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EXPERIMENTAL STUDY OF IGEITION BY HOT SPOT
IN INTRERNAL COMBUSTION ENGINES*

By Max Serruys
PART I
INTRODUOTION

In order to carry out the contemplated study, 1t was
firgt necessary to provide hot spots in the combustion
chamber, which could be measured and whose temperature could
be changed,

It seemed extremely difficult if not downright impos-
sible to reallze both conditions by working solely on the
temperature of the cooling water 1n a way so as to produce
hot spots on the cylinder wall capable of provoking auto-
1gnition. iHoreover, in the majority of practical cases,
autoignition is produced by the gpark plug, one of the
leagt cooled parts 1n the engine. The first procedure
therefore did not resemble that which most generally occurs
in actual engine operation.

All these consglderations caused us to reproduce gimi- -~
lar hot spots at the spark plugs. The hot spots produced
were of two kinds and designated with the name of thermo-
electric spark plug and of metallic hot spot.

l. Thermoelectric 8park Plug

The insulator of the spark plug is, as will be recalled,
often the hot spot which determines the autoignition in ac-
tual operation. Hence 1t was logical to.use it as artificial
hot spot by heating 1t, for example, with a coil of wire
wound around the spark plug barrel, The degree of heatlng,
and consequently the temperature of the insulator is con-
trolled by the amperage in the coll,

stftude lxperimentale de L'Allumage par Point Chaud dans les
Moteurs a nxplosion.“ Publications Scientifiques et Tech-
nigques du Minigtere de L'Air, ¥o. 115, 1937,
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The variable temperature of the -hot spot having thus
been obtalned, the method used in _making the measurements
consipsted in replacing the central rod by two wires, one
of constantan, the other of iron, to foram a thermocouple,
The soldering of the couple which was obtalned electrical-
ly, extends somewhat beyond the tip of the ingulator, Just
li¥e the certral electrode of a common spark plug (fig. 1).
The insulator is made of the same material usod in the
Gilardoni spark plugs, and whose heat /conductivity is much
higher than that of the porcelaln cemmonly used in spark
plugs. The detalls of the thermoelectric spark plug are
exactly as those of the conventional type (material, arrange-
ment, size, mounting, etc.). The only difference is the
thermocouple substltuting for the central electrode.

Thig thermoelectric spark plug was first used to meas-
ure the exhaust gas temperature where 1ts behavior proved
perfectly satlsfactory.

When the temperature reguired for the study is not
very high, the electric heating may be digpensed with by
preventing tho cooling through conductivity. It suffices
to wrap the outside of the gpark plug with a flexible heat
insulator, The manipuladlon le easy, but the temperature
control requires some trials.

In the case where heating ls necessary the operation
1s more difficult; firgt, the outer metalllc mounting must
be energetically heated so that the inside insulator at-
tains the desired temperature (which, as will be geon, is
quite conglderable), then the heating-up process ltself
ls fairly slow, Since the ingulator 1s & poor conductor of
heat, one does not know 1f ma error has been committed in
the temperature measureuent by t aking the electromotive
force created by the soldering as a basis. Then, too, the
control ig not easy. (Woercas the heating 1s oasy, it 1s
difficult to promote the rapld cooling which 1s necessary
when autolgnitlion is established, so that tho engine may
have to be stoppod.)

Thepe drawbacks caused us to replace the insulator by
a metallic mass of whlich the ease of control 1s infinitely
superior, ’

Before proceeding to the descriptior of the metallic
hot spot 1t should be noted that the two methods are equiv-
alent As far as autolgnition is concornced; taat 1is to say,
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that for i1dentical engine-running conditigns; the tempera-
ture 1p measured at.the same moment of autoignition asg is
experimentally proved. The dlgcrepancy of .the measurementg
18 of the order of 109, or less than the fluctuations pro-
duced in the readings.

This experimental check demonstrates in effect two im-
portant facte: '

1) The posselbility to replace the spark plug insulator
by.a metallic hot spot without K disturdbing the
meagurements, a posslbllity which 1s not at all
evident.

2) The fact that the effective temperature recorded is
entirely that of thc wall.*

Consequcntly:

1) The metallic hot spot is substantially equivalent
to the spark plug insulator and may be readily
substitutoed for the latter.

2) The temperature of the solder of the thermocouple
placed in the thermoelectrlc spark plug 1s prac-
tically the same ag that of the insulator wall.

2. Wetallic Hot Spot

In the realization of the metallic hof spot the two
following facts were aimed at 1in particular:

1) Betablish walls having a temperature that may be
changed and regulated as desired, and amenable
to prompt change of regime. The last poipt 1s
esgsentlal in order that the experiments may be
quickly and safely ropoated, as the autolgnition
produced in a powerful engine may quickly be-
come dangerous (as is the case in some of these

*Obviously, 1f the surface temperature of the hot spot 1s
substantially different from the measurod temperature, the

discrepancy will not be the same' when the material constlitut-

ing the hot spot presents thermal conductibilities, which
are themaselves different.from those of the ceramlc material
. and that of the metal employed.
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tests). It 1s therefore necessary to check the

_autoignition as soon as the tests are mado and
the calorific inertlia of the hot spot extremely
lowered.

2) Assure equal temperature at any part of the hot
spot directly exposed to contact with fresh gas.
The accurecy of the measurements is much depend-
ent upon thils,

In effect, in autolgnition by hot spot, it is well to
take into account the part whose temperature is highest and,
as the measurements are practlcally restrlicted to one region
of the hot spot, every heterogeneity of the thermal gtate
might involve errors of indeterminable order of magnitude,.

Metal is obviously beast fitted to meet these conditiong.
It permite bringing the electric heating current to the par-
ticular spots and ite high conductlvity renders the temper-
ature of more remote parts uniform. Besides, metal gurfaces
exposed in an internal combustion engine are never subgectad
to temperature fluctuations ln excess of some 10 or 20% C,

The metallic hot spot 1s sectionalized in figure 2.
The sholl A (with ordinary spark plug thread) receives
threaded bushing B extendling with 1ts thlnner part T F be-
yond the bage to which a central rod C and a constantan
thermocouple is goldered., A spacing wedge D shifting be-
tweon A and B adjusts the positlon of the base of bushing
B with respect to the base of the shell A, The hot part
can be retracted or roleaged by varylng the thickness of E.

The thickness of the bushing at E F is only a few
tenths of a millimeter. It constitutes the weakest section
of the slectric circuit, and conseguently the point of
strongest current denslity. Thus it becomes bright right
under intensive heat, while the rest of the shell remains
dark, This was verifled by direct obsorvation for hot-spot
temperatures above 1000° C, It ig therefore certain that
the temperature of the base part of the shell does not reach
values high enough to provoke autolgnitlon 1itself,

The temporature of the metallic hot spot is controlled
by electric curront entering at C and returning through the
mags. A8 the whole electric clircult is one of low reglist-
ance 1t should be fed under low voltage., 8Since, in certailn
cases, the temperature mwat be carried to 1000° C. the am-
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perage should be high, A special transformer was construct-
ed for this purpose, The. secondary armature hapg only a few
coilsg of very thick wi{e.

To assure flexibility of control and wide amplitude
two meansg are resorted to, The secondary carries six bind-
ing posts in arithmetical progression, whlile the feeding
of the primary of the trangformer is effected with a po-
tentiometer (fig. 3). By combining these two, the temper-
ature can be varied by degrees in the zone cf operation,

Meapgpurement of Hot-Spot Temperature

The temperature of the gas with which the hot spot is
i1n contact varies with the moment of the cycle. They are
particularly pronounced in the combustion, expansion, and
exhaust phase, In the rest of the periocd of the cycle it
departe little from the average., The metal walls whose
calorific inertia 1s not negliglble do not follow falth-
fully the rapid temperature changes of the gas, From pre-
clse theoretical considerations based upon the classlc
lawg of heat transmlission Veron hag calculated that, 1in the
case of exploslon engines, the surface layer influenced by
the gas ig only of the thickness of the order of magnltude
of a few tenths of a millimeter. The amplitude of temper-
ature variation 1s, moreover, much less 1n the metal than
in the gas (order of 10° only on the surface of the
metal)  *

In practice the temperature of this metallic wall can
be considered as constant equal to its mean value, In
fact, 1t is temperature of the hot wall toward the end of
compreasion which produces the autolgnition, At this very
moment the temperatures of hot spot and gas have a value
approaching their average, Lastly, i1f the preceding hy-
pothegls is correct, a well damped galvanometer: which gilves
the mean vdlue of the temperature of the hot spot indicates
algo the guperficial temperature of the metal at the in-
stant of autolgnition, .

However, nothing prevents taking the mean temperature
of the hot spot as representative argument for defining its

*Based on the assumption of heat flow proportional to the
square root of the time (hypothesis which Vernotte was led
to formulate followlng his research on heat transfer between
gas and metal) the calculated amplitude 1ls not very different.
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heat status. The incldeace of thlis new variable on the
phenomenon to be studied should present in this case as
much interost as an exact measurement of the lngtantaneous
temperature,

All the same, we considered 1%t necessary to experi-
mentally check that the thus recorded mean temperature 1is
almoset identical to the lnstantaneous temperature to be
considered.

This wag effected with a device conirolled by cam
turning at one-half engine speed and actuated by it, The
cam controls a push rod whlich alternatively opens and closes
the circuit: thermocouple-~galvanometer at stated instants
(fig. 4). Thie cam is so designed that the electrical conneo-
tion betweon galvanometer and thermocouple exists for one
paage of the cycle: the compression. For the rest of the
periods of ‘the cycle the galvanometer is in open circuit,

While keeping constant the condltions of engine opera-
tion and those of the hot spot two successive measurements
are made by observing the mean current in the galvonometer:

1) When rhort circulting the part A B which suppresses
the cam action,

2) When it 1s loft open,.

If the eleoctromotlive force i1s constant and the engine
speed high enough the amouvnt of electiriclty passing through the
galvonometer in 1 second should be in the ratlo of 4:1 in
both caseg (the current 1 should be 4 tiumes stronger when
the cam does not operate).

This 1is precisely what we found for the adopted angu-
lar speed. It 1s therefore Justified to take thls mean
temperature as representative factor,

Correction of Readlngs

We finally eliminated the cam device 1n the final tests
slnce 1t afforded no added precislon in the measurements,

For convenience of measurement the cold Junction of
the thermoelectric circult consisted of a second couple
dipped 1n a test tube partly filled wi th very thin oil in
which soaks a mercury thermometer. The test tube itsgelf



¥.A.C.A. Technical Memorandum No. 873 7

e plunged into a vensel containing almost boiling water
(about 5° below boiling point) whosge ‘temperature is kept'
constant at a value The two couples are mounted op-
poslite to each other (¥1g. B).

If 'Ty 1s the corresponding tenperature of 'a galva-
nometer reading the temperature of the hot spdt isg

T=17Tg + T¢.

The use of a galvanometer of relatively low internal
regiptance called for a correction due to the resistance of
the leads. The total resistance of the galvanometer 1s 55
ohms, the resistance of the leads is 6 ohms, Thus the true
temperature of the hot spot with X denotling the electro-

motive force 1iga:
R
(T = Tg —— + 7 )

Since, in other respects, the variation of the different
measurements taken under identical conditions may reach
10° and even more, no allowance was made for other correc-
tlons of pecondary lmportance.

Detection of Autolgnition

The . examination of the diagrams corresponding to the
successive cycles on the ground glass of a low-inertia
manograph should evidently be one of the most accurate
means for observing the phenomena accompanying the combus-
tion. In the present case tho beginning of autolgnition
is readlly noted and one gathers at the same tlme the evo-
lution of the regime and about the details of the combus-
tion 1ltself., 3But despite these evlident advantages we did
not utlilize this method in all tests and for the following
reasonsg:

. 1) In the majority of cases analyzed the autoignition
causes a severe doetonation making the use of extremely sen-
gsltive pressure gages very difflicult because of the very
violent lncreases in pressure of knocklng which regult inm
damage.

2) When the combustion produced by the hot spot dif-
fors little from that corresponding to electric ignition,
1t 1e dl1fficult to digtinguish by naked eye i1f 1t is auto-
ignltlon,
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In order to be absolutely certaln in regard to the de-
tectlion of autolignition we adopted the following method
which consists of producing intermittent and regular mig-
firing.

An insulatlng disk, whose rotatory motlon is con-
trolled by the engine over a worm gear, carrieg a metallic
sector which perlodically passes before two electrodes, one
leading to the spark plug, the other grounded. The wholo
is mounted 1n such & way that for each disk revolution the
gsector groundsthe spark plug once for one migfired igni-
tion, The frequency of the misfiring thus depends on the
digk speed. ZExperience has shown that for 1250 r.p.m. ea-
gine gpeod one migfiring every 10 cycles lends itself well
to auditive observation. (For greater frequency the ear
does not follow the phenomena and for lower frequency the
irregularity of the migfires are hard to distingulsh,)

The autoignltion is observed as follows: the engine
runs at normal gpeed, all factors being controlled at thelr
correct values, then the spark plug is connected to the
migfire producer and the engine load 1s agaln regulated,
When no autolgnition exigts, it produces regularly one mis-
fire every ton cycles which 1g easlly roglstered elther by
ogclillation of the tachometer which follows directly or by
the dull noige of the violent combustion following immedi-
ately after miefire,

Tais method of observation permits checking, When the
grounding 1g effectively made over the spark plug, a spark
1g geen to Jump between the disk and the electrodes at the
mo.aent the sector passes before them, It ls therefors pos-
gsible- to follow the agreement of the phases between the
sparks and the sharp nolse following the misfiring if no
autolgnition takes place.

Test Engine

The test engine 1s a single-cylinder, water-cooled,
Renault engine of 6 hp. with slde valves and bduilt-up cyl-
inder head which elimivates the accldental test errors in-
volved with a multicylinder engine and permits the use of
special cylinder heads fitted with multiple orifices and
of different foras,
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Principal Dimensions of Engine

dbore 856 mm

stroke 140 mm
connectingfrod-crankihaft ratio’ b
valve diameter 40. mm

Valve timing:

delay of opening, inlet 10°
delay of closing, inlet ' " 55°

lead of opening, exhaust 57°
delay of closing, exhaust o°
valve lift 156 mm
clearance of exhaust tappets 0.4 mm
clearance of intake tappets 0.3 mnm.
rated speed 1250 r.p.m,

This engine can be fitted with antiturbulent cylinder
head (figs. 6 and 7), semiturbulent cylinder head (fig. 8),
or turbulent cylinder head (fig. 9). -

Accegsorieg Ingtallation

The accessories (described in detail in bulletin No.
77 of this same gerles) included: -

a generafor and a qrecision tachomeieré .

an aii-cénditioning system aspirated-by the engine;
a constént temperature, water, and oiling system;

a neon tube marking sistém-of the spark advance;

a bulbed tubg for measu;ing_thé congumption;

an exhaust gas sampler with Lacondamine analysger, .
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Manograph

The tests were checked with the low inertia optical
manograph described in the author's thegis, and with which
some very accurate diagramg have beoen reglstered, as illus-
trated at the end of the article, With the employed instal-
lation the upper limit of errors corresponding to the
reglistration is 0.25° crankshaft angle, for the abscigsas,
0.1 to 0.2 kg/cm®8 for the ordinates, (original dimensions
110 X 720 mm), The natural vibration frequency of the em-
ployed capsule is about 15,000/sec. (test figures).

Test Procedure

Tae primary object of the study was to determine the
ttemperature of the hot spot capable of producing an igni-
tion in the engine, and to study the variations of thig
temperature with the physical and constructive factors of
the engine,

However, the value of this temperature is not an ab-
solute congtant for the engine, for, in splte of the number
of factors kept constant there are stlll others which escape,
To illugtrate: It 1ls impossidle, when the engine has been
running for some tims, to ascertain the state of the inside
of the wallg between two tests separated by a certain time
interval (carbon deposit) and 1t 1s scarcely possible to
aggsegs this factor numerically.

soreover, the exact temperature need not be absolutely
known as the different types of engines themgelves are not
comparable, The order of magnitude of this temperature
alone is of importance,

On the contrary, for tests rum successglively on the same
day, experience ghows that the results are comparable under
thegse conditions; the recorded temperature changes, even if
one of the factors 1g modified, can be considered good. In-
asmch as this change must be accurately known, 1t 1s im-
portant that each test serles l1s run without interruption.

The normal test procedure is as follows:

Establish a stable*engine regimo; aftor speed, carbu-

*I.0., when cach measurable factor of the engine leaves no
meagurable variation at the ond of 20 minutes.
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retion, load, spark advance, cooling-water temperature,
0ll teuperature, etc., have reached the chosen values,
measure the horsepower, fuel consumption, composition of
gas, 1f necessary, etc.,, as in routine testing,

When the engline peemsg to run steady, produce the in-
termittent, stated misfire, as descridbed adbove, then ad-
Just the engine speed to 1250 r.p.m, As the hot aspot 1s
not heated, there is no autoignition,

Then gradually increage the heating, noting the tem-
perature level at which the first autolignitlon i1s produced.
Then let the hot spot cool a little to verify if, at a
lower temperature, no autoignition occurs. By successive
trialg then note the minimum temperature T, below which
no autoignition occurs. -At this temperature, termed the
minimum temperature of autolgnltion appearance, autoigni-
tion is produced at properly spaced intervals. Raising the
temperature of the hot spot agaln up to a value T,, the
autoignition becomes regular, the mlsfiring disappears con-
pletely., Thie temperature T, 1ie termed the "regulation
temperature of autolgnition,"

The two critical temperatures T, and Tg were deemed
sufficient to characterize the phenomenon,

Owing to the cyclic irregularity of combustion, the
values of T, and Tg vary a llttle from one test to the
next, amounting to the order of magnitude of 10° at times.
Bach test point is measured several times, thus eliminating
the doubtful values.
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PART II

EFFECT OF RUNNING CONDITIONS AND ENGINE CHARACTERISTICS

O THE CRITICAL TEMPERATURES T,, T,

A, RUNNING CONDITIOXNS

1, 011 and Water Temperatures

The water-temperature tests ranged between 60° to 90°.
and oil temperatures between 25 to 50°, No distinct differ-
ence was noted for the amtiturbulent head (figs. 6 and 7),
which served as normal head in the tests concerning the in-
fluence of running conditions., (With this head the effect
of one factor, such as angular gpeed, can be studied without
involving too i1mportant correlative turbulence variations.)

For these secondary factors (water and oil temperature)
noocorrection needs to be made if accldently changes of
£1~ C, or even several degrees are not exceeded,

-

2, BEffect of Ignltion Advance

One seriss of tests was run at normal timing (1250
r,p.mn.,, 760 mm intake pressure, 300 oll temperature, 80 per-
cont humidity, 55°-65° water temperature, while varying the
ignition advance from O° to optimum value, The critical
temperatures remain congtant, The timing therefore has no
effect on the value of the findings,

This finding simplifies the experiments because, the
normally usced compression ratio belng a 1little too high,
the violent combustion produced after the misfirings in-
duces dotonations of vory strong intonsgity 1f the optimum
spark advance of the rated speed is malntained.
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" Effect of Pressure

Alr . . .

Test Conditions

temperature .,

. humidity.

#ater . . . . . {:
011 [ ] L] [ ] [ ] [ ] L] {

pregsure.

inlet temperature ,
outlet temperature.
inlet temperature ,

outlet temperature.

3. Effect of Air Characteristics

873

30° £ 1°
79% = 2%

variable

52° + 2°

599 + 20

400 &+ 20.

499 4 20

Hot-Spot Temperature

Speed | Pressure |{ Horaepower
T, To Tg - T,
r.p.n.| man Hg " 0g, oG, °¢.
1260 700 5.66 930 960 30
1250 760 6.35 930 950 20
1250 878 8,75 . 926 940 16

13

Congldering the imperfectlion of the measurements, the
firet critical temperature appears lnsensitive to atmos-
pheric pressure changes in the explored range.

This result does not quite conform to what might be
expected, but 1t may be characteristic for the employed cyl-
inder head. On the other hand, when the intake pressure
increases, the proportion of burned gas contained in the
charge decreases and consequently its mean temperature as
well, which probably neutralizes the drop in the critical
temperatures of autolgnition,which 1t should appear obliged

to 1ntroduce,
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Ty, however, decreases when the gresaure increasges
although the difference is slight (20° for 100 mm mercury,
(fig. 10)).

Effect of Alr Temperature

a) Antiturbulent head

Tegt Conditions
pressure . . . . . .760 £ 1 mm Hg

Inlet air . . . .
bumidity . . . . . . 78 = 2¢

Water . « . ¢« o .

{;inlet temperature. . 54° x 1°

outlet temperature . 60° x 1°

( inlet temperature. . 40° & 2°

i outlet temperature . 48° + 2°

r.p.o. Air hp., [Advance| Hot-spot temperature
teaperature T Ta Ta - T
oC. deg. °c. °¢. °c,
1250 21 6.92 5 947-952]974-980| 27.5
1250 ' 30.5 | 6.57 5 947 974 27
12590 29 6.33 5 952-947 985 33-38

With this antiturbulent head the critical temperatures
do not seem to be muth affected dy the intake alr tempera-
ture (fig. 11).

b) Turbulent head (flg. 9)
This second test serles complements the preceding one

in an interesting manner to the extent that with antiturbu-
lent head it may be admitted that the measured temperature
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differences are due to differencesresulting'from the heter-
ogene@tz,of the carbureted mixture. This objection does
not exist on the turbulent head and still the differences
are greater (fig. 12),
pressure . . , ... ., 760 * 2 mm Hg
Alr ., ., . ... temperature. . . , . variable

humidity v « « « o variable (welght)

inlet temperature. . 549 + 20
Water ® o 8 8

outlet temperature , 580 * 20

. inlet temperature. , 419 x 20
011 L] L] L ] L] L] L]
outlet temperaturo . 489 * 20

r.peme! Alr JHumldity|Advance . c t-

bemper hp sumSEIOn Ho ‘gpot temperature

ature L] B |Ta-T,

0C, |percent deg. g/hp.~h °c.T oC. oC.
1250 15 90 6 T.42 280 910 | 932 22
1250 39.5 81 8 7.22 289 927 | 948 21
1250 60 70 11 6.78 | 293 932 | 947 15
1250 81 60 12 6.50 306 939 | 956 17
1250 | &9 50 12 |[6.38| 306 937f9u8 | 11

The rise of the critical temperatures with the air
temperature inducted by the engine 1s ever more marked with
this head than with the preceding one. This may be due to
the fact that the carbureted mixture 1s more homogeneous
when the inlet temperature is higher. (A slightly homo-
goeneous mixture contalining portions of varying richness
should, in principle, ignite gquicker on contact with a hot
spot than a homogeneous mixture of definite richnoss.)
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Effect of Alr Humidity

Tegt Conditions
presgure . . . . . 760 £ 1 mm Hg

Inlet air . . . . . .
temperature. . . . . 310 x 10

] inlet temperature. ., 559 + 10
Water . . . . . . . .
outlet temperature . 619 * 10

inlet temperature. . 440 £ 10

outlet temperature . 509 x= 10

r.p.m, | Humidity | Optimum hp, Hot-spot temperature
advance
T, | TalTa -7,

percent deg. %c. | °c. °c,
1250 46 9 _7.03 953 | 975 22
1250 60 9 7.03 9563 | 975 22
1250 67.5 9 6.98 963 | 980 27
1250 72 10 6.92 950 | 975 25
1250 90 . 10 6.92 943 | 959 16
1250 98 10 6.87 932 | 953 21

The results of the measurements are appended in fig-
ure 1l3.

It is seen that increasing humidity seems to produce
a reduction of the critical temperatures., This i1s in ac-
cord with the catalytic power of water vapor in the ignit-
ing of combustible gas mixtures. At any rate the variation
is slight. '

Summing,it 1s seen that the characterigtics of t he air
inducted by the engine have a fairly small although measur-
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able effect on the critical temperatures of autoignition,
--The sense of. these variatione is the gsame as that of the
critical temperatures corregponding to the detonation so

that 1t can be deduced from diagrams,
cagse of humidity.

4., Bffect of Mixture Richness

Semiturbulent cylinder head (fig. 14)

Test Conditlions

pressure.

except maybe in the

Inlet alir . ., . £ temperature ., . . . 30° = 2°
humidity. « .« . . 808 = 29
inlet temperature . 55° x 2°

Fater « « « . .
outlet temperature. 60° x= 2°
inlet temperature . 45° x 2°

oil L [ ] L ] [ ] L] L ] L] L
outlet temperature, 51° + 2°

¥ = 1250
Richnegs| Spark hp. {Congumption | Critical temperatures
of advance
mi;ture 4 T, Tq a = T
cm3 /g deg. g/bp.-h °¢. ‘o, °g.
10,604 22 5.83 258 917 939 22

.869 17 6.33 278 911 928 17

.789 16 |6.37 314 939 | 949 10

.841 14 6.40 341 947 980 33

« 947 17 6,46 380 870 998 28

1.021 15 6.33 417 970 998 28
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The critical temperatures increase for both the lean
and the rich mixture whenever a certaln value which corre-~
sponds to a mixture slightly richer than the theoretical
1s departed fronm,

The difference amounts to 70° when the richness varies
0.949

0.669

ing the lowest critical temperature, This fact explains
why the autolgnitlion occurs most of the time in practice
after an accidentsl leanness in carbureted mixture, The ef-
fect of this leanness 1s lower critical temperature and
higher temperature 1n the hottest parts of the walls (ex-
haust valves).

in the ratio of = 1,40 sgtarting with a mixture giv-

6. Bffect of fusel

a) Effect of Tuel of Constant Octane Number

For this t est serles three different fuel samples were
prepared, To prevent any potential perturbation arising
from more or less complete vaporization of fuel in the car-
buretor, we operated with falrly high inlet air temperaturs,
so that all the fuel inducted was vaporised.

On the other hand, with a view to still more perfecf
comparablility of the tests, the carburetor setting followed
the exhaust gas analysis, with a content of CO oonstant
(2 percent).

Fuel Characteristics

Fuel ‘A

Gagoline, 69 octane rating: 655.2 octane rating - 63,6 per-
cent. Benzine 36.4 percent.

Density at 15° 0.79456
Removable through SO, H, 98 percent . . . . . 55.6 percent

Density after sulphonation at 15°C., . . . . 0.717
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TeOsDe after sulphonation 62.6°
~Distlllation: ST "
start L] [ ] » [ ] L] [ ] [ ] [ ] [ ] [ ] L] L ] L ) a [ ] [ ] 550 o.
b percent . . . . . . . . . . w2°
10 " . . . . 76°
20 n . e e . . . 79°
30 u L] ] ] . [] ? 820
40 “ [ ] » L] - - 1 ] L ] L] 846 o
50 " L[] [ ] [} L) a [ ] ] L) L] [ ] [ ] 86.5 o.
60 n [} [3 . [ » o e . L] L] . . ] [ 910 c.
70 " [] 1] [ . [ ] . . e [ . e [ ] [] 980
80 n e r e . ¢« "« o ¢ o 118°
90 “ ® L ] ] [ ] L ] [ ] [ ] [ ] L] L] [ ] [ L . 1470
95 " a [ ] [ ] L] L] [ ] L] L] . L ] - [ ] [ ] [ ] 1630
End point . v e e e s . 181.5° C.
Condensation . . . . e o o . o . . 98 ce
Residue, percent . . . . . . . . o o O.8

Barometric-p}esaure

. - L] . . [ . L] . L] L] » 743 . mm

Calorifie powef POr KZ .+ o« o o = s & o =.o » 1l0e688

Oalorific power per 11ter e s o ® _ o 9w s s O 80491

Carbon, percent

Hydrogen, percent

[ LI ] o = - [ ] e o L I 85.3
[ ] . [ [ [ ] L] L] L) [ - L] L] 14.7
Fuel B

Gasoline, 69 octane.rating: pure gasoline 56.2 octane

Density at 16° . .

Dietillation:

Stért

b5 pefcent
"

10
20

-~ B85 percent. 4dlcohol 16 percent.

LI ) . . . - L] e o . . [] . 0.7507

[ ] L] - . —- L] -. . l.- ] L] e - 480 0.

60.5° 0.
63° G,
66.8% C.
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30 percent . . « . 4 o s . -
40 e e e e e e e
b0 .

60
70
80
90

95 . L] [ ] L] [} . [ ] u- . L] L] [ ] [ ]

End podnt . . & . ¢ o ¢ o ¢ 4 a4 s e s e
Condensation B
Resldue, percent . . . . . ¢ ¢ < & 4 . .
Alcohol, percent e it e s e e e n e e e e
Alcohol separated:
Density at 15° C. after alecohol separation .
Removable with SO, Hy; 98 percent . . .
Density at 15° after sulphonation . . . . . .
T¢CeDs after sulphonation . . . «. . . &« « . .
Calorific power (KgZ) . « « o ¢ « « ¢ o o « &
Calorific power (liter) . +. =« + v« v v « o o« &
Carbon, percent . . . &+ o ¢ ¢ ¢ ¢ o % o+ o W
Hydrogen, percont . . ¢« ¢« ¢ o« o o« « ¢ o o o
Oxygen, poreont . o « o« o s s o o o « &« = o
Fuel O

69 octanet: pure gasoline 55.2 octane
ethyl fluild per liter of mixture.

asoline,

Denslty at 1
Removable with S50, E; 98 percent. e e e
Density after sulphonation at 15° C. . . .

T,CeDs after sulphonation . . « « « . . « . &

69° C.
71% ¢.
87° o¢.
1109 ¢.
123,6°
138,5°
153° ¢.
166° ©,

QG

184.6° C,
98 cc
0.8

14

0.7432
24,5%
0.7152
64°
. 10,495
7.878
83.4
11.6

. b

+ 0,66 cm?®

. 007429
24.2%
0.7145

63.8°
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- Distillation:

S;art . :';'. e s o u e e e e e

5 peroent L] » [ L] . . L] L] - - - L] L] L4
10 " [} e . . . . [ L] [ [ - [ [] .

20 n B [ L] [] » [} [] [ . . [] (] . . .
30 n - & e e e e e ® e = » e _ e 9 7
gg : » . [ ] L] (] [] . - ) [} a [} ®
; 60 " ‘_I.I.l'..l.l’......l..-...'.
70 n o [ [] [] [] [] [ [ (] [] L . [] .
80 n o - [] [ ] ] L] L] [ ] L] . . . o [ ]
90 n . . . [ . L] L] [] » . L] [} [} [}
95 n [} - [} L] [} . L] L] [ . [] [] [ [ ]

End point . . . . R
Condensatlon . . v o & « ¢ o o s « o + &+ o
Besldue, percent . . ¢« « ¢ o ¢ o o « « o o
Barometrlc pressure . . . ¢« ¢ . ¢ o & o o o
Calorific power (kg2) .« o « ¢ ¢ « o « « « &
Oalorific power (liters) . v -« o « o « + o «
Carbon, percent . « o +: «. o o o o « « o « &

Hydrogen, percent . . « ¢« « « o o« o o o o« =

21

42° ¢,
66° o.
73° g,
839 ¢.
90'.50 c-
g9g° ¢,
107° ¢.
117,.5° o©.
130° ©.
1420 ©,
156° ©.
168° ©.

186° C. °
98 ce
0.9
749 mm
11.090

8,239

8b6.4

" 14.6

All these tests were made with the turbulence head, which

gilves the most uniform results.

Tegt OConditione

Characteristiocs
Inlet air tomperature 133°
inlet temperature ?70°
Yator { outlet temperature 80°
011 inlet temperature 472
outlet temperature b2

H

HH KW
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Oritical
Con- Inlet Exhaust gas
Gago-~|r.p.m.|] Ad- hp.| sump-~ |pres- temperatures
line vanoe tion |sure. | T, | Tg |T3~T,| COg{ Og {CO
deg. g/bp.~himmn Bg| °0| °0| °C % K

A 1250 6.5 | D.96 292 746 |885 |916| 21 12.1|0 3.2

B 1250 646 | 6.33 340 762 |[894]921]| 27 10,6|0.2]3,3

c 1250 6.5 | 5.99 312 762 |900{810| 10 11,2]|0.2]3.1

It 1s seen that for a given octane ratling, the temper-
aturo at auto-ignition is very little affectoed dy the chen-
local compositlion of the fuel 1tself. But, on the other
hand, we shall see the marked dependence of the auto-igni-
tion temperature on the ootane rating itself, as pointed
out by P. Dunmanois in 1926 (Conptes Rendus des Séances de
1l'Acadénie des Sciences, vol., 181, 1926, p. 1526, and vol.
196, 1928, p. 292).

b) BEffect of Octane Rating of Fuel

In order to effect & change in the octane rating with-
out conslderably modifying the mean composition and the
physical characteristics, we added ethyl nitrate (knock
producer) or tetracthyl lead (antiknock) to the same gaso~
line dase.

Charactoristics
' ' ﬁressure 760 :: + 2 mn Hg
Inlet air temperature 36° = 2°
humidity 78% = 2¢
inlet temperature 550 * 10
Water { outlet temperature 600 = 10
011 inlet temperature 450 * 20
outlet temperature 500 = 20
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i I - Temperatures -
T.Poelle Gasoline of hot epot g:::ﬁ;
T Ta Tg =T,y
o 0 Oc 00
1250 ordinary 966 976 11 69

1260 |ordinary + 0,156 percent
of nitrate 900 948 48 21

1250 |ordinary + 1/1000 ethyl
fluid 1026 1067 | 31 | 76

A proper additlion of ethyl fluld ralses the auto-ignl-
tion temperature by more than 75°, while ethyl nitrate low-
ers 1t close to 50°,

These variations in the critical temperature of ignl-
tlon resemdle those deduced from the measurements of the
crltical temperature of detonation. They seem, however,
of nuch lewer order of magnitude. It takes two hours after
counplotion of a test before the effects of the added prod-
uot disappear. It should also be noted that 1/1000 "dose"
of ethyl fluild produces no measuradle variation of critil-
cal temperature of auto-ignition.

B, ENGINE OHARACTERISTICS

l, Effect of Oompresslion Ratlo

In thls test serles 1t was attempted to realize an
experimental arrangement in which the variation in con-
presslon ratlo produced the least possible change in the
condltiones of the other factors, particularly in turbu-
lence. An antiturbulent head was therefore used. (The
hot spot 1s placod abowve the inlet valve as in the preced-
ing tests.)
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Test Condltions

Characteristics
pressure 760 = 1 mm Hg
Air inlet temperature 280 + 1°
humidity 80% + 2%
inlet temperature 52° = 1°
Water { outlet temperature 6 * 1°
041 inlet temperature 37° + 20
outlet temperature  42° x 2°

The measurements were made at 1,250 r.pe.m. and optimum
setting; that 1s, with the advance which glves the best
horsepower for each head,

The compresslion ratlo ls changed by placlng one thlcke
ness of a metallic Joint in each case. The hlighest value
of the compression ratlo obtalned exceeds that of the rated
value. So, in order to avold detonation it was necessary
in thls particular case to reduce the lgnition advance
conslderably - which, however, as stated above, does not
alter the measured critical temperature.

These measurements are summarligzed in the followlng ta-
ble and flgure 15. They wvary falrly 1little from the av-
orage 1lndicated in the difforent tests.

Spe~ Temperdtures of hot spot
Com- Opti- cifle m m .
pres- | mum fuel T 8 8 1
T.Pelle]| sion of hp.| con-
ratlo agd- gump-
vance tion o o o
deg. g/bp.~h| ~C c c
1250 4,58 20 5.2 414 1000 1020 20
1250 5,54 12 7.25 282 990 1000 10
1250 | 6452 3 |?.50f 272 |[,955 976 20

The lncreased power, the lowered consumption, the
lower optimum advance with increased compression ratlo are
to0 well known to require explanation,
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For & rise of two points in compression ratio. the
critical T; of the hot epot drops by about 45° The

change in T, 1g substantially thé same; the difforence
between Ty and T, %18 about 20°.*

But it was also found that the critical temperaturs
varles 1n the inverse sense of the pressure.
2. Effect of Hot-Spot Locatlon

a) Antiturbulent Head

The results of the measurements are glven 1n the fol-
lowing table.

Con- Temperaturo,
Ad- sump- Locatlion of hot spot
TePelde|vange| BPe tion | of hot spot T | T |7 =T
1 a8 |+8~"1
deg. . g/hp.~=h °¢| °c| °c
1250 7 6.87 285 above 1inlet 947|974 27
1250 7 6.87 283 above exhaust | 952[970| 18
1250 - 7 6.87 283 above cylinder| 962|989 27

It 1s seen that for the hot spot located above the
cylinder, the temperature must be adbout 30° higher than
. when located above the intake valvse to produce auto-
igaition. This 1s undoudtedly due to the fact that the
gas, having already advanced near to the valves, 1s much
easler ignlted than the rest of the gaseous charge.

*This result states precisely what was already known from
the necessity of uslng -very cold spark plugs on hlghly
compressed englnes; in fact, 1t 1s seen that it '1s neces-
sary not only to permit these spark plugs to evacuate a
greater amount of heat as highor temperatures are reached,
but to effect thlis heat removal for a less hlgh tempera-
ture of the spark-plug components.
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d) Head of Medium Turbulence

Ignl- Spe- Hot-spot temperature
tion cific T
T.Pelle| ad- hp.{ con- Location of T, [meanf Ig [mean Tg-T,
vance gump- hot spot
tion o o o o o
deg. g/hp.<h c c Cc c C
990 1016
1250 16 |7.08 286 on exhaust 995 1015| 20
) valve 1000 1013
970 985
1250 16 {7.08 288 on inlet 960| 968 970 985| 17
valve 975 1000
967 998
966 998
1250 16 |7.08 286 on cylinder 9R6 999 | 33
966 1000
966 998

From the tabulated date, 1t can be inferred that:

l. Located on the exhaust side, the gases can sup-
port a much higher hot-dpot tomperature without igniting,
This temperature 1s 30° higher than that for the other po-
sltions.

2. The locatlon on the inlet valve and on the cylin-
der are equivalent as far as temperature T; 1s concerned.

But the difference in temperature between the flrst appear-
ance of auto-ignition and the regular auto-ignition regilon
is sensidly doudle for the locatlon on the cylinder.

It was also obeerved for the position over the cylin-
der that, when the .temperature of the hot spot reaches
around 1075° C., the auto-ignition is so violent that the
engine sticks. The auto-ignition in this case seems to be
produced with a considerable advance not encountered for
the other hot-spot positlons.
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o)'Strongly_Turbulent Head’
(6.87/1 compression ratio)

Con- . . Hot—-spot temperatures
Ad- sump~ |Location of n
T.DPell .{ hyp. D 0 7, |mé¢an T, {mean |T;-T
Pelte | cance] “P°| tion hot spot I @ 8
deg. g/hp .=h %0 % °g| °¢ °g
g27 948
1260 9 7.24 280 on inlet 929.5 945.5| 16
valve 932 943
938 948
1260 9 7e24 280 on exhaust 935 948 13
valve 932 948
938 943
1250 9 7.24 280 on cylinder 935 940.5 6.5
axis 932 938

Within the precision of the measurements, it 1s seen
that the three locations are substantially equivalent - as
18 readlily understood = the turdbulence belng sufflclent to
homogenlze the carbureted mixture and probably hoving al-
most the same lntensity ot the three positions.

The difference between T, 'and T 1s nuch less
than for the other cylinder heads. -

3. Effect of Cylinder-Head Deslgn

The comparison of the three preceding tests lndlcate
that the oritical temperatures of auto-ignlition lncreaso
substantially with the turbulence. (It 1s necessary, in
effect, to take into consideration the fact that the tur-
bulent head has a much greater volumetrioc compression than
the medium turbulence head.) Unfortunately, it is very
difficult to express the intensity of turbulence dy actual
flgures; 1t 1s no less interesting to find that the effect
of 1t can change the oritical temperatures of auto-lgnition
by about 50°,

This rise in criticel temperature 1ls probadly the re-
sult of the reduced duration of exhaust gases which are
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not in contact with the hot epot as long when the turdu-
lence 1s strong as whet it is weak,

4, Effect of Distance from the Surface
of the Cylinder Head
The distance of the hot spot from the lnner wall of
the head was regulated by means of wedges as already lndl-
cated in the description of the metalllc hot spot.

Cast-=Iron Turbulence Head; l1l:5.85 comprossion ratilo,

Characteristics
pressure 760 £ 1 mm Hg
Inlet alir temperature 30° * 1°
humidity 100%
inlet temperature 550 + 20
Water { outlet temperature 600 * 20
011 inlet temperature 450 * p0
outlet temperature 500 + 20
Con- Hot-spot temperature
TePsMe Ad- hp) sump~|Hot spot
vanoce tion T1 Ta TB-'TI
deg. g/hp.~h °¢ °c °¢
1250 90 | 7.2 281 proJects 957 968 11
5 mm
1250 90 | 7,2 281 0 936 949 13
1250 90 | 7.2 281 roetracts 906 927 21
5 mm

These results are summarigedin figure 16.

The more the hot spot 1s retracted the easler the
auvto-ignltlion is produced., The critical temperature dif-
ference reaches 40° to 50° in extreme cases, which appears
to confirm that for this factor as for the precedlng one,
it 1s the variation in the rate of displacement of the
gases 1in contact with the hot spot which is actlve.
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The slignificance of this concluslon 1s immediately

~.understood from the point of view of spark-plug design,

for which a protruding position of tho central electrode
1s already expedlent from other viewpoints.

5, Effect of Engine Charge on the Temperature of
the Hot Spot Which Produces Auto-ignlition

The engine charge 1is changed by carburetor throttllng.
This manner of regulating the power of the englne differs
from the intake under varlable pressurs to the extent that
the pressure and temperature of tho gases at the end of
compression as well as the burned-gas content is changed.

In thls serles of tests two types of hoads were used:
one wlth strong turbulence, the other with weak turbulence.
Ths spoed was agaln 1,250 r.p.m., the inlet-alr temperature

the pressure 760 mm Hg, and the humidity 80 percent.

The results plotted in flguro 17 aro as follows:

2) For the Semiturbulent Head

T.DeM, A~ Engine Hot-spot temperature
vance charge o Ty T, =T,
deg. percent O¢g oq og
1250 6 100 928 | 939 11
1250 6 80 917 | 939 22
1250 6 60 939 949 10
1260 6 40 939 | 955 16
1260 6 20 949 | 971 22

The critical tew.erature rises as the engine charge

1s decreased._ .

relatively small (about 25°9).

.fhe ?eat conditiona are the same as befpre.

b) For Turbulence Head

For this. particular head, the increase 1is
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Characteristlaes
pressure 760 = aomm Hg
Inlet air temperature 30° = 1
hunidity 8o0% = 2%
inlet temperature 540 * po
Water outlet temperature 62° = 2°
011 inlet temperature 410 £ 310
outlet temperature 490 + 10
Hot—spot temperature
Charge Ad~
TePelo 4 vance Tl Ta Ta _T1
percent deg. °c °c °c
1250 100 8 950 965 15
1250 75 8 988 1004 16
1250 50 8 1000 1021 21
1250 25 8 1031 1064 33

The results have been plotted in figure 18,

Wlth thlis head the critical temperatures of iganltion
by hot spot manifest a marked increase 1f the englne charge
decreases. It increases from 950° to 1,031%, or by 81°

.when the charge wvarles botween 100 and 25 percent.

This decrease in auto~ignition temperature with in-
creaslng engine charge 1s similar to that lndicated regard-
"ing the effect of inlet pressure, but here the decrease in
"burned-gas content which corresponds to an increase in
charge, actually alds the pressure effect, which accentu-
ates the amplitude of variations of the critical tempera-
ture. .

6. Effoct of Rotative Speed of the Englne

The rate of rotation of the engine has a direcct ef-
foct on the state of turbulonce of the gases. The results
should therefore be dependent on the created turbulence.
We havo, for this reoason, toasted the three heads already
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mentioned, whose inslde form was sc deslgned as to produce

a more or less pronounced turbulence.

tice are as follows$

Thelr characteris-

Com-
pres-
Degignation Fornm Figure sion
ratilo
Antiturbulent head | wedge—-shaped| 6 = 7 6.06
Semiturbulent " flat 8 4,90
Turbdulent " gpecial 9 and 19| 5.856
a) Cagi-lron Antiturbulent Head
Teat Condlitions
Characteristics
pressure 760 + 1 mm Hg
Inlet air temperature 30° + 1°
humidity 79% =+ 2%
Wateor inlet temperature 540 x pO
outlet temperature 600 = 3O
011 inlet temperature 440 £ 30
outlet temperature 50° = 2°
- | Optimm Con- Hot-spot temporature
ad- sump- m, . iy T,-=T
TePele| _ 0o hp. $3om 1 2 28" "% Remarks
deg. g/bp.~n| °C % °¢
520 6 2.84 292 903 923 20 Engine
knocks
a little
1000 b6 5.73 286 913 930 17 Auto~igni-
tion has
caused
detonatlon
1250 6.5 | 7.16 282 903 914 11
1500 8 8,66 272 904 926 21

These results are summarized in figure 19.
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) In this case the critical temperatures change little
with the speed.

b) Semiturbulent Heoad

Characteristics
pressure 760 * 1 mm Hg
Inlet air temperature 300 = 1°
humidity 80% = 2%
N Con- Hot-spot temperature
- sump-
deg. g/bp.=h °g °g °g
2000 18 Be25 344 969 989 20
1500 17 7.75 303 970 1000 30
1250 16 677 298 969 989 20
1000 13.5 5,27 309 916 932 16
500 10 2.50 326 905 916 11
(unstable)

Thene results are plotted in flgure 20.

The critical temperatures of auto-lgnlition manifest a
drop of almost 70° when the speed changes from 2,000 to
500 r.p.mo.

¢) Turbulence Head

Characteristics
Pressure 760 £ 2 mm Hg
Inlet air temperature 30° = 2°
humidity 100%
inlet temperature 53° + 20
Water { outlet temperature 63° £ 2°
011 inlet temperature 459 x 20°
{ outlet temperature 50° = 2°
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- — Cone Hotwspot temperature

T.Del, vt:;é hp. ::gi— Ty Ta Tg=T,
deg. g/bp.=h og °¢ og
1600 " 11 8.5 969 969 980 11
1250 9 7.2 a8l 948 959 11
1000 7 b.6 288 904 "1 915 11
510 b 2.61 322 860 872 12
280 b 0,96 413 796, - 806 . 11

These results are plotted in figure 21l.

The variation 1in critical tomperature of auto-ignition
reaches here about 110° between 500 and 2,000 r.p.m., and
epproximately 176° beétween 280 and 2,000 r.p.m.
ident that the turbulence (which increases wlth the speed)
lowers the tondency to auto-ignition conslderably.

It i ev-

It was also found that 1t regularizes the phenomenon
very clearly, as proved by the slight difference betweon

the measured critical temperatures

I,
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PART IIX

EFFECT OF THE HOT-SPOT TEMPEBATURE ON
THE COURSE OF THR PRESSURE DIAGRAM

In order to give a proper account of the character
of the previously defined critical temperatures, a seriles
of tests was made with fullescale diagrams with the help
of a low-inertla optliecal manograph.

The testes were carriod out with the medium turdbulence
hoad whose low compreesslon permits tests othorwiso tick-
lish or too dangerous at a highoer compression., The mano-
graph was fitted above tho intake velve. The ignition was
effocted by a spark plug locatod betweoen the wvealves. The
test conditions were the same as before:

. Alr: t = 30°, p = 760 mm, h = B8O percent
Wator: 55-65°
0il: 45-51°

The plot (1) of figure 22 corresponds to & normal
speed with optirmum ignition advance, which 1s at the sanec
tine the advance corresponding to the limit of detonation.
The hot spot, not electrically heatod, hos a temperature
of only about 530° C.

The plot (2) of filguro 23 corresponds to the sanme sot-
tings but wlth zero advance. Tho lower diagran COrro-
sponds to a hot-spot temperature of about 500°; tho upper
one to about 970°, for which the irrogularitiee of misfire
have ceasged to ezist.

It will be noted that in this diagran the prossuro
does not go down again aftor tho piston has passed T.C.,
as 1t does in the lower dilagran - probadly as a rosult of
the hoating of the gases in contact with the hot spot with-
out ignltion and, perhaps, even of the slow reactlon of a
snall portlion of the carburoted nixture.

The diagram (3) at the bottom of oflgure 24 corresponds
to a oritical temperature T, = 1, o15° o©.
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In this case, anto-ignition probably induces a com-
~-bustlon substantlally the same as that by normal 1gnition,

Diagram (4) at the top of figure 24 corresponds to
critlcal temperature = 1,0456° 0. The actlon of the
bot spot produces auto-!gnition with an advance superior
to 0°, At times the auto~ignition is accompanied by deto-
nation; the com>ustlion 1s very irregular.

Lastly, diagran (5) of figure 25 correeponda to a hot-
spot temperature distinotly auperior to the critical val-
ues, reaching, in fact, 1,190° .

The auto-ignition. is advanced so that combustion ter-
minates under a very low pressure. Then follows the com-
pression of the burned gases. (The power output of the
engine 1s very low or zero, and electricilty must be re-
sorted to, to maintain the speed.)

The interesting fact here is that detonatlon disap-
poears in the case of materlally advanced auto-lgnition as
elready polnted out by tho author several years ago.

SUMHARY

The worklng up of the different diagrams discloses
the followlng?

l, At minimum temperature on appearance of auto—
l1gnition the comdustion produced by hot spot proceeds
alng & regime substantlially the same as with electrie
l1gnltion at gero advance.

2 At the temperature of regulariszation of auto-
i1gnltion the combustion released dy it is more advanced
than the normal comdbustion, which may induce the dotona-
tion and tend to further increase the temperaturo of the
hot apot.

3. An incroase of less than 200° in hot-spot temper-
ature ushers in a regime for which auto-ignition 1ls prac-
tically indistingulshable from & regime of sero horsepower.
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Information Supplied by the Diegrams Regarding
the Fhenomena of Dissociation of Carbureted Mixture
at High Temperatures

An analysie of diagrams (1) and (4) has revealed,
among other things, some particularly interesting lnfor-
mnatlon., On transforming these dlagrams into p v axos
(fige. 26 and 27), we find that tho mean polytrople cooef-
ficlont of oxpansion (betwcon 0,06 ond 0.75 of the stroke)
1s:

1,26 1if no auto-ignition oxists, and
1,26 for very advanced auto-ignition (diagran 4).

Tho nmoan polytropie coofficlont of compression is, in
tho latter case, only 0.96. This scens to polnt to re-
loaso of heat during oxpansion, even for very advanced
auto=~ignition,

Owing to the abnormally small value of mean polytrop-
lc coefficlent of compression, 1t cannot be admitted that
this release of heat is due to a simple phenomenon of late
burning when there is auto~ignition. The specific heat
changes of tho gases with temperature are no longer of
sufficlont order of magnitude to allow for the result ob-
talnod. It seems vory likely that the products of the ade
vancod combustion due to the auto-ignition are sudject
durlng conpression to a very material dissocilation fol-
lowod by an oqually very intonse recombinatlon during ex-
pansion. :

It 1s difficult to directly verify the proper base of
this conclusion with the few diagrams, by reason of the
relatlively great importance of the wall losses in the test
engine and, in any case, the question is clearly beyond
tho scope of the present study. Even so, those facts ap-
poared striking enough to morit partlcular montioning,.

CONCLUSIDN

From the rosults outlined in Parts II and IIi, tho
followlng conclusions can bo reached.

From the thedretical polnt cf view:
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" l. -The critical tomporatures of auto-ignition by
-hot spot is increased ags:

-

a) the pressure of carburotion 1s docreased;
b) the period of contact between this mixture 1
and the hot spot. 1s.lnecereased; .

¢) the carburetion is farther away from a rich-
ness corresponding to 2 percent of CO at
exhaust;

d) the octane number of the fuel is increased.

2« TYor an extremely low speed and sufficlently weak
turbulence, the hot-spot temperature capable of causlng
‘auto-lgnition in the engine approaches the spontaneous ig-
niltlon temperature of the employed fuel.

3. Taken as a whole, the varlations observed for the
crlitical temperatures of auto~ignition, are the same as
those assumod by the author regarding the spontaneous ilg-
nitlon temperature of fuols in his detonatlon theory.

However, the agreement between these variatlong 1ls
more quelltative than quantitative, as 1s easily proved
elther by comparing the ignition-temperature varilations
with the pressure, as may be deduced from figures 10, 15,
or 17 with the exporimontal relation previously determined
in the casc of nuclear ignition (No. 103 of this series),
or by comparing the offect of ethyl fluid with the crliti-
cal temperatures of auto-ignition and with the critical
. tenperature corresponding to the appearance of detonatlion.

In any case, the oritical temperatures of lgnition by
hot spot romain, for the same ignition lag, distinctly
above the oritlical temperatures which we have had to con-
slder regarding the dotonation, and 1t remains doubtful
whether the difference can be attriduted to a temperature
difference between hot spot and gas which becomes heated
on contact.

The laws governing the ignition by hot spot of carbu-
reted mixtures, though similar in entirety to the laws gov—
erning the ignition 1in mags of the same mixtures, do not
seem to harmonlsze with the latter. Thls, it 1s sald, con-
forms to the result of applylng the reaction theory "dy
chains® to the ignition of combustible mixtures.
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4, The burned gases are subject to a very pronounced
disgoclatlion on reaching a tomperature slightly above nor=
mal termiral combustion temperature (about 2,200° C.) and
thie dissoclation 1s followed by a very active recomblna-
tlon during expansion.

. Fron tho Practical Poilnt of View

a) The temporature of a hot spot of extent and form
sinllar to that of a contral electrode must, in general,
be much higher than the sgontaneous ignition temperature
of the employed fuel (800° to 1,000° in place of about
650° for gasoline of 60 octane).

b) Auto-ignition 1s substantially delayed by the use
of antilknock fuels; by higher turbulence; and by. letting
the hot spot protrude in relation to the wall of the onw-
gine.

The signiflcance of these last points from the point
of view of spark-plug design and general arrangement of
the engine, 1s readily seen.

Translation by J. Vanier,
National Advisory Oommittee
for Aeronautics.
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Diagram 1 -~ op

Figure 22

Disgran 3 advance 0° - hot-spot temperature: 5000

(temperature 5300),

Tigure 23.-

for lower, 970° for upper diasgram; no auto-ignition.
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very advanced suto-ignition.

Figure 25.- Diagrﬁ 4 - adva.nce Ob: hc;t-s
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