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COYPRESSION~IGNITION ENGINE TESTS OF SEVERAL FUELS

By J. A. Spanogle
SUUMARY

The tests_reporagd in this paper were made to devise
simple engine tests would rate fuels as to their com-
parative value and their suitability for the operating con-
ditionsg .of the individual engine on which the tests are
made. Three commercial fuels were used in two test engines
having combustion chambers with and without effective air
flow. Strictly comparative performance tests gave almost
identical results for the three fuels. Analysis of indica-~
tor cards allowed a differentiation between fuels on & ba-~
slis of rates of combustion. The same comparative ratings
were oObtained by determining the consistent 0perating range
of injection advance angle for the three fuels. The differ
ence in fuels is more pronounced in & quiescent comdbustion
chamber than in one with high-velocity air flow. A fuel is
considered suitable for the operating conditions of an en-~
gine with & guiescent combustion chamber if it permits the
injection of the fuel to be advanced beyond the cptimum
without exceeding allowable knock or allowable maximum cyl-
inder pressures.

INTRODUCTION

Mucaa interest has been shown in the development of
fuels for internal-combustion engines and improvement in
eugline performance has been & direct result of the improve-
nent of fuels. The evaluation of the results of efforts to
improve fuels requires that there be a suitable standard
set up for the comparison of the operating characdteristics
of the different fuels involved. The standard known as oc~
tane number has been adopted for fuels for spark~ignition
engines and is apparently quite satisfactory. In the rat-
ing of fuels for compression—ignition engines much work has
been done without arriving at an adequate standard although
arbitrary ratings have bsen develope?Agzii? give a good com
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parative ranking to & series of fuels. The complex inter-
relation of the variables affecting combustion in a com-
pression~ignition, fuel-injection engine makes it difficult
to set up a satisfactory standard of engine characteristics
and test conditions without which it will be much more dif-
ficult to erect the standard for the fuel.

The characteristic of a  fuel that is conceded to be of
utmost importance in determining its usefulness 1s its lg~
nitibility. The usual method of evaluating this ignitibil-
ity is by measurement of the 'ignition lag. TFor these tests
ignition lag is considered to be the interval between the
start of the injection of fuel and the point at which the
pressure iz the cylinder becomes greater than the compres-
sion (or expansion) pressure would be if no ignition oc~-
ourred,’ This definition of ignition lag is not dependent
upon the experimenter's conception of what constitutes ig-
nition but is considerably dependent upon the apparatus

veed for establishing the end points, especially the indi-
cating apparatus with which the pressure-time Or pressure=
volume cards are taken. '

The engine-tests reported herein were started with the
idea of developing & method of rating fuels on & perform-
.ance -basis but it was soon realized that the fuels used for
the tests were included within a small part of the range.of
possihle fuels for fuel-injection engines and that no great

- difference in performance could be expected when engine

tests were made under strictly comparable-operating condi-
tionss It was, therefore, decided to try to establish tests
which would give & satisfactory differentiation between
gseveral fuels and which would give some indicatioan of the
operating conditions under which a particular fuel might be
used in an individual engine. .

These tesis were made in the power-planﬁs laboratory
of the National Advigory Committee for Aeronautics during
December, 1831 and January, 1932,

FUBLS AND APPARATUS

The commercial fuels uged in’ these tests will be re-

' farre& to es fuels 1, 2, and 3, Tuel 1 was’ bought in the

open market by competitive bide based om U. S. Government
specifications., Tuels 2 and 3 were furnished by another
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refiner. Fuel 2 is & recently developed product especially
recommended for use ‘in h:gh~speed ¢ompression-ignition,
fuel-injection-enginess : Fuel 3 ‘is the product that has ..
been distributed by this refiner for a number of years for
use -in- the smaller Diesel engines, g

1]

Ehe atm0sphéric dist1llation curves of the three fuels
are shown in Figure 1. The -high initial digtillation rdnge
of fuel 2 should be noted.

The tests were run on. two different single-cylinder
test engines, one of which had g precombustion chamber with
a-high velocity of air fiow, the other had a vertical disk
form of combustion chamber in which there was no effective
air flow. - Consequently 'the tests included the two extremes
of air flow in combustion chambers. The test conditions
were standard throughout  except for the variables noted,
although less ‘than the customa?y time was used for precise
adjustment of temperatures and .-bther engine-operating con-
ditions, because. both the time allotted to the ftests and the
fuel available were limited. The compression ratios of the
engines were adjusted so that the compression pressures
were the same.

The start cf the ingection of the fuel was determined
by observing simultaneously the spray and the scale on the
flywheel of the engine by means of a Stroborama. This ob-
servation was made  at atmospheric pressure but as no dif-
ference in timing has been found with these injection sys-
tems betwesen the start of the spray in the atmosphere and
in & pressure chamber it is assumed that the start would be
the same in the engine.

-

Indicator cards were taken with 2 Parnboro indicator.
From these indicator cards the breakaway of the pressure
line was determined both during the analy31s for rates of
combustion and by visual inspection.

1, /-  Full-load fuel quantity is the calculated gquantity of
fuel necessary for combustion with the amount of air in-
ducted per '#troke. This guantity was considered to be the
same for all fuels in these tests. The variation in chem~
ical composition and the difference in inducted air quan~
tity was considered insufficient to affect the data., Also
in calculating percentages of heat dissipation all fuels
were considered to have the same B.t.u. content.
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Engine knock“intensities were determined entirely by
ear in all tests By the same operator for either engine.
The incidence of missing was determined by retarding the
injection slowly enough for the engine temperatures to be-
come stabilized. If the retarding is done too quickly the
.difference in teémperature of the combustion chamber walls
will have .an éffect on the miss determination.

TESTS AND TEST RESULTS

" The comparative performance tests included. variablé—
fuel-quantity rune on both test engines. In addition to
the usval pérformance data at full-load fuel quantity and
1,500 rv.pem., indicator cards, heat dissipation data, and
exhaust gas samples were taken. Starting, idling, and ac-—-
celeration were noted during the tests, but no special
tests were made to differentiate between the fuels. The
allowable knock-to-miss rangé of injection advance argle
was determined on both enginss.

Variable-speed tests were run with all three fuels on-
1y on the 'test unit with the quiescent combustion chamber,
The noncomparative tests were run on the same test unit ‘and
included engine performance tesis with variable-injection
advance angle and both constant D.m.e.p. and constant fuel
. quantity.- ' )

‘The' starting, 1dling, and acceleration characteristics
of all three fuels were nearly the same on dboth test units
except that acceleration was slightly smoother with fuel 2;
fuel 3 required -a larger fuel guantity and earlier injec—
tion for starting in the combustion chamber with alr flow.

The performance curves of the variable-fuel-quantity
runs with the combustlon chamber with air flow were so
nearly identical that no differentiation was possidble. An
analysis of the indicator cards showed that .the ignition
lag was the same for all fuels but that fthe maximum cylin-
Ger pressure and the maximum rate 6f combustion were least
for fuel 2 and only slightly greater for fuels 3 and 1. )
Bxhaust~gas analysis indicated that fuel 2 utilized about 2

per cent more bf the:available air than did the other fuels.

Heat~dissipation data ' for all three fuels were the same
within experimental error.
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The only marked differénce in the three fuels when
used in the combustion chamber with air flow was in the
range o0f injection advance angle over which the fuel would
allow the engine to operdte.steadily and without excessive
knock, - The range was 4 for fuel 1, 5° for fuel 3, and g%
for fuel 2. i : : - :

The variable-speed runs on the . test unit with the .
gquiescent combustion chamber were made at full-load fuel
guantity and were obviously not suited for comparative
tests on account of the variety of injection advance angles
required. As this laboratory is primarily interested in
engines ‘operatlng at high speeds, it was considered suffi-
cient to note that there is no contrast between the fuels
&% 1,350, 1,500, and 1,750 r.p.m. .

The variable-fuel~quantity performance data from the
engine with the guiescent combustion chamber were similar
to those of the combustion chamber with air frow in that
the curves were almost identical on a comparative basis,
i.6,, with tke same injectidn.advance angle. Fronm a com—
parison ‘of the data at full-load fuel guantity the heat
Gissipation was the same for all fuels and the exhdust~zas

analysis indicated that fuel 3 was utilizing adbout 3 per &

cent less air than the other fuels. The miss—-to-knock range ‘e

was about 169 for fuels 1 and 3 whereas that of fuel 2 was .

more than 30°. _ TN Y
¢

The most distinct differentiation between the three AR o w
fuels was obtained by analysis of the indicator cards from.» ..  ~
these full-load fuel tests. ZFigure 2 shows the rates of " [~ 5
combustion and the first part of the total-fuel-burned -~ i:;”//’,
curves as determined by the {engine—analysis sectiony” With
the same injection advance angle (8° B.T.C.) both fuels 1
and 3 -start burning at top center while fuel 2 gets started
at 2° B.T.C. and therefore has only three-quarters of thae
ignition lag of the other fuels. With this shorter igni-
tion lag fuel 2 started burning at a slightly faster rate
but reached its maximum quickly; the other fuels started
their brraning both later and more slowly and reached higher
maximam rates of hurning.

dIndicator cards were taken with the injection starting
at top center so that the compregsion line.under load would
be determined more accurately than would be possible from a
motoring card. - The peaks of these cards are reproduced in
Figure 3 and are included because they show very clsarly
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how the ignition characteristics of the fuel .affect the
course of the pressure line and .the rate—of—pressure rise,

Although the method may be less exact, a visual 1in-
spection of the cards (I.A.A. 8° B,T.C.) under a graduated
celluloid mask shows the breakaway of the power-pressure -
line at 3° B.T.0. for fuel 2 and for fuels 1 and 3 within
1/2° of top center. The same method applied to. the cards
with injection at top center indicate ignition lags of go
for .fuel 2, 13° for fuel 3, and 15° for fuel 1.

The regults of these str;ctly conparative tests showed
that 1t would be possible to operate the engine with fuel 2
at greater injectlon advance angles than those to which the
other fnels were limited by their knocking propensities.
Accordingly the injection was advanced until finally a lim-
it. was -reached when cylinder pressures became excesslive al-
though the combustion sound indicated that tne knock had
not increased to allowable intensity.

This change fromqthe limitation of 1lnjection advance
by allowable knock to limitation by allowable cylinder pres

.sures ig very desirable in laboratory tests and had occurred

once before during supercharging tests with this same com=—
bugtion chamber., The eglimination of determining the injec~
tion advance by allowable knook intensities removes the
possible variation in judgment of these knoclk Intenslties
and allows a comparison of performance on the basis of max-
imum cylinder pressures. With rates-of-pressure rise com-
parable to those of fuel 2 the values obtained for maximum

‘cylinder pressures with different types of Indicating appa-

ratus will be more nearly t1e gsame€ than with higher rates-
of=nressure rise.

- Tests were conducted to determine the optimum injection
sdvance angle with fuel 2. These tests are not to be di-
rectly .compared with any tests of the other fuels but show
the performance that is possible beyond the range of the
other fuels. PFigure 4 shows the .results of a constant~fuel~

- quantity run with vaeriable-sdvance angle and Figure B shows

the results of & run in which the b.m.e.p. was held con-
gstant by reducing the fuel gquantity as the injection was ad-

. vanced. Recollecting that the performance of all thres

fuels was -the Same at 8°. in1ect10n-advanca it . can be soen.
that the additional range -of fuel 2-.allows an,increase of

10 per cent in power with the same fuel consumption or a re-
ductionm.of .15 per cent :in fuel consgumption.with -the same.
power as the other fuels.
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. Flgures 6 and” 7 are curves of the same nature and were
obtalned by cross—plotting 8 number of runs. The signifi-
cant feature of these four figures is that the optimum ad-
vance angle for fuel .2 is 14° B.T.C. for the test speed of
1,500 r.p.m. The curves also .show that this valuse is not

”critlcal but may be exceeded by . 6° without impairing per-
" formence, without exceeding permissible cylinder pressures,

and witnout encountering a destructlve knock.
DISOUSSION OF ‘HESULTS

4 review of the results .of the comparative tests makes
it apparent that the performance .tests alone can not be de-
pended upon %o show any great diffsrence in thess commer-
cial fuels for high-speed, compression-lgnitlon, fuel~in~
jectlion engines. Heat dlssipation does not show any dif-
ference when tha tests are on & comparative basis. - Exhaust-

" gas analysis will give reliable indications as to the effec—

tiveness of the distribution of the fuels and. the complete-

" ness of their combustion but the two can not be separated.

A comparigon of the results in a combustion chamber
with high velocity air flow with those in a guiescent com-

" bustion chamber shows that the combustion process with air

‘\

*u“

flow is relatively fixed and that the fuel has little ef-
fect on rates of combustion or rates of pressure rise, 1In \

‘the gquiescent combustion chamber, however, the fuel does

have a considerable effect on the combustion process as
evidenced by the difference in rates of combustion and
rates of pressure rise. As fthese combustion chambers are
almost the extremes o0f the types with and without effective
air’ flnw, it seems that the quiescent. combustlon chamber is
much”better suited to fuel tests because the combustion
chambers with air flow are relatively insensitive to changes
in fuels. .

Because the analysis of indicator cards for rates of"kéﬁﬁfgv}

ombustion requires more time than can be afforded by most V
laboratories for the sole purpose of rating fuels, it is gy
desirable to have some .other .means of judging the relative
nerits of fuels. The miss-to-knock range of injegtion ad-
vance angle geems %0 Satlsff the .conditions for such a test
of current fuels. The requlxement of Judgment of ‘equal -
knock intemsities should présent no difficulties to an ex- 4
perienced laboratory engine operator when using fuels which
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limit tge injection advance by knocking.

Using this knock-to-miss range of injectlon advance
angle in the combustion chamber with air flow, fuel 2 1is
rated better than fuels 3 and 1, which are nearly alike,
end the same ranking is obtained from the rates of combus~
tion and rates of pressure rise. In the guiescent combus-
tion chamber the rating 1g the same but instead of a miss-
to~knock range for fuel 2 the advance limit was determined
by the allowable cylinder pressure rather than the allowable
knock so that the term "knock" 1s not applicable in this
case.

The most suitable term for describing this range of
injection advance angle is "the consistent operating range."
As far as the present tests are concerned this consistent-
operating-range value will rate the fuels as to desirabil-
ity for a particular engine as well as much more complica-
ted tests, This consistent-operating~-range test may be
made at a fuel quantity between half and full load dut the
fuel gquantity should be the same for all fuels included in
the comparative tests and the test speed must be held con-
stant throughout all the tests.

The results of these tests show that in an engine with
a gquiescent combustion chamber a guick determination of the
optimum injection advance angle may be made by advancing
the injection at comnstant speed and at a constant fuel gquan~
tity between three-qusrters and full load., If the engine-
operating conditions are suited to the fusel 1t will be pos-
gsible, without knocking or excessive pressure, to reach an
advance angle beyond which there will be no increase in
power, If knocking or excessive pressures occur while ths
power is atill increasing during this advance of injection
it is evident that either the engine-operating conditions
or the fuel should be changsed.

When the engine-operating conditions and the fuel are
mutually suitable & more exact determination of the cptimum
advance angle may be made by advancing the injection of the
fuel at constant load and speed until no further reduction
of the fuel quantity is necessary to maintain the constant
loading and a minimum specific fuel consumption has been
reached, In these tests the injection advance angle at
which the minimum specific fuel consumption is reached coin-
cides with the injection advance angle at which maximum
power is obtained,

Fi
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CONCLUSIONS

These tests indicate that the results of tests in an
engine with a quiescent combustion chamber.:are of more val-
ue in testing present fuels than are the results of tests ¢
in an ‘engine with a2 high velocify of air flow . .in the com-~ .
bustion chamber, In general resulis with the two types ofi*[
combustion chambers will be in agreement with each other. l’yb

For either type of' combustion chamber a comparative Ww? N
rating of the fuels may be obtained by noting the consis- *
tent operating range of the injection advance angle. This,w “Pw
range is directly dependént upon . the ignitibility of the et
fuel but involves no question of the method of measuring )
1gn1tion lag. : ’

. A fuel that will allow injection: to be advance&.beyond
the optimum injection advance angle without encountering
excessive knock or excessive .cyllinder pressures .ls a satis-
factory fuel for that particular engine and its operating
conditions. .. _ S

Langley Memorial Aeronhutical Laboratory, .
National Advisory Committee for Aeronautics,
Langley Field, Va., March 16.,1932.
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