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EFFECTS OF ENGINE SPEED AND MIXTURE TEMPERATURE

THE KNOCKING CHARACTERISTICS OF SZVERAL FUELS

By Dana W. Lee

SUMMARY .

Six 100-octano and two 87-octane aviation engine
fuels were tested in a modified C.I?.R. variable-compres-

—-

sion engine at 1,500, 2,000, and, 2,500 rpm, The mixture
temperature was raised from 50° to 3000 F in approximately
50° steps and, at each temperature, the compression ratio
was adjusted to give incipient knock as shown by q ‘cathode-
ray indicator. The results are presented in tabular form. —.

The results are analyzed on the assumption that the
conditions which determine whether a given fuel will knock
are the maximum values of density and temperature reached

—

by the burning gases. A maximum permissible denms~t~ fac-
tor~ proportional to the maximum density of the burning

..—.— —

gases just prior to incipient knock, and the temperature
-.

of the gases.at that time were conputed for each-of the
test conditions. Values of the density factor were plot-
ted against the corresponding end-gas temperatures for the
three engine speeds and also against engine speed for sev-
eral end-gas temperatures.

The naxirnzn permissible density factor varied only
slightly with engine speed but decreased rapidly with an
increase in the end-gas temperature. The effect of chang-
ing the mixture temperaturewas different for fuels- of -
different types. The results emphasize the desirabilit-y
of determining theantiknock values of fuels over a wide
range of engine and $ntake-air conditions rather than at

-.—

a single set of conditions,
—.-—

-.———. .—

INTRODUCTION ‘“

A“nethod of expressing the relative naxinum power-
output possibilities of aviation engine fuels for a wide

—

‘range of” engine operating con~iti,ons has been developed
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by Rothrock and Biernann. The ne%hod is described in ref-
erence 1 and is illustrate~ with data fron several single-
cylinder test engines using different types of fuel. 3e-
cause the maximum performance that may be obtained with
most aviation fuels” depends on their knocking characteris-
tics, the conditions affeoting knock are used as the basis
of comparison. The assumption Is made that the conditions
which determine whether a given fuel will knock are the
maximun density and temperature reached by the burning
gases. It would be extremely difficult to determine these
conditions dlreotly. Rothrock and Biermann therefore de-
veloped equations with which the gas density and tempera-
ture resulting in incipient knock could be estinated from
certain engino and iulet-air conditions, The conditions
most likely to affect the density and the temperature of
the gases were concluded to be:

(a) Compression ratio,

(b) Inlet-air pressure.

(c) Inlet-air temperature.

(d) Spark advance.

(e) Fuel-air ratio.

(f) Combustion-chamber size and shape.

(g) Wall temperature of combustion ”chanber and cylin-
der.

(h) Engine speed.

- ..
*

.—

The object of the tests described in this report was
to deternino the effects of engine speed and nixture tem-
perature on the knocking characteristics of several avia-
tion engine fuels of different types, using the method pre-
sented in reference 1, and thereby to check further tho
usefulness of the methodt

Some of the listed engine and inlet-air conditions
must be kept constant in any one test progran if the num-
ber of tests is to be held to a reasonable linit. Condi-
tions (f) and (g) were rendered constant for these tests
by using only one test engine which, furthermore, had evap-
orative cooling. Condition (e) was kept constant by Qlways
using the fuel-air ratio that gave naxinum engine power,

i4
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One set of tests was made with the sFark advance set for
-—

maximum power in each case and another set of tests was
made with a constant spark-advance “setting: The inlet-

● air pressure was atmospheric
__........

in every case an~” so-was
practically constant. I’or each fuel, the rernairiing ~1-
ables were therefore inlet-air temperatures engfne spe6d,
and compression ratio.

With each fuel at each engine speed and at each mix-
ture temperature, the compression ratio ~as raised until

.-

“[;cipient knock began. The test results are presented in
~bular form. -A maximum permissible density fact,or, pro-
~ortional to the d~nsity of the burning gases in the End ‘-”- ._

.—

zone just prior to incipient knock, and the temperature
, of the gases at that time were computed for each test con-

dition. The computed results”.are presented as curves.
..

The tests were conducted during 1938 at the Langley
Field laboratories of the National Advisory Committee for
Aeronautics. .-

AFFARATUS

The engine used was a standard C.F.R. variable-com-
pression sin le-cylinder fuel-rating unit of 3-1/4-inch

7bore and 4-1 2-inch -stroke with the following modifica-
tions: Instead of being belt-connected to a constant-speed
electric motor, it was direct-connected to a cradle-type
electric dynamone-ter~. a high-speed crqnkc.ase made Possible
the conduction of tests oat any speed up to 3,000 rpm; the

.-

three-bowl adjustable-level carburetor was replaced by an
—

automobile-type downdraft carburetor in rhich the fuel suF-
--

ply to the main jet was manually controlled by a nee~~e
valve and all the other j“ets mere blocked off. Unshrouded
sodium-cooled valves were used for both intake and exhaust~ —

Electric heating units in a surge tank controlled the
temperature of the air supplied to the carb~retor~,

—
The

readings of a mercury-in-glass thermometer installed ifi
the intalce manifold between the carburetor and the engine ‘-

-.—

were used as indications of the temperature of the, gasoline-
air mixture.

—
.

A photograph of the engine ’”used.is shown in figure 1.
The electric air heater is above the engine and the cathod.e-
ray oscill”ograph used as a knock indicator is in the lower
ri.ght-”nand corner. The engine is shown equipped with a

—
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manifold fuel-injection system. T~r the present test~~
however, it was equipped with a carburetor.

,

The ignition system was modified to aperate from the
230-volt direct-current line to which the dynamometer was
connected. (See fig. 2.) Ordinary incandescent electric
lamps were used to reduce the voltage for the primary cir-
cuit and, as the direct-current line was not grounded-at
the generator, both breaker pofnts were insulated from the
ground to guard against accidents due to stray grounds.
This arrangement eliminated the necessity for a battery or
a magneto. An aviation spark plug (3G-3B2) was used. The
spark timing was manually controlled. The variation in
spark timing was about +4.5 cren% degree at 2,500 rpm.

4

.—

A piezoelectric crystal pick-up, installed in the
opening ordinarily occupied by the bouncing pins and a

.—

cathode-ray oscillograph enabled the operator to keep a ,.
close check on the rate of combustion. No bouncing pin
was used in these tests. Incipient knock could be detect-
ed by the appearance of a high-frequency vibration in the .1-

pressure-time diagram on the oscillograph screen at en- / .=’
gine conditions less severe than those required to pro- ..

duce audible knock. A more sensitive indication of this
incipient knock was obtained by inserting the single-
different-iating filter circuit shown in figure 3 between
the oscillograph and its amplifier? The screen then —

showed the- rate of change of pressure with frequencies of
_——

the order of the engine speed largely suppressed but with
—

the knocking frequencies unaffected, and a higher amplifi-
cation could therefore be used.

Distilled water was used. in the evaporative-type cooling
system, and a continuous indication of the fuel-air ratio
was given by an Englehard fuel-air ratio meter.

FUELS

One of the fuels was the standard G.F.R. S-1 ref-erence
fuel, a technical grade of iso-octane with an octane rating
of almost 100. Three other fuels were blends of S-1 and
M-1 (a reference fuel having an octane number of about 18)
with enough tetraethyl lead added to raise the octane num-
ber to 100, as determined by the Army method. The propor-
tions of S-1, M-1, and tetraethyl lead in these fuels
were established by the MatAriel Division at Wright Field
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and are given ‘on the appropriate figures of this reporto
?ltkyl fluid was used in the fuels in the proportion of
1.53 ml of fluid for 1 nl of tetraethyl lead.

Two other fuels rated at 100 octane by the Amy nethod
were tested. These fuels were obtained fron Wright Field
and were designated PP3’-566 and PPF-580. Fuel PPI?-566 was
a toluene blend and fuel “PPF-580 was an isopropyl ether
blond.

The final two fuels were obtained fron an aircraft-
engine manufacturer and were designated N-87 aad X-879 - –
Both fuels had been tested by the C.3’.R. motor nothod
(A.S.T.M.) and had beea given a rating of 87 octane nun-
ber. The N-87 fuel was described as being a llconventiona%W-
aviation gasoline; the X-87 fuel was te?med ltunconvention-
al” and the manufacturer stated that it s’eened to be su-
perior in octane number, to N-87 when used in an aviation
engine at high specific output.

w
PRELIMINARY TllSTS ‘-

‘Preliminary tests nade “with e=ch fuel at various com-
pression r~tios, fuel-air ratios, and spark-advance .a_ngles
showed that the greatest engine power was always o“btained
at an indicated fuel-air ratio of about 0.0’77; this val”ue
was therefore selected as standard for all performance
tests.

The spark-,advance angle for na,xin.m_loy~r with~~{_n_os-
pheric intake-air density, hereinafter called the optimun
spark-advance angle, always decreased as the compression
ratio ‘was increased. Optinun spark-advance angles wer=- -
determined for the S-1 fuel with 1.5 nl of tetraothyl
lead per gallon adde~ to prevent knocking, and thgs_e Val-
ues were used for the performance tests at optimun spark-
advance angles with the blends of S-1 and M-1 @O_>S_a~d”
also for the tests with the two fuels of 8’7 octane nwbor.
Separate determinations of the optinun spark-advance angle
for the PPF-566 and PPF-580 fuels were ~ade because these
two fuels contained conpounds whose chenical natures were
radically different from those of the S-1 and the M-1
fuels, Because the s’upply,of PPF-580 and PP~-566 fuels
was linited, the optinun spark-advance angle’ was detornined
at only two or three compression ratios arid a“ stiaKght-line
relation was ass,uned to exist between the opti”nun angie
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and’ the compression ratio. During the Ferform.a.nce tests,
a much higher, compression ratio for incipient knock was
obtained than had been anticipated; extrapolation of ‘the
optimum spark-advance-angle curves was therefore neces-
sary. A~ain a straight-line relation was assumed.

The valuss of the optimum spark-advance angle were
determined at a mixture temperature of 200’?F. Tests tn-
dicated that the variation in optimun angle with mixture
temperature was too small to be considered in this inves-
tigation.

,, PERFORMANCE TESTS

Bach of the eight fuels was tested at engine speeds
of 1,500, 2,000, and 2,500 rpm and at mixture temperatures
from about 50° ,0?? 100o 3’ to about 300° 3’ in approximately
50° steps. All teFts werq made at full throttle and with
atmospheric intake pressure. At each test condition, the
spark-advance angle was continuously adjusted for maximum
power as the compression ra~~o was Vari=d until incipient
knock was indicated on t-he oscillograph screen. The igni-
tion switch was then momentarily opened to check for auto-
ignition. In. no, case did autoignitiop occur. .In adiliiion
t.o’the tests with optimum spgrk-advtmce. ~n~les.~ the..sia..
100-octane fuels were tested with a fixed sFark-advance
angle o:f 30°. .

No control nor measurement o-f atmospheric hu”rni.dity
was attempted. Although it was recognized that humidity
variations have small ,e,ffecte on,,knock, the magnitude of
those, effects was considered to, be negligible in.,co.mpari-
son mith the larger effects beipg studied. (See reference
l.) .

The test results are presented in table I. In ~rder
to make. the table mbre conciseti the mixture-tem~erature :
reading”s, for the thrqe engine s~eeds and ,the two sFark “set-
tings have been averaged. The maximum deviation of any

‘reading” from the average was 90..

With. most of the fuels, the maximum permissible co.m-
piession ratio increased with increasing engine sFeed e~r
cept’ at the highest mixture temperature (3000 ~), at which
there, was a slight decrease. Thw fuel ’containing 79 Ter-
cent S-1, however, when tested at a constant srark-advance
angle of 30°, and the N-87 fuel at th:e,oFtlmum” spark-ad-
vance angle had increasin~ naxj.mum Permissible compression
ratios with increasing engine sTeed at all mixture tem-

.-

f

,-
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—

---

●
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Feratures. The PPF-566 fuel, on the other hand, had a
decrease at all temperatures.

In nearly every case the maximum permissible co~res-
sion ratio decreasdd markedly as the mixture temperature
was increased. The decrease in compression ratio was
greater with the optimun thqn with the constant spark-ad- ““– ‘
vance angle. In most casee, the maximum Fernissfble com-

.——.<

Tression ratio was greater for the 30° syark advance than
for the oFtimurn s~ark-advance angle. .----

.—

Vnlues of the nmxinun permissible compression ratio.
greater than 8 for the PPF-580 fuel and 10 for the PPF-

.—

566 fuel with optinun spark-advance angie are question-
able because of the necessity of extrapolating the curves
in figure 4. Comparison with the other data in table I
indicates that these questionable conpressiou ratios are
probably too high.

.

ANALYSIS

—

.

The results of the performance tests were anal~zed
by the ~ethod presented in reference 1, in which:the---
lowing equaticns are given for a density” fac~or thai””3-s
proportional to the naxinun gas density at the””end of
normal combustion and for the naxinum Ea,s tennerature a“t

‘.th’attine:

. . . ..

..,.

. .,. !.

( .)
1

RP~ H
‘Kp3 T.“= -1 1 +

\

Y-3
(is)

T1 CVTIR

. .,
/’

.-.,“
\
‘~ ,:

k “ Y.
.

T=

[

=’TIRY-l 1 + .
;%1’ ‘:

(2a),.
CVT1 R J

,.
., ”&,--- –~

,.

in which

P3 riaxinum gas density at end” of norn~l conbustio-n.-.. . .. . -.-- .
T= naxinun a%solute.gas .tenperature at end of nor-

nal combustion.
... . J..., .. .’ -.

R conprossion ratio.

-.—

—

.-—
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PI absolute inlet-air pressure.

T1 absolute inlet-air temperature.

H heat contont per pound of ~ixturo.

CT specific heat of–nlxture at constant volune.

K constant.

In equation (la), RR ~Tl represents the gas density
at the end of the compression stroke and””the expression

(l+ CVT:RY-.); ~~ ,,,
represents the furthe”k c.omprossion

of the gas in the end zone during the combustion period.

Y-1
Similarly, in equation (2a), TIR represents the com-

pression temperature and the expression

!+C.T:RJY

r

represents the temperature increase An the end gas caused
by the compression in this zone during the combustion..
Subscripts z and 3 refer to definite stages in the
preparation and the burning of the fuel chargo~ 1 being
the beginning of the. compression stroke and 3 being the
completion of conbusti”on.

If now the values of R? pl~ and TI used in the
equations are those ca-~sing incipient knock, the values
of KP3 and T3 Will refer to the density and the tem-
perature of the ’.gases.in the knocking zone just before in-
cipient knock occurs. The following analysis consists in
the computation and the study of these two f-actors.

No account was taken in referent-”e 1 of cha~ges “in--the
-.

temperature and the pressure of the air during its passage
through the carburetor and the intake paseages and in the b

“ cylinder during tho intake stroke. Many changes nny tako
place. The pressure Day tie increased by ranning action or
decraased by throttling at the valves. The temperature

.

may be increased by turbulence and will be decreased by

.

m“
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vaporization of the “fuel. Heat exchanges between the
nixture and’’the conbustlon-chanber walls during the in-
take stroke ‘are also inportant. In this analysis, sone
of these changes will be considered.

Neither the pressure nor the temperature of the air
at th’e beginning of. the compression, stroko can be conven-
iently determined in routtne engine tests, but the weight
of air consumed per cycle can be neasured by a suitablo

—

flowneter, such as a calibrated thin-plate orifice~ Un-
fortunately, such data were not obtainod at the tine each
test was na&e. As the best substitute’ available for such
data, the results of sone air-consumption tests made at
the conclusion of the test progran will he used.

.—

The engine was operated at the sane fuel-air ratio,
speeds$ and nixturo tonpera,tures as for the zNzxinun-com-
preksion-ratio tests and the air consumption per cycle
was neasured with a gasoneter and an electrically operated
engine revolution counter. The results are presented in
figure 5 in the fern of density correction factors l?,
whic”h are sinply the ratios of the volume of the air at
atnospheiic density actually consumed~’ per cycle to the en-
gine displacement. The presence of the large air heater
and the.,1-o.ngintake pi.Fe apparently resulted in a ranning “-
action at an engine speed of 2,000 r,pn. The curves have
been extrapolated from a nixture tenper~ture of 100° F to
500 T. Compression ratio 6 was thb”only compression ratio
‘ue’e”d. Other tes~s”nade on this en~ine-tit-a nixture tem-
perature of 50° F have indicated that increasing the con-

“press,ion ratio fro@ 6 to 11 results in.’a decie~se in the
‘dbzisity correction fact-or of shout. “0.030 at 1,500 rpn,
0:015 ‘at 2,000 rpn, and practically at 2,;500 rpn. . No

, corr~c~.ions for’ th’e‘effects of ccmpr.ession” ratio on ;the
density correction factor, however, were a-tii.enpted.

The gas dens’i-tyat the b’eginnin.g of the conpr’ession
stroke can’ now be estinated by nultip””lying the density of
the air entering. the heater by the. proper density correc-
tion factor F; equation (la) thed becones : .-

/ \,~ ‘“ . -
,.

RPO
‘“Icp= = ~

(.,

~,
\
Y

3’1+ ,.
. 0,

y /.

-1
c;Z!lR .

(lb)

“in which the ”.subscr”ipt o - “
——-.

refe”tisto the ‘“st:ateof th~- air ‘-”””-”
at atnosp~he,ric condit~i’ons. ,.

—.,
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No further changes in the equations have been made
but mixture temperatures ”rather than air tenperaturos wore
used for T1.

The density correction factors eliminate tho effects
of changes in the engine speed. and the mixturo t~erature
on the nix%ure density at the beginning of the conyression
stroke and thns reveal tho true effects of engine speed
and nixture temperature on the knockin~ tendencies of the
:fuols. .“

SoQe of the data presented in reference 1 were plot-
ted as RP1/T1 against TI. Justification for the use
of thesp sinplifiod ferns of equations (la) and (2a) was
found in the fact that the results of tests nade over a
wide range of inlet-air pressures, temperatures, and com-
pression ratios could he represented as a sinGle curva
for any one fuel. The fact that the present tests were
conducted at const.~,nt inlet-alr pressure mnde it inpossfble
to determine whether the sinplifi”ed coordinates could.bo
used in this report. Some data “from supercharging ‘tests
on a C.F.R. engine by 3oer~ag6” and given in tabl~ VI of
reference 1 indicate that the simpler forms shoul~ not be
used for test results fron a C.3’.R,.engine. ,,. .

Values of Kp3 and - T3 were therefore conputcd from
equations (13) and (2a) “for each of the test conditions
by substituting in the equations the values of R, PO,

To ~ an-d Tz from the test data, the values of the den-
sity correction factor from figure 5, and the followi~g
assumed values for the other factors: 1,160 Btu per pound
o“f”nixture for H; 0.25 Btu per pound per” degree Fahren-
heit for Cv;” and 1.29 for Y. Pressure was’ expressed
In inches of nercury and temperature in degrees Fahrenheit,
both absolute.

The values of the maximum pernissiblo density factor
Kp3 were plotted against the end-gas temperature T3.
The results of the tests with the six 100-octane fuels
are shown in figure 6 for the optinun spark-advance angle
and, in figure 7, for the spark-advance angle of 30°.
(The suPPIY of tho toluene blend was exhausted before tests
could be completod at 1,500 and 2,500 rpn with optinun
sp=r~-advance angle.) Although all six fuels have tho
sane octane rating as determined by the Amy nethod}
narked differences in the fuels aro shown fron the sevbrity
of the oyerating conditions at which .tncipiont knock oc-
curred. The toluene blend, which withstood the nest se-

v-

—

(-
I .
I

A
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vere conditions, was best; the” “isopropy~ -et%e~-%”~e-n~was
...—

next; and the four fuels containing S-1, M-1, and tetra-
ethyl lead were lowest and fairly well grouped.

The naxinun permissible density factor decreased rap-
idly with increasing end-gas temperature for all tha fuels.
The rate of change was greatest with the toluene blend,
followed by the isopropyl ether blend and the S-1 refer-
ence fuel. The slope of the curves for the three blends
of S-1, M-1, and tetraethyl lead were about the sane and
slightly less than for the S-1 fuel alone.

The effect of engine speed on the naxinum permissible
density factor is more clearly shown in figures 8 and 9,
which are cross plots of the curves in figures 6 and 7 at
three values of the end-gas temperature. The cross plots
show a slight increase in the naxinun permissible density
factor with increasing engine speed for most of the fuels
at the lowest value of the end-gas temperature. As the
end-gas temperature increases, the slopes of the curves
decrease and even becone negative in sone cases.

.-

Changes in the end-gas tenperaturg are prinarily a
result of changes in the nixture temperature; the three
groups of curves in figure 8.and 9 nay therefore be con-
sidered to represent “low, nedium, and high nixtutie tenper-
aturesc The fact that the slopes .of the curves change
with changes in the end-gas (or nixture) temperature sug-
gests that the effect of engine speed on the naxinun per-
missible density factor nay be a result of changes in the
anount and the direction of heat transfer between the en-
gine and the nixture during the intake and”-compression
strokes. rather than a result of any effec-t of tine on the
knock itself. At low nixture tanperatures, for exanple,
the nixture will absorb heat fron the engine and the
anount absorbed will decrease as the engine speed increases.
The conpresston ratio required to produce incipient knock
will therefore increase and the conputed value of the naxi-
num permissible density factor will be greater.

The conputed values of K@ plotted against T3 for
the two 87-octane fuels. are shown in figure LO. Tests,
were nade only at the optinum spark-advance angle for these
.fuels. It is especially significant that the max~mun per-
missible density factors for the two fuels are. nearly
equal at the highest values of the end-gas temperature be-
cause the data for these points were obtained at a mixture
temperature of about 300° F, the temperature use~ in the
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rating nothod which established then as 87-octane fuels.
Figure” 10 shows, that these two fuels have equal antiknock
properties only at a nixture temperature of about 300° F.
At lower nixture temperatures, the X-87 fuel wtll havo a
higher. antiknock rating at all speeds and, at higher mix-
ture temperatures, the N-87 fuel will probably have the
b’fgher antiknock rating.

—
v-

CONCLUSIONS,

1. There were indications that the cormonly observed
effects of engine speed on the knocking characteristics of
fuels aro due more to changes in the t.8EI~Jf3rELtUr(3 ‘and”tho
density of the mixture during the intake stroke ’than to
.“aw effect of time on knock itself.

—.,,,

2. For all the fuels tested, increasing t:h’emi,xture #-
temperature resulted in a marked deareaso in t,he compres- \
sion ratio required to produce incipient knock. The rate
of change, however, was much greater with sone of the

,.

fuels than it was with others.

.. . 3. The ,test results enphaeize the desirability of
determining the antiknock values of fuels omr a wide
“range of eng$ne and intake-air conditions rather than at
a single set of conditions. ,

,Langley Menorial Aeronautical Laboratory,
National Advisory Cormittee for Aeronautics,

. Langley Xie-ld, Vs., April 2, 1940.
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TABLEI — ——
EFFEOTS OF PJ7GIHESPEED AND MIXTURE TWPEFLLTURE ON THE MAXIMUH P2RK1661BL~00HPR~SIOERATIO

*.

4

Fuel

100-percentS-1.

SO-peroent6A
+10-peroentK-1
+1.0mltetraethyl
leadpergallon

63-peroent$-1
+15-peroentK-1
+2.OUU tetzaethyl
leadPergallon

79-peroentS-1
+21-perOentM-1
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Figure 1.- General view of test equipment.
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Figure 2.- Diagram of spark-ignition circuit.
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