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SUMIARY

Tests were conducted to determine the effect of engine-
operating variables and internal coolants on spark-advance
requirements of a single cylinder from a 1l2-cylinder liquid=-
cooled: engine for maximum take-off power and maximum cruise
economy. The effects of fuel-air ratio, engine speed, air
flow (charge density), mixture temperature, and internal
coolants on peak-power (optimum) spark advance were investi-
gated., ' In addition, tests were conducted to determine the
effect of spark advance on the knock-limited. engine per=
formance at several mixture temperatures for conditions
simulating take-off, high-power cruise, and low-power cruise.

In the liquid-cooled cylinder operated with 28-R fuel,
the following results were obtaineds

l. Among the variables tested 6n1y fuel~=air ratio and
internal coolant-fucl ratio have large effects on the peak-
power spark timing.

2. When the spark timing is advanced from normal (inlet,
280 B,T.C,; exhaust, 34° B,T.C.) at a fuel-air ratio of 0,060
to peak power at a fuel-air ratio of 0.057, which sacrifices
no engine power for a given inlet-air pressure, a 4-percent
reduction in indicated specific fuel consumption is realized,
Any uneveness in mixture distribution of a multicylindcr engine
would result in a decrease in brake specific-fuel consumption
greater than that for a single-cylinder engine; the more uneven
the mixture distribution, the greater is the decrease to be ex-
pected.
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3¢ An incrcase of approximately 10 performance numbers
in the lean rating of the fuel would be required to maintain
the same kmock-limited power at a fuel-air ratio of 0.060 if
the spark timing was advanced to peak power,

4, . Knock-limited indicated mean effcctive pressure at
take-off conditions was increased about 6 percent when the
spark timing was retarded from the normal value (inlet, 28°
B.T.C.; exhaust, 34° B.T.C.) to thc point where rough opera-
tion was reached (inlet, 16° B.T.C.; exhaust, 22° B,T.C.).,
When the additional supercharger power necessary to supply .
the higher manifold pressure is considercd, the gain in the
knock-limited brake horsepowcr for a multicylinder cngine
with a single-stage supercharger is approximately 4 percent.

INTTRODUCTION

Most current models of the in-line liquid-cooled enginc
have fixed spark timing. It was desirable, howcver, to in-
vestigate the advantages of variable spark timing in these
engines because a higher knock-frec taoke-off power can be ob-
taincd when the spark timing is retarded and a lower fuel con-
sumption can be obtaincd for lcan-mixture cruising when the
spark timing is advesncced than results wvhon fixed spark timing
is used,

In order to evaluate thesc advantages, engine tests were
conducted at the NACA Cleveland laboratory during the latter
part of 1944 to determine the effects of fuel-air ratio,
cngine spced, air flow (charge density), and mixture tempera-
turc on the peak-power (optimum) spark advance and to deter-
mine the cffect of spark advence on knock-limited power. An
investigation was also made of the spark-advance requiremcnts
with the use of watcr and a mixturc of water and ethyl alcohol
as internal coolants, The results of thcse tests, which con-
stitutec part of the geoneral program for improving the power
output of the multicylinder liquid-cooled engine as rcquested
by the Army Air Forces, Air Technical Servicce Command, are
reported herein,

"R p P_‘SRJ“‘LTUS

The tests were conducted with a multicylinder block
adapted to a CUE crankcasc (refercnce 1). Figure 1 shows
cylindcr 2 in position for firing; cylinder 3, howecver, was
used in these tests.

The internal-coolant injection system compriscd a pres-
surized supply tenk, a rotametcr, and an injcction nozzle.
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The injecction nozzlc was a copper tube sealed at the end and
drilled with four small holes spaced in a row along the lecngth
of the tube. Figurc 2 illustrates thec two positions used for
the injection of internal coolants: position A before the
vaporization tank and position B at the intake elbow., In both
positions the nozzle was installed to inject the internal
coolont dowmstream,

Cylinder-head temperatures were measured by a thermocouple
located between the exhaust-valve seats (fig. 3), which is the
region of highest cylinder-head temperature. Knock was detected
by means of a magnetic vibration-type pickup, an amplifier, and
an oscilloscope. ,

TEST PROCEDURE
The following cngine conditions were maintained:

Gomprcession ratio « « & o o o ¢« 3 & ¢ s & & v « W% u s » 6560
Drgine spoed, TPM « e « « s » s & o ¢ » « » o 2080, 2600, 3000
Iiloteoll tomperatu®@, OF s s o « % 4. % » # & '» % % & & &l /285
Publetscoolont temporature, OF 4 ¢ ¢ 9% & 2w e w4l RED
Coolant flow at 2280 rpm, gallons per minute o o o o o o 90
Coolant flow at 2600 rpm, gellons per minute « ¢ « » « « 1056
Coolent flow at 3000 rpm, gallons per minute " s & & s 120

The normal spark advance for the engine is 28° B,T.C. for the
inlet side and 34© B.T,C. for the cxhaust side., Thec timing of
the inlet spark was retarded 6° from that of the cxhaust spark
for all tests. The enginc coolant was 30-perccnt cthylene
glycol, Army-Navy specificeotion .N-E~2, end 70-percent water,
Cold spark plugs werec used to prevent preignition and the fuel
was 28-R.

Tests were conducted to determinc the effeet of fuel-air
ratio, cngine spced, air flow, mixturc temperature, and internal
coolants on peak-power spark advence. The spark timing was
varied over a range sufficiently wide to determine accurately
the point of maximum powcr. Two internal coolants were useds
water and a mixturc by volume of 50-percent water and 50-percent
cthyl alcohol. Several ratios by weight of the internal coolant
to fucl were investigated with injcction into the vaporization
tenk and with injection into the intake elbow,

Knock=limited cngine performancc was also determined for a
range of spark advance from approximately 159 retarded from

normal to 15° advanced from normal at enginc conditions simulating

takc-off, high-power cruise, and low-power cruise.
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RESULTS .ND DISCUSSION
Effect of Engine Variables and Internal Coolants
on Spark idvance for Pesk Power

Fuel-air ratio.- Thc cffcct of spark advance on power and
fucl consumption at three cngine spceds and for scveral fucl-air
ratios is prescnted in Pizurc 4., The values of pecak-power (optimum)
spark advance arc indicated by arrows on thesc curves. Thesc valucs
were choscn to corrcspond with minimum fucl consumption as well as
with peak powcr. Inasmuch as spark advancc doces not appreciably
affect the amcunt of charge entering the cylinder, the spark advance
ziving the best eycle efficiency will give minimum fuel consumption
as well as maximum powsr. Hereinaftcr, the optimum valuc of spark
advance will bc dcsignated the spark advance for peak power; how-
cver, it is also the spark advance at which minimum fuel consumption
is obtaincd at the samec operating conditions. The valucs of spark
advance indicated by the arrows on figurc 4 have becn plotted in
figurc 5 to show the influcnce of fucle-air ratio on spark advance
for pecak power. The decided cffeet of fucleair ratio on spark
advance for pcak powcr is causcd by the promounced influence of
fucl-air mixture on flame spoed. Incsmuch as the flame speed de-
cercascs for fuel-air ratios leaner or richcer than about 0,085 to
0,095 (refercnce 2), the ignition timing for peak power must be
advanced when operating at fucl-air mixtures lcancr or richer than
0,085 to 0,095,

Engine spced.~ Flame spced incrcascs ropidly with cenginc speed
beeausc of increascd turbulences In the liquid-cooled cylinder, the
flemo speed incrcascd at a slightly slower rate than cngine specd
over the range tested., It was therelfore nccessary to advance the
spark a small amount to maintain pcak power for a given fucle-air
ratio as the spced was incrcased (fige 5),

Air flow.- The effect of spark advancc on power and fuel con-
sumption with various air flows and two mixturc temperaturcs (1286°
and 225° F) is shown in figure 6. The inlet-air pressure and the
cxhaust back pressurc arc cqual at 30 inches of mercury absolutc
(approximate air flow, 437 lb/hr); therefore, the valve-overlap
losscs arc smeller then at higher inlet-air pressures wherc therc
is a greater differential pressure to blow the unburncd charge
through the cxhaust valves during the scavenging period. Conse-
quontly for inlet-air prossures near atmospheric, the indicated
specific fuel counsumption is lower, Data from figure 6 have been
plotted in figurc 7 to illustratec the cffcect of air flow on spark
advance for pcak powcr. This plot indicatcs that in the liquid-
cooled cylinder flame speed varios only slightly with air flow,
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Vixturc tomperaturc. - Figurc 8 shows the effect of spark
advance on power and fucl consumption for mixturc temperaturcs
of 175° and 295° F at constant air flow. Data from figurcs 6
and 8 have been replotted in figurc © and indicatc that the in-
flucnece of mixturc tomperature on peak-power spark advancce 1is
almost negligible., In thesc tusts the offect of mixturc tem-
peraturc on flame spced was isolated by malntalnlng constant
air flow

Internal coolonts. - The influence of spark advancc on fuel
consunption, powcr, and cylindecr-head tempcraturc for the two
intcrnal coolants and for the .two positions of injection are pro-
sented in figurc 10, Pcak-power values of spark advance from
figurc 10 havc becn plotted in figure 11 to illustrate the cffect
of internal codblant-fucl ratio on spark advence for pcak powcre
Water, when injected beforc the vaporization tank and allowed to
mix thoroughly with the fuel-air mixture, slowed the flame speed
morc than when injcoted into the intake clbow. On the other hand,
the flame spced was slowed to about the same degree regardlcss of
injcetion position when injecting tho 50-50 water-cthyl alcohol
mixturc., For the samc intérnal coolant-fuel ratios and thc same
position of injcetion, the water-cthyl alcohol mixturc retardcd
burning less than watcr injection. This differcnce in burning
ratc might bc expected becausc aleohol is a fuel and therefore
takcs part in the combustion proccss.

For vaporization-tank injection, thc mixturc temperature
decrcasded as more internal coolant was injectcd until the fuel-air
mixturc becnme saturatcd (fige 12) and then the mixturc tempera-
turc remaincd relatively constant. In a corresponding manner, thc
powcr at peak-power spark advance incrcascd because of the increased
charge weight inducted into the eylinder until the internal coolant-
fucl ratio for saturation was rcachcd (fig. 13), at which point the
power levelcd off, Aftor complete saturation of the incoming mix-
turc with thc intcrnal coolants, any additional cooling of the mix-

" turc must occur after the intake valves .closc, which makcs it ime

possiblec to incrcasc cngine power through on cffcct on air flow,
Fron this point, the power obtainablc at pcak-power spark advance
dropped slightly as the internal coolant-fucl ratio was increascd
because some hont of veporization was extracted from the air during
the comprcssion stroke, rosulting in a decreasc in coycle efficicney.
When the internal coolant was injected at the manifold elbow, the
power incrcasc at peak-power spark advaence was rolatively small
(fige 13) becausc therc was insufficicent time for charge cooling
before the intakc valves closed.

The percentage loss in power at various valucs of spark advance
over that which could be obtained by using peak-power spark advance
for each internal coolant-fucl ratio investigated is presented in

|
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figurc 14, Vhen the cngine is operated with normal spark timing
at a given intornal coolant-fucl ratic and position of injecction,
this loss is approximately twice as much when injecting water as
an intcrnel coolant as when injecting a mixture of 50-50 water-
¢thyl aleohol. In all cases, howcver, the engine power at normal
spark advance with a givon inlct-air pressure is incrcased by the
usc of intermal coolants.

Increasc in Cruise Economy Using Variable Spark Timing

A comparison of performance with normal spark advance and
performance with peak-powcr spark advance (fige. 15) indicatcs no
appreciable diffcronce in power and ‘in specific fucl consumption
for fucle-air ratios greater than 0,065, For mixturcs lcaner than
0,065, however, some improvement in fuel cconomy ond power is
realized by using poak-power spark adveicc. If the spark timing
is advanced from normal at a fuel-air ratio of 0,080 to peak power
at a fuel-air ratio of 0,057, which sacrifices no powcr for a
given inlct-air pressure, a 4-poreont reduction in indicated speci-
fic fuel cousuwaption is attained.

Effect of Spark .\dvance on Knock-Limited Engine Performance

The cffect of spark timing on knock-limited cngine performance
for conditions simulating takc-off, high-power cruisc, and low-
power cruise is shown in figurc 16, In all casecs the knock-linited
engine power increascd as the spark was retorded until rough opera-
tion was cncountercd (inlet, 16° B.T.C.; exhaust, 22° B,T.C.)s A
power incrcasc of approximatcly 6 percont wes rcalized by retarding
the spark 12° from normal at low and intermcdiate mixturc tempera-
turcs; whercas the increasc was considorably greoater ot high mix-
ture tompcraturcs. Then the additional supercharger work nccessary
to supply the higher manifold pressure is token into account, this
powcr incrcasc of € porcent on an indicated basis results in a
power incrcasc of approximatcly 4 pereont on a broke basis for a
multicylindor cngine with a singlc-stage supercharger.

PROBABLE EFFECT Of SPARK ADVANCE ON THE ECONOLY OF A
WULTICYLINDER ENGINE HAVING IFPERFECT
MIXTURE DISTRIBUTION
The discussion thus far has becn based on the single-cylinder
cnginc. The doata shown for lcon-mixturc fuel consumption would

apply to a multicylinder cngine only if the mixture distribution
was perfect.
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The multicylinder engine, which has imperfect mixture distri-
bution, stands to gain somewhat more in fuel economy than the
single-cylinder results presented indicate. For example, it if is
assumed that the multicylinder engine is operating at an average
fuel-girtratio of 0,060 with normal spark timing, eny cylinders
that have richer or leaner fuel-air mixtures than this value will
have higher fuel' consumption than a cylinder operating at a fuel-air
ratio of 0,060 because the minimum point on the fuel-consumption
curve (fig. 15) is at this fuel-air ratio. The over-all fuel con-
sumption of the multicylinder engine would then be higher then that
of a single cylinder operating at a fuel-air ratio of 0.,060. If the
spark timing is now advanced to peak power, the minimum point on the

. fuel-consumption curve shifts to a considerably leaner mixture. The

fuel-air ratio of -0.060 is no longer at the minimum point, so any
cylinders that now operate at a richer fuel-air ratio have a higher
fuel consumption than one operating at 0.060; whereas, any cylinders
that operate at a leaner fuel-air ratio have a lower fuel consumption
than those operating at 0,060. The over-all fuel consumption for the
multicylinder engine would then approach that of a single-cylinder
engine operating with peak-power spark advance at 'a fuel-air ratio

of 0,060, The reduction in over-all fuel consumption obtained by
advancing the spark of the multicylinder engine with imperfect dis=
tribution is therefore greater than that obtained from single-cylinder
tests. The more imperfect the mixture distribution, the greater would
be the gain by advancing the spark to the peak-power condition.

The single-cylinder date presented have showm a possible reduc=-
tion in lean-mixture fuel consumption of approximately 4 percent by
advancing the spark.. The multicylinder engine would be expected to
show a somewhat greater reduction depending on the mixture distri=-
bution. It is estimated, however, that an increase of approximately
10 performance numbers in the lean rating of the fuel would be re-
quired to maintain the same knock-limited power at a fuel-air ratio
of 0.060 if the spark timing was advanced to peak power.

SULIARY OF RESULTS

From an investigation to determine the effect of engine-operating
variables and internal coolents on spark-advance requirements of
liquid-cooled single eylinder for maximum take-off power and maximum
cruise ctonomy, the following results were obtained:

1. JAmong the variables tested only fuel-air ratio and internal
coolant-fuel ratio have large effects on the peak-power spark timing.
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2o Then the spark timing is advanced from normal (inlet,
280 B,T.C.; exhaust, 340 B.T.C.) at a fuel-air ratio of 0,060 to
peak power at a fuel-air ratio of 0,057, which sacrifices no
engine power for a given inlet-air pressurc, a 4-percent reduc-
tion in indicated specific fuel consumption is realized, Any
uneveness in mixture distrivution of a multicylinder engine would
result in a decrease in brake spscific fuel consumptioh greater
than that for a single-cylindcr engine; the more uneven the mix-
ture distribution, the greator is the decrease to be expected.

¢ An increase of approximately 10 performance numbers in
the lean rating of the fuel would be required to maintain the same
knock-limited power at a fuel-air ratio of 0,060 if the spark timing
was' advanced to pcak power,

4. Tmock-linited indicated mean effective pressure at take-off
conditions was increased about 6 percent when the snark timing was
retarded from the normal value (inlet, 28° B,T.C.; exhaust, 34°
B.T.C.) to the point where rough operation was roached (inlet, 16°
B.T.C,; cxhaust, 22° B,T.C.)s When the additional supercharger
power necessary to supply the higher manifold pressure is con-
sidered, the gain in the knock-limited brake horsepower for a
rulticylinder engine with a single-stage supercharger is approxi-
mately 4 percent,

Airceraf't Engine Rescarch Laboratory,
National Advisory Committee for .JAeronautics,
Cleveland, Ohio, May 18, 1945,
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(b) High-power cruise conditions

Figure 16. - Continued.

ture temperatures.

compression

ratio,

2

&

deg B.T.C.

4 R

Effect of spark advance on knock-limited performance at various mix-

Single-cylinder adaptation of multicylinder engine to CUE crankcase;
outlet-coolant temperature, 250° F.

8.65;

inlet-0oil temperature

185°

F
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(¢) Low-power cruise conditions.
16. - Concluded. Effect of spark advance on knock-limited performance at various mix-

Figure

ture temperatures

Single-cylinder adaptation of multicylinder engine to CUE crankcase;

compression ratio, 6.85; inlet-oil temperature, 185% F; outlet-coolant temperature, 2500 F.







