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SUMMARY

An investigation was conducted on a full-scale air-cooled cyl-
inder in order to csztabiish an effective mesns of maintaining maximum-
econony spark timing with varylng engine operating conditions.
Variabls fuel-air ratlio runs were conducted in which relations were
determined between the sperk timing and the basic factors in engine
operation, flame-front travel, and cylinder pressure rise.

Data obtained in this investigation showed that maximum-economy
spark timing occurred when the crank angle of maximum rate o pressurs
rise was 3° A.T.C. and that the crank angle of maximum rate of pres-
sure rise and the travel of the flame front were dirsctly related.

For frvel-air ratios between 0.G6 and 0.10 the highest rate of flame
travel occurred when the crank angle of maximum rate of pregsure rise
was 3° A.T.C. The previously mentioned relations are significant in
fuel or engine investigations in which engine operating variables
affect the gpark timing for maxirum fuel econony .

An instrument for controlling spark timing was developed that
automatically maintained meximum-economy spark timing with varying
engine operating conditions. The instrument also indicated the
occurrence of preignition.

INTRODUCTION

The main factors that are considered in the selection of the
spark timing for an engine are fuel economy and knock-limited perform-
ance. The maximum fuel-economy spark timing becomes relatively more
significant when the knock-limited verformance of the fuel is
increased. Engines with a fixed spark timing are often operated
under conditions where a more advanced spark timing would give a
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considerable improvement in fuel economy. TFor this reason means of
varying the spark timing are sometimes used but even then the selection
of the best spark timing with varying engine operating conditions is

a Droblem.

In this investigation conducted at the NACA Cleveland laboratory,
relations between the spark timing and basic factors in engine opera-
tion (flame-front travel and cylinder pressure rigse) wore dcturmined
in order to establigh an effective means of maintaining maximum-economy
spark timing with varying engine operating conditions.

The application of the findings in this investigation afford a
convenient means of autcmatically maintaining maximum-economy spark
timing with varying engine operating conditions. An automatic spark-
timing-control instrument is described in the aprnendix.

APPARATUE AND PROCEDURE

A full-scale air-cooled cylinder was uvsed in the CUE setup
described in reference 1. The crank angle of maximum rate of pres-
sure rise 6y was measured on a diagram of time and rate of pressure
change oroduced on an oscilliscope by the signal from a mogneto-
striction knock pickup in the cylinder head. Timing marks were
produced on the oscilloscope by means of electrical impulses gener-
ated in a pair of coils mounted on a carriage near the flywheel.

The coils had a common magnetic circuit comprised of soft iron cores,
a permanent msgnet, and an air gap. Steel lugs projecting from the
periphery of the flywheel passed through the air gap. The carriage
for mounting the coils traveled on a segment of circular track, which
was concentric with the flywheel. A pointer on the carriage indicated
the angular pogition of the coils relative to engine tup dead center.
Measurement of 6p congisted in moving the carriage until a timing
mark coincided with the peak on the oscilliscope diagram, which indi-
cated the maximum rate of pressure rise.

A spark-control ingtrument described in the appendix was used.
The spark timing was manually controlled in runs wherec 9y was held
constant. Autcmatic control of spark timing was used in runs where
the crank angle of passage of the flame front past an ionization gap
was held constant.

The ionization gap consisted of a spark plug that was modified
by extending the electrodes to form a gap 0.025 inch wide about
five-eighthe inch inside the combustion chamber. When the ionization
gap was used, the knock pickup was removed from the cylinder head and
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the modified spark plug was mounted in its vlace. The hole for
mounting the knock pickup and the ionization gap was located in
front of the cylindex nidway between the front spark plug and the
intake valve. .

The ignition system for the engine was so connected that the
magnetos for the front and rear gpark plugs operated on one set of
primary-circuit contact points. Therefore, the spark timing for
the front and rear spark plugs was the same.

A serles of varieble fuel-air ratio, constant air-flow runs
vas conducted with the spark timing manually adjusted to maintain
6y constant at 3° B.T.C., 3° A.T.C., 11° A.T.C,, and 15° A.T4C.

A second series of variable fuel-air ratio, constant air-flow runs
was conducted with the spark-timing-control instrument set to
maintain constant the crank angle at which the flame front passed
the ionization gap. In ‘the second series of runs, the instrument
was set to give the same spark timings at a fuel-air ratio of 0.085
as were found in the first series of runs.

RESULTS AND DISCUSSION

Data obtained with spark timing manually controlled to maintain
various crank angles of meximum rate of Pressure rise are shown in
figure 1(a). Data obtained with automatically controlled spark timing
to give constant crank angle of pagsage of the flame front by the
lonization gap are shown in figure 1(b). The curves of figures 1(a)
and 1(b) are the samse. The matching of the data obtained in the two
series of runs shows that 6, 18 constant when the crank angle of
bassage of the flame front by the ionization gep is congtant. This
result shows that a direct velatlon exists between 6y and flame-
front travel.

The relation of indicated specilic fuel consumption to 8p Tfor
various fuel-alr ratios are shown in figure 2. (Data were extrapolated
to include a fuel-air ratio of 0,04.) Lines of constant spark timing
are also shown. Obviously spark timing must be advanced to achieve
the low indicated specific fuel consumptions that are possible with
very lean mixtures. The data show that, for any fuel-air ratio,
moximmi-economy sperk timing occurs when 6y 1is 3° A.T.C. Because
the spark-timing-control instrument can maintain 6y congtant at
3 A.T.C., the instrument can be ussd to maintain automatically
maximm-economy spark timing when engine operating conditions are
varied. This avtomatic control of spark timing can be used to advan-
tage in conducting fuel or engine investigations.
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Two engine operating variables that have a great effect on spark
timing for maximum fuel economy are (1) the degree of dllubion of the
inceming charge by residual gases and (2) the use of internal coolants
such as water. These variaebles were not included in this investigation;
however, data (reference 2) in which the relation of exhaust pressure

“0 inlet-air pressure was varied and unpublished data from investi-
gations with various water-fvel ratios show that the relation of
naximum-economy spark timing to 6y of 3° A.T.C. is unsffected by
L 1A

these two variables. Obther data {reference 2) show that engine speed,’
compression ratio, and inlet-air temperature do not affect the
relation. Even when operating with only one spark plug firing the
game relation existed.

The percentage increase in fuel consumption when using constant
gpark timing or constant 9, compared to operaticn at maximum-economy
spark timing (6 = 3°-A.T.C.) are shown in figure 3. Constant spark-
timing data thow lerge variations in percentage increese in fuel
consumption over the minimum obtainable at each fuel-alr ratio.
Operation at constant 6, results in an almost constant percentage
increase. For example, during cperation with a 6p of 2 AP Coy
the average percentage increase in fuel consumption was aboubt 2 percent
(varies from 1.4 to 2.4 percent) over the range of fuel-air ratios.,

The spark-timing lines in figure 2 show that the time interval
measured in degrees of crankshaft rotation between thg spark timing
and 0, varied considerably. This variation in time (fig. 4)
indicates changes in rate of {lame-front travel or rate of combustion
because there is a direct relation between 0p and flame-front
location.

For each fuel-air ratic a svark timing exists that gives the
maximum rate of combustion as indicated by the minimum time from
spark timing to 6p. The coincidence of this spark timing for maximum
rate of combustion with the meximm-economy sparlk timing (6p = 3° A.T.C.)
for most of the renge of fuel-air ratios (0.06 to 0,10) is significant.
e combined sffect of maximm rate of combustion and proper timing of
rrossure rige appears to give maximum fuel economy. These results are
consistent with theory in tha’t maximum power should result with con-
stant volume burning at top dead center.

The advance of the maximum-econcmy spark timing for lean mixtures
(below 0.06) beyond the spark timing for minimum time {rom spark to
6 is probably due to slow dburning during initial stages of combus-
tion causged by the low degree of compression of the charge.
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APPLICATION OF RESULTS TO MULTICYLINDER-ENGINE OPERATION

The methods for automatically controlling the spark timing %o
maintain constant 6, as described for a single-cylinder engine
can be applied to multicylinder engines. Magnetostriction imock
pickups in the cylinder hcads of a multicylinder engine, for example,
could bo used not only to indicate when knock occurs but also to
trigger an instrument for automatically controlling 6pn. Then
maximum-economy spark timing could be automstically mainbained whon
the fuel-air ratio or other engine overating conditions are varied.
In addition, the same instrumentation could actuate a warning signal
to indicate the occurrence of preignltion.

CONCLUSIONS

The following conclusiong can be made from the oxperimental data
obtained on a full-scale air-cooled cylinder in the investigation of
the relations between moximum-cconomy spark timing, flame-front travel,
and cylindcr pressurc rise.

1. Moximum-economy spark timing occurred when the crank anglc of
maximm ratc of pressurc risc was 3° A.T.C.

2. Maximum rate of pressure rise and the travel of the flamc
front were directly related.

5. For fucl-alir ratios betwoen 0.06 and 0.10, the highest rato
of flome travel occurred when the crank angle of maximum ratc of prcs-
sure rise was 3° A.T.C.
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4, An instrument for controlling spark timing was developed that
automatically maintained maximum-economy spark timing with varying
engine operating conditions and indicated the occurrence of preignition.

Aircraft Engine Research Laboratory,
National Advisory Comwittse for Aeronautics,
Cleveland, Ohio, November 22, 1546,

.
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APPENDIX - DESCRIPTION OF SPARK-TIMING-CONTROL INSTRUMENT

The avtomatic epark-timing control (fig. 5) consists of two partsa:
the control unit, which containg the trigger circuit and cmplifier,
and the serve unit, which containa the magneto-breaker plate driven by
a motor, a position transmitter, and limit switches.

Tlie breaker plate is removed from the magneto and mounted on a
shat't, which is alined with the magneto camshaft but is not coupied
to it. The shaft on which the bresker plate is mounted is driven by
& two~vhase induction motor through a worm gear and wheel with &
reduction ratio of 100:1. The position transmitter is driven directly
from the motor shaft through a spur gear with an over-all reduction
ratio of 6:1. An arm on the breaker-plate shaft actuates limit
ewitches at both extremes of travel of the breake: plate. The servo
unit is bolted to the under side of +the magneto mounting pad.

One phase of the motor is encrgized directly from a 110-volt
alternating-current line. The geccond phase 1is energized by the output
of a standard commercial amplif'isr, which utilizes a vibrator to
convert a direct-current input signal to alternating current before
emplification. A selector switch determines which of two available
signals (manval or automatic) is to be fed to the amplifier. Both
input signals are of the order of 10 miilivolts direct current.

A fixed "bucking" voltage or the same order of maznitude, that is,

10 millivolts opposes the input signal. When the input signal equals
the bucking voltage, the amplifier output is zero; therefore, the
motor is at rest and the system ig at balance.

Manual control of spark timing is achieved by varying the
manually controlled battery voltage above or below the bucking-voltage
level until the desired spark timing is reached.

Avutomatic control of spark timing is achieved by means of a
thyratron trigger circuit. The circuit (fig. 8) consists esgentially
of a vacwum tube (6J5, triode) in series with a thyratron (834). The
thyratren is shunted with a 50,000-ohm resgistor, which completes the
series circvit through the tricde when the thyratron is extinguished.
In normal operation the thyratron is biased below its Tiring point.
During the time of passage of the fiame front, the ionization gap in
the combustion chamber broaks dowr. and applies a positive firing
voltage on the grid of the thyratron allowing the thyratron to conduct
current. An engine-driven switch set o close momentarily at about
100° A.T.C. aprlics a ncgative impulse to the grid of the triode
driving it to cut-off, which brosks the circuit and extinguishes the
thyratron. The triode conducts current 4s soon s the biasing switch
opens and the circuit returns t- normal operation.
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Successive firing and extinguishing of the thyratron produces a
scuare-wave voltage of constant amplitude across a 10,000-ohm resistor
in the cathode circuit of the thyratron. The length of time during
the thyratron conducts current depends upon the peint at whica
it ig fired by the ionization gap; therefore, the width of the positive
portion of the cycle is a funchtion of the position of the maximum rate
of pressure rise. The direct current that results from filtering the
direct-current square wave is the sgecond of the two signals that may
be fed into the amplifiers.

The input polarity and the direction of rotation of the motor are
uch that as the ionization gap tends to break down sconer, the spark
18 etarded until the point of maximum rate of pressure rise returne
to its original position and the system is rebalanced. Conversely, &s
he gao tends to break down later, the spark is advanced until balance

(6)
(i)
s
&

15

Limit switchesc so open the plate circult of the proper power out-
put tube of the amplifier that motor travel in either direcction is
restricted but the motor can revergse snd travel in the opposite
direction. These limit switches also control warning lights on the
instrument pancl. The warning light, which shows that the spark timing
is fully retarded, can be used to indicate preignition of the engine.

The functioning of the instrument as a preignition indicator is
pogsible because when preignition occurs the crank angle of maximum
e of pressure rise 9, is advanced ccnslderably and the spark
ing controls the time of combustion. The instrument for
y11ling the spark timing therefore acts to retard the spark and
ravel., The reaching of thig limit is

=89S
fos

ingtrument, fig. 5).

is shown on the instrument panel by the position
(2}

indicator, which is electrically driven by the position transmitter
geared to the motor shaft.

Originally the thyratron was to be triggered by the output of
a magnetostriction-type knock pickup, however, this method was not
used because it noccessitated use of an additional amplifier. If the
knock pickup were used, the ingtriment would be dirsctly conbrolled
by the crank angle of maximum rate of pressure rise.
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Fitgi,

110V a.c.

884

i

A Commercial
alternating current

amplifier with
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vibrator that converts direct-current input signal

J.C.

to

G lonization gap in combustion chamber

| Indicator (position transmitter)

M Two-phase induction motor designed to operate with commercial amplifier

O Terminals for oscilloscope (used for testing operation of instrument)
Switches

S) Power to transformer

S;' Grid basis voltage for thyraton (884 ), second circuit of double-pole switch

52 Power to amplifier and motor

Sp! Bridge circuit, second circuit of double-pole switch

S3 Power to indicator and s,

S3' Bridge circuit, seconf circuit of double-pole switch

Sy Selector for automatic or manual control of spark timing

55 Engine-driven switch set to close momentarily at approximately 100° A,

56 Limit switch for maximum spark advance

sS4 Limit switch for minimum spark advance (indicates occurrence of preignition)

Figure 6. - Electrical circuit for spark-timing-control

instrument,



