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NATIOWAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE HO. 772

AMALYSIS OF CYLINDER-PRESSURE-INDICATOR DIAGRAMS SHOWING
EFFICTS OF MIXTURE STRENGTH AND SPARK TIMING

By Harold C. Gerrish and Fred Voss
SUMMARY

An investigation was made to determine the effect of
mixture strength and of normal as well as optinum spark
timing on the combustion, on the cylinder temperature, and
on the performance characteristics of an engine., 4 slngle=
cylinder test unit utilizing an air-cooled cylinder and a
carburetor and operating with gasoline having an octane rat-
ing of 92 was used. The investigation covered a range of
fuel-air ratios from 0,053 to 0.118., Indicator diagrams
and engine-performance data were taken for each change in
engine conditions,

Ixonination of the ‘indicator diagrams shows that for
fuel-air ratios less than and greater than 0.082 the rate
and the amount of effective fuel burned decreased. For a
fuecl-zir ratio of 0.118 the combustion efficicuncy was only
58 percent.. Advancing the spark timing increascd the 'rate
of pressurc rise, This effect was more pronounced with

“deaner mixturcss

INTRODUCTION

The maximun power of aircraft engines is required only
for o take-off or in an cmergency. For cruising, the ea-
gine power is normally oaly 50 to 70 percent of maximun
power.. The powor is usually decrcascd by throttlang Lo
intake, that is, by reducing the manifold pressurc. The
power may also be reduced by leaning the mixture inducted
by the engine. Leaning the mixture with constant engine
specd has the advantage of reduced specific fuel consump-
tion, although the range of power reduction is consideradbly
less than that obtained by throttling.

The time of occurrence of ignition should have an
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important influence on engine performance with both ultra-

rich and ultralean mixtures. Such mixtures are slow burn-

ing. Earlier starting of combustion, obtained by advancing
the spark timing, is essential to realize the grcatest re-

turns in both engine power and fuel consumption.

This investigzation was made in the summer of 1937 to
evaluato the effect of mizxture strength and spark timing

on the rate and the completeness of combustion, on the en-
gine performance, and oa the cylinder temperature through-
out the available range of mixtures producing stable engine
operations

APPARATUS

The single-eylindcr test unit (fig. 1) for this iaves-
tigation utilized a Wright 1820-G air-cooled cylinder and

piston, The engine has a bore of 61 inches and a- stroke

8
of 7 inches, giving a displacement of 206 cubic inches.
The compression ratio was 7.4. The engine is equipped with
a Stronberg NAL-5 carburctor and a fuel-injection punp,
but in these tests only the carburetor was used. The air-
cooled cylinder was enclosed in a sheet-netal Jjacket open
at the front and the rear. A centtifugal blower provided
the necessary cooling air for the cylinder. An electric
dynamoneter was used for measuring the torque of the engine
and an electrically operated revolution counter and a stop
watch were used for determining the engine speed. A gas-
oneter was used to measure the combustion air and a scale,
to neasure the fuel., The fuel was a gasoline that conplied
with Arny specification 2-92 Grade 92.

- Iron-constantan thermocouples were peened in the cylin-
der head and spot-welded to the cylinder barrel at the rep-
resentative positions shown in reference 1. A potentioneter
was used to obtain the tenperature readings.

Cylinder-pressurc-~indicator diagrans were taken with
& modified Farnboro indicator, the pressure elenent being
inserted in an auxiliary hole in the cylinder head.
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METHOD

With a constant throttle setting and an engine speed
of 1500 rpm, tests were made for a range of fuel-air ratios
from 0,053 to 0.118. These fuel-air ratios were determined
from the measurement of the air and the fuel entering the
engine cylinder., For ecach mixture strength, both normal
and optimum spark timing were used. Normal spark timing,
which is the setting for the maximum power with the maximum-
power mizture, was a constant advance of 16 62 B.Plwe olipt bee
mum spark timing is the setting for maximum power. The
usual power, friction, fuel consumption, and air-consumnp=-
tion data were taken. The indicated mcan cffective prese
surc was obtained by adding the friction detcrmined by
motoring to the brake mcan effective pressurce The average
head tomperature was determined from rcadings of 21 thermo-
couples and the average barrcl temperature from readings
of 8 thernocouples.

Curves showing the emount of effective fuel burnecd were
conputcd by converting into weight of fuel the enthalpy
changes determined from a thernodynamic analysis of "o
indicator diagram. Thesc changes in enthalpy arc determined
for various crank-angle positions during the combustion and
the cxpoansion processes. The thermal cnergy is conputecd
from the tonmperature, the weight, and the specific heat (o4

the gascous nixture. The temperaturc is conputed from the

gas luv by using the pressure from the indicator dlagran,

‘the volune corresponding to the crank angle, and the weight
k & 128 ’

and the goas constant of the nixture in the engine cylindcre
The changes in welght, gas constant, and specific heat of
the nixturce as conmbustion proececeds. arc calculate ¢d ‘on the
assunption tnut the increment of fuel which causcs the
changes in cnthalpy at-cach position is completely burnc de
The work donc¢ is conputed by ossuning straight-line precssurc
variotion botween increnments of volume changes. The change
in: enthalpy divided by the heating valuc of the fiel iy the
anount of. cffective fuel burned.

RESULTS AND DISCUSSION

_ Indicator=card o l;s‘ = The - indicator diagrans obe-
tained during’thiS'lnv ot gution with normal spark tining
are conparcd at a rcduced scale in figurc 2. A decrecase
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in the fuel-air ratio from 0.082, which is approximately
the conditioan for maximum power, decreases the rate of
pressure rise and thus reduces the maganitude and delays
the occurrence of maximum cylinder pressure., Figure 2
also shows that an increase in the fuel=-air ratio beyond
0.082 has the same effect. The diagram taken at a fuel=
air ratio of 0.118 closcly resenbles that taken at-a fucle
arr ratio of 0.064, :

The scatter of the points on the indicator diagrans
between top center and the position of naxinum cylinder
pressure indicates the ceyelic variation in conbustion,
which ‘is probably due in part to the variation in the nix—
ture strength., The eyelic variations are nore noticeable
for both ultrarich aand uwltralean mixtures than for the
nixture giving maxinum power, indicating the inportance of
nixturc strongth on rcaction velocity.

The faired curves from these indicator diagrams with
their corresponding curves of effective fuel burned are
shown superinposcd in figure 3. The regularity of in-
crcasing changes in the indicator diagrans and the curves
of effective fuel burned is broken by those taken at a
fuel-air ratio of 0,118, The fuel=burncd curves show
that, for fuel-air ratios less than and grecater than 0,082,
thie-fpate lof burning :and the .anount of effective fuel burned
deerease. The reduction in the total effective fuel burned
for lean ‘mixtures is ‘due to the fact that less fuel is
available for combustion; whereas, for rich mixtures, the
reduction is due to incomplete combustion. For instance,
the combustion efficicencies (ratio of effective fuecl burned
to fuel inducted) for lecan mixtures were 100 percent; where-
as, for mixtures having fuel-air ratios of 0,118, 0.082,
and 0,073, they were 58, 88, and 98 percent, respeciively,
For all fuel=air ratios, the maximum effective fuel burned
occurred between 30° and 40° A.T.C, This position is the
ond -of effcctive fuel burning because any later dburning
produccs lcss heat than that lost to the cylinder walls.

Figure 4 shows faired curves from indicator diagrams
taken with both normal and optimum spark timing and with
various mixture strengths. EREach of the fucl=-air ratios
given on the figurec is an average of the mixture used with
nornal and optimum spark timing. The greatest deviation
from any average fuel-air-ratio value was 0.003, The rc-
sults show that advancing the spark timing advances the
tine of occurrence of maxinum cylinder pressure and increascs
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its magnitude. The rate of pressure rise also increases.
This increase in the rate of combustion should result in
improved cycle efficiency although the increased amount

of negative work during the carly stages of combustion
will somewhat reduce the efficiency. Figurc 4 shows that
control of the spark timing increcases in importance as the
mixture is lcaned.

Engine performance.- The effect of fuel-air ratio and
spark timing on cngine performance is shown in figure 5.
As indicated by the relative arcas of the indicator dia-
grams (fig. 2), maxinum power occurrcd at a fuel-air ratio
of 0,082, With normal spark timing, 77 percent of maxinun
power was produced at a fucl-air ratio of 0.056. This re-
duced power is sufficiont, without change in the throttle,
for eruising operation under sonec flight conditions.

. Specific fuel consumption is a function of thermal
efficiency, which, in turn, is a function of combustion

and cycle efficiencies. Cycle efficiency is indicated by
the rate of pressurce rise on the indicator diagram. Refer-
ence to the indicator diagrams (fige. 2) shows that the cycle
cfficicency for normal spark timing dccreascs as the mixture
is made lcancr or richer than the optimum fuel-air ratio of
0.082, Figurc 5 shows that, for normal spark timing, the
fuel consumption decrcascd with leaning of the mixture to 2
fuel=air ratio of 04064, The loss in cycle efficiency wos
therceforc more than offset by the increase in combustion
efficicncy. For mixtures having a fuel-air ratio of less
than 0,064, the combustion was complete and the fuel con-
sumption should thereforc increase becausc cof the decrcase
an bhesereler efficiencys. For richemixzdures, the . .poorer
cycle and combustion efficiencies combine to give a much
larger specific fuel consumption. '

Advancing the spark timing was shown in figure 4 to
increase the rate of combustion and the power output. The
fuel consumption should therefore be less than with normal
spark timing. This conclusior is borne out by the lower
specific fuel consumption shown in figure 5. It will also
be seen that 77 percent of maximum power and minimum fuel
consumption occurred at lowecr fuel-air ratios than TaQr
normal spark timing. The carlier ignition of the mixture
inecreased the powoer output, decreased the specific fuel
consumption with constant mixturc strength, and increascd
the lecanncss of the mixture at which the engine would oper-
atc consistontly. This reduvction in fucl consumption is
morc clearly shown in figurec 6.
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The indicated power obtained at a fuel-air ratio of
0+:118 is about equal to that obtained at a fuel-air ratio
of 0,066 The fuel consumption, however, is about double.
Phese facts are further substantiated by examination of the
indicator diagrams and the curves of effecctive fuel burned
(fig. 3) oand by the knowledge that about twice as much
fuel was used for the riech as for theblecan miktures

Cylinder tcmperaturc.- Figure 7 shows the average

cylinder-hecad and cylinder-barrcl temperaturcs recorded
during this investigation., The maximum temperature with
pormel spark timing occurred at a Tuel-ajir ratio of 04072,
s volue i in agreement with the walues found by
Rabezzana and XKalmar (reference 2) and by Swan and Morley
(reference 3)s With both richer and leaner mixtures, the
temperature rapidly decreased.

i

lgures o ande? show dhab,foxr kcan'mixtures,; the cyl=
inder temperpture is approximately proportional to the
power output. Maximum cylinder temperature, however, does
not occur at the fuel-air ratio giving maximum power,

The decrease in cylinder temperaturce from the meximum
with increasc in nixture strength up to the occurrence of
maxzimum power is due to the presence of unburned combusti-
bles, whieh have a high thermal capacity. The effeect would
have been much more pronounced if the power had not in-
creased. Further enriching of the mixture resvlted in a
greater amount of unburned combustibles with an attendant
loss in power, which caused further reduction in the cyline
der temperature, For mixtures leaner than that giving max-
imum cylinder temperature, the -decrease in cylinder tempera-
ture is due to both the increase in the quantity of undurned
air present and the decrecase in the amount of fuel burneds
(See fig. 3.) It appears that, if the power had becn main-
tained constant irrespective of the mixture strength, curves
similar to those shown in figure 7 would have becn obtaincd.
The cylinder tempcrature would have increascd to a maxinum
value and then deccreascd; the maxinum value would have oc-
curred at approximately the theoretically correct mixture
strength.

s

It should be noted that the same power output may be
obtained.for nixtures leancr as well as richer than that
giving maxinun power, but at the expense of higher cyliander
temperature. Operation at these leaner nixtures would be
advantageous whoen fucl consumption is an important item and
the power required is smeh as to produce cylinder tempera-
bares less than the maximun allowods
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COHCLUSIONS

The following conclusions are based on the results
obtained from a single~cylinder engine using a carburetor
fuel system.

A study of the cylinder-pressure~indicator diagrams
and their thermodynamic analysis shows that, for fuel-air
ratios less than and greater than 0.082, the rate of
pressure risc was dccreased, the pressure magnitude was
decrcased, and the occurrence of maximum cylinder pressure
was delaycds The rate of fuel burned decrcased and the
amount of cffective fuel burned also decreaseds For a
fuel=air ratio of 0.118, the combustion officicney was
only 68 mercenta Phe end of effeetive fuel burned oecw
curred between 30° and 40° A.T7.C. Advancing the spark
timing up to the optimum timing increased the rate of
pressure rise, increased the pressure magnitude, and ad-
vanced the occurrence of the maximum cylinder pressurce
Thesc cffects werec more pronounced with lcaner mixtures.

Langley Mcmorial Acronautical Laboratory,
National Advisory Committcc for Aeronsutics,
Langley Fiecld, Va., duly 24, 1940,
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