperatures, in the mixture ratio,
o 1omthen T Do e

All the named single-value methods, even if they rate
the fuels occasionally at different requirement stages,
were - by themselves - no useful indication, since fuels
of the same octane number frequently manifested a widely
varying knock behavior in practical flight-operating con-
ditions. This applies in particular measure to aviation
fuels of class 0Z 87 and over.

b) Discussion of Octane Rating

The cause of the defective determination of the knock
tendency of different fuels by these test methods is to be
found almost execlusively in the erroneous assumnption that
the testing under one single - even if uader always rigid-
ly prescribed - test condition, would be sufficient to
draw conclusions for all other fuel requirements. The
greatly changing temperature, pressure, and heat-transfer
conditions in flight operation cannot be reproduced by the
change of one single test condition - even if the estab-
lished walue is obtained at the air-fuel ratio correspond-
ing to the greatest knock intensity.

As attractive and advantageous as a single-value
nethod seemed at first in regard to the short test period,
the cheapness of the method and the small amount of fuel
needed for a test - as the best solution far the knock
rating of fuels = the results proclaimed the need for a
multiple-value rating, which ultimately leads to the dia-
%%ammatical presentations of-theknoeck, ratinssofs fuele. ial
the opinion of the DVL, the conventional rating by octane
number has the following defects:

L The watine. diswachiewved at.a too severe. knoeclks, . as
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confirmed in the DVL tests (reference 3) made in 1934-35.
In these experiments the different aviation fuels - while
retaining all test specifications of the CFR engine method -
the incipient knock, i.e., the compression ratio at which
the first uniform audible knock occurred, was ascertained
(fig. 1). It is merely pointed out in this ‘connection

that straight-run fuels with a knock characteristic of

over 100 octane units - which prove of predominantly aromat-
ic. character, such as pure benzol, for example - possess,
under the requirements of the CFR engine method (mixture
temperature 150° ¢.), a far earlier incipient knock than
leaded benzene-like fuels, despite the fact that the con-
pression ratios were the same in all cases. This fact was
affirmed by supercharge tests.

2., The determination of the octane number at only
one-mixture temperature does not reproduce the temperature
susceptibility of the fuel:  This faet'is disclosed by*the
different discrepancies of the research-~ and engine-octaune
igmbers of  87-octane fuels of different chemical composi-

ion,

Fuels predominantly

olefinic |aromatic | naphthalenic partaffiniie
Research 0Z <lie) 515 93.6 88.0 i 8840
Engine 02 87.2 86.5 B5 45 86.3
Difference in
octane units 1L 5 7ndh 2 1e 'l

%. The testinZ at only one-nixture ratio, condi-

tioned bv the maximum deflection of the knoek indicator
asreed upon, is insufficient for rating a fuel (fig. 2, and
reference 4). The testing of 87-octane fuels over the en-

tire practical mixture ranze discloses the knoek charaec—
teristic of leaded gasolines, especially by excess fuel,
to be far greater than that of the standard and substand-
ard reference fuels. Figure 3 illustrates the test date
over the entire mixture range for 80- and 100-octane fuels
at 80° and 130° C. mixture temperatures.

4. Lastly, the use of the conventional standard and
substandard reference fuels for very knock-resistant fuels
leads, because their temperature response is unlike that




, N.A.C.A. Technical Memorandum No. 924 5]

of leaded gasolines to erroneous knock rating, as seen
from the earlier picture (fis. 2). The use of leaded ref-
erence Zasolines should remove this drawback.

-
c) Formulation of Octane Rating and New Rating Scales
for the Concept of Knock Tendency
The testing of aviation fuels in the CFR engine prob-
ably fares much better if, as suggested elsewhere (refer-
ences 9 and 10), the fuel knock is recorded:

a) at different inlet and mixture temperatures, re-
speetively: for instamee, 8% 50%, 100°, and
150° ©.;

b) for different mixzture ratios;

g At incipient knoeck or, at any rate, at a less

£ severe knock than that of the CFR engine method.

These tests could be made forthwith, with the compres-
< .sion ratlio as variadble, but other scales have also been

wpropesed,. Thus Boerlase sugsgested the allowable boost
pressure at incipient knock (reference 5); Evans, Dodd,

and Garner (reference 6),the maximum combustion pressure
measurable at incipient knock. What the correct procedure
will be nobody knows, since the problem of finding a cor-
rect knock-rating scale in a knock-test engine, is ren-—
dered difficult by:

1) the difficulty of ascertaining the same rating
quantity even in structurally identical test

engines for an identical fuel under identical
test conditions (reference 7);

2) the uncertain transferability of the data to
the single-cylinder or multicylinder aircraft
engine as a result of not knowing the actual
operating requirements in the aircraft engine.

KNOCK-RESISTANCE TESTS IN THE SINGLEZ CYLINDER
a) Advantazes of Supercharge Test

The lack of agreement in fuel rating for pracibical
flight operation in the CFR engine, prompted the DVL also
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to rate the fuel knock according to modern viewpointsg.
Since, first of all, the question of transferability of the
CFR data to.the aircraft engine remained unanswered, the %
urgency of the problem of determining the knock tendency

of fuels as definitely as possible for aircraft-engine
conditions, suggested a test procedure in single cylinders.
Bocrlage's proposed choice of boost pressure as variable,
secemed the most favorable since it permitted the determina-
tion of the knock tendency of fuels in any desired single
cylinder under conditions similar to those of the complete
engine without requiring structural changes.

b) Determination of Knock Limitation

The development of the knock test showed that the
knock intensity maintained in the octane rating in no way
resembled the requirements of the fuel in an aircraft en-
gine. The occurrence of the very first knock impacts -
i.ee, the ineipient knock, constitutes a moment of danger
for the aircraft engine, and for this reason the DVL super-
charge method chose the incipient knock as the indication
for the knock intensity. Since the present state of devel-
opment of the indicators makes the determination of the in-
cipient knock a complicated and drawn-out procedure, the
audible method was at first employecd. According to the ex-
periences of the DVL, this incipiency is best represented
by six to ten sharp knocks per minute. The accuracy of the
method is X15 mm Hg. The supecrcharge power was disregarded.

¢c) Choice of Test Conditions

To make the supercharge method definitely superior to
the octane-ratinsg method, the selection of the test condi-
tions had to be made with due consideration to the condi-
tions of the complete engine.

The fuels of modern hizh-output aircraft engines must
have, first, a high take-off power, i.e., high mean effec-
tive pressure at full throttle performance. Accordingly,
the supercharge test should include a run at:

a) starting speed; F
b) with avproximately 20-percent excess fuel;
c) the inlet air temperatures corresponding to the

supercharger installation for the different
design types.
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Fuels for high-output aircraft engines must, further,
bave zZood leanineg properties — i.e.s correspondingly high
DeEsPe in the throttline range or, .in other words,a test
at:

a) cruising flight r.p.m.;
b) highest possible excess of air;
c) respective inlet—-air temperatures.

Hence the supercharge test has to be made under vari-
eus condlitions. Por tests in the air-ceooled BMW 132 single-
cylinder, the conditions were as follows:

l., Speed at 1,600 r.,p.m. because of the audible meth-
od and saving of the engine, since testing at the knock
limit at higher r.p.m. in 0Z 87 engines, would result in
serious disturbances. Although this r.p.m. does not corre-
speond to the starting conditions, it could be proved in a
large number of tests that the order of rating for differ-
ent fuels at different r.p.m. was the same. Hence the low
speed is in nowise objectionabdble.

2. The mixture ratio was chosen for a range from

AN =0.% B0 1:3;  thus comprisine tho.conditiensg

of excess richness to greatest possible lean-

ness.

3. Inlet-air temperatures at %5 80% and 130° ¢.

4. TFor testinzg the best spark advance, achieved with
excesswal ofachors sl 23047 Ol Had 3 rand F1Es3
for khock-free comovustion. (Further details
nay-bo found-ia -Tmftfahrtforsehins, vols 16, no.
1, 19392 (reference 8)).

d) Effect of Test Conditions on the
Superchargeavility of 87-octane Fuel

The results of the DVL supnercharge test method are
now discussed. Fizure 4 Zives the limiting eurves of the
allowable mean effective pressure of a commercial aviation
gasoline that characterizes the CFR engine method with oc-—
tane No. 87 for different inlet-air temperatures (359, 800,
100 . and 20°% 04) plotted against the execess air. The
lines of equal specific fuel consumption are included.
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Figure 5 indicates the changes in mean effective pres-
sure (in nercent of rated vpower). for the limiting curve of
an 87-octane fuel under the previously cited DVL condi-
tiens ats:

e 2 00 and T2 S 000 SRl Dl il 5

2e 359 gnd 130° C inlet-air temperatures.
Figure 6 illus tr tes the elwcct of:

1. a 25-percent throttle setting;

2. change of number of knocks (zero);

ng on the dis-
ing curve.

’D

3. spark advance to 40° crank setti
placement of the original limit
It is noted in passing that no identification of in-
cipient knock was possidble with the help of the pt dia-
gram or its first derivative. Measurements of the abso-
lute incipient knock with the aid of the second differen-
tial quotient (equation 12) confirm, however, the permis-—
sible superchargseability obtained by the.audible method

(Lia, 7)Y, These measurements were made in the CFR engine.
The results with the BMW 132 gingle-cylinder are shown in
figure 8. The test point obtained by the audible method

. : dyp
lies in the bend of the characterigtiec curves of 158 o
A = 0.75, 049, and 1.0, These experiments were made by

the Institute for Fuel Research in collaboration with ¥.
Lichtenberger, and are to be dontinued so as to yield =
quick and simple determination of the incipient knock, in-
dependent of audition. U.S. supercharge. tests by Rothrock
and Biermann (reference 11) - who also determined the in-
cipient knock by the electrical method - likewise dis-
closed a parallel course to the limiting curves defined by
audible knock. :

While the test data cited so far were obtained in a
3.06-1iter engine, figure 9 shows the sunerchargeability
fferent operating conditions
in a 2-liter liquid-cooled single-cylinder test engine.
The order of the effects of the different operating condi-
tions onrn the allowable superchargeability and mean effective
pressure (in percent of the rated vower) is as follows:

~




NeA.C.A., Technical Memorandum No. 924 9

L s Compression Fabioe 4. Inlet-alr temperature
2. Spark advance 5. GCoolant temperature
3. Excess air 6. Revolutions per minute

What effect the size of the swept volume under dis-
similar cooling has on the allowable supercharzeability
in relation to excess air may be seen from the four exam-—
ples illustrated in fisgure 10.

Other results for single cylinders of different de-
8ign type made in the DVL by Dr. Berg, arc omitted for
lack of spacs.

e) Allowable Superchargeability of Fuels of
Equal Octane Number - Their Chemical Composition

The significance of the chemical composition of fuels
for the obtainable allowable boost pressure is of partic-—
ular interest for the develovpment of aviation fuels as il-
lustrated on a few selected examples. Fizure 11 shows the
relation of allowable superchargesbilitvy of three chemic-—
ally dissimilar 87-octane fuels to the mixture ratio un-
der identical test conditions in a liguid-cooled single-
cylinder engine. The high superchargeapility of strongly
aromatic fuels, especinlly with considerable excess rich-~
ness, is plainly avparent while on leaning with increas-
ing aromatic content of the fuels, a more profound reduc-
tion of the limiting curves is noticeable in contrast to
the paraffinic-naphthylic fuels. Figure 12 shows the re-
lation of allowable boost nressure to inlet-air tempera-
ture with A = 0,9 for the same fuels. These tests re-
veal, aside from the superiority of aromatic fuels at low
inlet-air temperatures, their great temperature suscepti-
bility. Fuels of paraffinic-naphthalenic nature have Tar
more temperature stability.

Figure 13 shows the extreme areas of obtainable m.e.Ds
@n percent of rated power) at equal number of knocks plot-
ted against excess air and inlet-air temperature for 87-
octane fuels. The effect of the dissimilar chemical com-
position of the fuels is readily apparent. Figure 14 is

the graph for two 100-octane fuels and manifests the temper-—

ature susceptibility of the aromatic fuel. In spite of the
identical octane number of the paraffinic fuel and its mi-
nor temperature relation, its superiority is slight and,
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|
at thabt, confined te the excess air range abt wery.high ‘i
inlet—-air temperatures. The correctness of this rating was ‘
confirmed in recent aircraft-engine tecsts.

THE SIGNIFICANCE OF THE DVL SUPZRCHARGE

TEST METHOD IN PRACTICE |

The correlation of the supercharge test at several
inlet-air temperatures with the octane numbers obtained by
various methods, affords the conditions illustrated in
figures 15 and 16. A similar result is obtained from a
comparison of the differences of the research~ and engzine-
octane number with the differences of the allowable boost
pressure at different inlet-air temperatures and A = 1,05
excess of air. It means, in other words, that the rating
of fuels in the CFR engine by any method, does not simu-
late their requirements in the single cylinder. .

With the newly developed DVL supercharge method, on
the other hand, a rating is offered that coerresponds to £
the actual requirements.

Its chief advantages are as follows:

l. The knock tendency of fuels is tested direct in
actual engine cecylinders.

+ The fuelgs are tested under conditions most
closely approaching actual service.

3+ The rating by several values permits conclu-
siong for the development of 100~octane en-—
gines and fuels,

Translation by J. Vanier,
National Advisory Committee
for Aeronautics.
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Figs. 1,2,3,4,8
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test method.
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Octarme number, CFR research meth ad

Figure 15.- Relation between CFR

research octane num-
ber and boost pressure at incip-
ient knock in the BMW-132 aero-
engine, single cylinder.

Octane number, CFR research method

Figure 16.- Relation between CFR

research octane num-
ber and boost pressure at incip-
ient knock in the BMW-132 aero-
engine, single cylinder




