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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

TECHNICAL MEMORANDUM NO. 694 

COMBUSTION OF GASEOUS MIXTURES* 

By R. DUctlene 

De scr ip t i on of the Se cond App ara tus 

The first apparatus not having made it possible to 
solve the p roblem, because the exp losive wave was not o b ­
tained, a new app aratus was constructed which fllacte it p os­
sible to carry the compressio n ratio to 7 . (Fig. 1.) It 
was found po ssible to improve ce~tain p arts a nd more close­
l y approximate an actual en g ine. The apparatus consists 
of a steel cylinder with a bore of 50 m~ (1. 97 in.) and ~ 
pi ston with a stroke of 295 mm (11. 61 in.), as shown i n 
Figure 2. The glass tube was discontinued, and the explo­
sion chamber was b ored in the same steel block, at the end 
of the cylinder . It had a volume of ab out 95 cm3 ( 5 . 85 cl.:'. 
in.) and was closed at the end by a spark plug. In order 
to make it possib le to phot og raph the flalJls, a narrow slot 
was made the whole length of the exp losion chamber and 
hermetically closed by glass. 

Xhe carbureted mixture was introdu ced, in the liquid 
form , directly into the chamber by uti li~ing the suction 
pr oduced by the sudd en withdrawal of t h e pi ston. In order 
to approximate the conditions in an eng ine, the mixture 
was introduced t h roug h a nozzle wh ich was supplied, be fo re 
the test, with the desired qu~ntity of combus t ible. T~ e 

negative pressure produc ed by the inflow of air drew in 
the con ten t s 0 f the cap i 11 ar y tub e . (~' i g . :3 .) T l1 e m i :c­
ture consisted part ly of vapor a~d its h omogeneity was 
less perfect than in the precedi::1g cas e s, but t he events 
occur in a way more near ly con f or ming to actual practice. 

The te~perature of the mixtur e was s.own by a ther­
mometer introduced into the chamber just befo re t ~ e test . 

. _ ---------------_._-- ----_.-- ---- ---
* "E tude de la combu stio n des mela-lg es gazeux. II Publica­
tions Scientifiques et Techniques du ~in ist~re de l'Air . 
Service des Re cherche s de l'Aerol1autiq-,-:.e, pp. 51-6 6 . 

This Memorandum is supplementary to ~ . A .C.A. Technical 
Me morandums 547 a~d 548: Contri~ution to the Study of l or­
mal Burning in Gaseous Carbureted Mixture s. Parts I and II. 
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Electric heating wires surrounded the cylinder, making . it 
possible to raise the inside temperature to 180°C (356°F.). 
The compression was produced, as in the first apparatus, 
by a heavy ram, weighing 40 kg ( 88 lb.), which was raised 
from its position of equilibrium and allowed to fall free. 
lYe The ignition was accomplished by means of a spark 
plug, and the breaking of the primary circuit of the in­
duction coil was always controlled by the piston rod. 

In order to enable the !;lOasurement of the energy de­
veloped by the explosion, the ram was mounted on ball 
bearings, so that the height to which it was returned by 
the expansion was approximated proportional to the energy 
exerted. The maximum height was recorded on a plate coat­
ed with lampblack. (Fig. 4.) 

Tho film moved at the rate of 12 m (39.37 ft.) per 
second, its speed being controlled by an indicator. 

Duration of the Compression and of 
the Period of Rest of the Piston 

We considered it important to determine exactly the 
conditions under which the combustions wore produced, in 
order to show whothe r the results can bo compared with 
those obtained in an engine. It is necossary to know the 
duration of the compression and expansion, a~ also of the 
pause at the end of the stroke, which does not occur in 
an engine. 

For this purpose a long luminous slot was placed be­
hind the piston rod, so that it was totally hidden by the 
latter from a photograph camera placed in front. (Fig. 
5.) A hole in the piston rod transmitted a ray of light 
which formed a point on tho film. Tho film was mounted 
on a drum. When the piston was driven in by the r~m, this 
point moved on tho film along a generatrix of the drum, 
when the latter was at rest. ~hen the drum was turning, 
the motion of the piston was recorded on the film in the 
for m of a curve. 

Figure 6 is a record obtained in this way. Combusti­
b 1 e, II E s SOli; co mp res s ion rat i 0 r =: 7; in i t i al temp e r a­
ture ti = 60 0 C (140 0 F .). It is obvious that the com­
pression did not take place regularly. but by jumps. We 
~annot e~plain this phenooenon. The expansion, on the con-
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trary, was very regular. The curve bends at the instant 
the velocity ceased to increase. It may be estimated that 
the ti me of arrest at the bottom of the stroke was of the 
order of 0.01 second. During this time the combustion 
took plac e at const a nt volume and the flame was not affect­
ed by the motion of t h e piston. 

We considered it of interest to compare the top of 
t h is curve for different fuels. For this purpose we in­
ventod t h e magnifying devico shown in Figura 7. Two rec­
ords obtained with this dovice are shown in Figure 8. The 
fuols wero "Essoll and ordinary gasoline , r = 7 and 
ti = 148 0 C (29B.4 0 F.). No spark was required, as auto­
i gni tion was p roduced at thi s temperature wi th both fuel s. 
rho photographic paper moved at tho rate of 2.8 m (9.2 ft. ) 
per seco n d. 

From theso records we obtained tho following data by 
tak ing account of tho fact that tho points of tho curves 
situatod on the ordinato A AI correspond to the r:laximum 
penetration of the pist on. The p art of the curve abovo 
this ordinate reprosents an elastic d i sp l ac e ment of tho 
wholo cylinder under the influence of the thrust of the 
raD. Allowi :lg for the magnification, this deformation is 
about 4 em (0.16 in.). 

I IIEssOII 

?eriod of rest of pi stan at ,-----
bo t tom of s t r 0 k e (m ax. co m- i 0 • 85 
p ression) in thousandths of I 
a second. 

-,---­
: Gasoline J ._ .... __ _ 

0 .70 

Velocity of return of piston 
at e nd of 1 c m (0.4 in.) of 
e xp an s ion s t r 0 k e (p e r sec.). 

:1 m ( 3 • 28 f to) °1 • 4 m ( 4 • 59 ft.) 
I 

Remarks 

Velocity 
continues 
to in­
crease be­
low photo­
graph . 

i 

iVeloci ty seems 
to have reached 

, its maximum be­
fore bottom of 
photo. 
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It is evident f ro m these records and the above ta­
ble that the combustion, as judg ed by its effe cts, p ro­
c e e ded more r apidly with gas oli ne than with IE ssO." The 
time of combustion at constant voluee was a little less 
with the f ormer. The curves corresponding to the expan­
sion show that t h e maximum ve locit y of combustion WaS 

reached sooner with g asoline than with "Esso.1f 

We have g iven the rosults of the p reli min a ry tests 
to sh ow ho~ our devico differs fr om a roal en g ine. The 
velocity of the piston in our ap p aratus corresp ond s ap ­
pr oximately to the o oan velocity of the p iston i n an en­
gine r unning ' at 300 r,p. m. This is much slower than t h e 
speed of an ordinary engine running at full p ower, but 
ab out the saoe as that of a Diese l engine. Pev ert heless , 
wh e n fuels a re investigated in a s p ecial e n g ine, lik e the 
Armst ro ng, it is mad e to revolve a t a spee d of this order 
o f magn itude. The pist on is not arrested at the bo t t oJ.1 
o f its stroke in an engine, bu t i ts velocity is known to 
pa s s through zero at the dead center and to be soall in 
this vicinity . 

Consi de r ation of the Re su lts 

':h ,~ ~ Elcon d apparatus, which we have just described, 
gtves dis;placement r e cords of the f l awe si milar to those 
of tl:!e first appp.ratus, but they are not so uni f orm, due to 
the mixture being less h omogeneou s. With this apparatus 
+t would be di f fi cult to pl~ t c u rves like those in figure 
9 shQw;ing the effect of ,the ri chn e s s of the mi x ture, b e­
oau~~ tAe d~ffeDences betwe on two id ept ic a l tests are 
somet~mes gr6a~er than those due to p va~iation in t h e 
~i chn~s ~ Qf the fuel , Ono mi ght, of COUDsQ, obtain an 
aco pp~abt 0 De ~lUl t by rep ea. ting t h c te st s a.nd t alei l'lg the 
m~ a~ of t46 dat~ obtained , 

Data Tak en fro m Sev e ral Re,cords 

In order to mak e this p oi nt clearer, we will ive, 
in tabular form , the numerical resu lts of several s eries 
of te s t s. Although tests wer e Made with many hyd rocar~ 
bons, we wi ll confi ne ourselves t o t h e co op arison of tw o 
which di f fe r gr e a tl y as t o c o o p osition and results, name­
l y , ordinary gasolin~ and "b enzol 90" (benzene). Here are 
the char acteristics of these two fue ls: 
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S.G. Boiling point 

Ordinary gasoline (IlMotricine II) 0.728 31 to 200°0 

Benzol 90 (IIPari s gas II) 0.880 78 II 110°0 

and 90 per cent at 100°0 

During the tests, the richness of the mixture was always 
slightly greater than that of the theoretical mixture, 
because our previous tests showed that the combustion 
speed of such a mixture is the greatest, (See Table I, 
page 13.) 

Consideration of These Results 

5 

Oolumn 2 of Table I sho ws that succes~ve tests, un­
der as like conditions as possible, gavo the following 
variations for e duration of propagation. 

Gasoline 
Benzol 

4,8 < e < 7.2 } 
4.2 < e < 6.0 

in thousandths 
of a second. 

Moreover. it seems to follow from this table: 

1. That the combustion as a whole (from the instant 
of the spark until the instant at which the flame reaches 
the other end of the chamber) is more rapid for benzol 
than for gasoline. 

2. That the lag (time between passage of spark and 
beginning of propagation) is smaller for benzol than for 
gasoline. If this difference in lag is taken into account, 
it seems that the actual period of propagation is practi­
cally the same for both hydrocarbons. 

3. That both the lag and the difference in the dur&" 
t ion of the propagation increase, when the time allowed 
f or the formation of the mixture (called "delayfl in the 
table) decreases. 

We have stressed the importance of the discrepancies 
between two consecutive tests, in order to show that n6 · 
conclusion can be drawn from a single test and that any 
conclusion must be drawn from the mean results of as large 
a number of tests as possible. It is by proceeding in 
this manner that we have established the few following 
points. 
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Effect of the Initial Tempe r ature of the Cylinder 

It is interesting to consider first the effect of 
the temperature of the mixtur e on the mean propagation ve­
locity of the flame. Table II summarizes the results ob­
tained with several fuelS. The nuubers indicate the ti me , 
in thousandths of a second, required for the flame to trav­
or so t':l n 1 0 C In ( 3 • 93 in.) e xp los ion cham b e r • ( See Tab 1 e I I • ) 

The effect of the initial temperature is considerably 
below 50 0 C (122 0 F), the mean velocity doubling when the 
temperature rises from 15 to 50 or 60 0 C (59 to 122 or 140 0 

F) . Above this temperature the velocity does not seem to 
vary much. Th e combustion velocity of the heavy gasolines 
is greatly increased by the addition of benzol. The diam­
eter of the tubes seems to have no appreciable effect above 
15 mm (0.6 in.). Under those conditions tho volocities 
obtainod can be used in engino calculations. They make it 
possible to regulate the pist on stroke according to the 
combustion speod of t~o fuel. 

Eff ect of the Compo si t i on of the "Hxtur e 

Tho moan velocity of flan o propagation varies as the 
richness within the narroW limits of the richness used. 
The la~ is b reat in lean mixtures. In rich mixture the lag 
is zer o for benzol and of the order of one thousandth of a 
second for hexane. (See Table III, page 19 . ) 

Effect of Compression Ratio 

The effect of the conpression ratio on t he mean veloc­
ity of fla~e propagation was a lso investigated. The tost 
results are g iv0n in Table IV, page 19. 

The Shock and the Explosive Wave 

The first apparatus gave us no information regarding 
t h e exp losive wave, because we were never able to find it 
on the flame photographs. The second apparatus was con­
structed for the purpose of fi lling this gap . Despite the 
possibi lity of usin g the compression ratio of 7 and rais­
ing the temperature of the mixture to 115 0 C (239 0 F), the 
new a pparatus very seldom gave us the black streak sought , 
corresponding to the formation of the explosive wave. Nev­
ertheless, in an engine of the same piston displaceuent, 
knocking or detonati on occurred as soon as the compression 
ratio exceeded 5, the cylinder being cooled by a stream of 
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cold water. Under these conditions we were led to doubt 
that the knocking WaS produced by the explosiv~ wave and 
we have been investigating as to whether sone degree of 
discontinuity in the combustion of the fuels, easily pro­
ducing the phenomenon of the shock, may have a systematic 
character. 

We had noticed that the photographs given by the sat­
urated hydrocarbons (hexane, heptane, gasoline) showed 
discontinuities not shown by the photographs obtained 
with the aronatic hydrocarbons. If these discontinuities 
had any relation to the shock, it should be possible to 
increase them and to nake then nore and noro general in 
proportion:. as thoy are placed under corrditions r.loro favor­
ablo to the shock. For this purpose we con.ducted a lar ge 
nunber of tests (about 400), whilo varying nothodically 
tho expcrinoutal conditions, naDely, the tine for the for­
nation of tho nixturo, tho ignition tining, the richness, 
tho tonperaturo, and the cOi:1pression ratio. The folloHing 
is a sunnary of our conclusions. 

When, in genoral, the curve is co~tinuous and the 
darkeni~g which it outlines is proGressive and continuous 
for benzol and its honologues, there are very frequently 
discontinuities of curve and of dnrkoning for the saturat­
ed hydrocarbons which cause the shocks. Tho discontinuous 
records, however, do not soon to becone nore frequent in 
proportion as tho conditions are Dore favornblo for tho 
production of tho shock. Tho discontinuities noted are 
certainly indications of a less re gular conbustion and 
consequently of sudden variations in t h e engine power. 
Their frequency in a sories of tests enables the classifi­
cation of the fuels according to their fitness for this 
hi gh conpression ratio, but thoro is need of a noro pro­
cise and constant index. 

Elimination of Knock by Turbulence 

Ricardo noted the offect of turbulence on the disap ­
pearance of knocking and, in order to increase tho tur bu­
len ce in engines, he invented a cylinder head for produc­
ing turbulonce, as shown in ]'igure 10. Our test apparatus, 
in which the cylinder proper is separated fron the explo­
sion chanber by a pronounced constriction, likewise pro­
duced turbulence in the explosion chan ber. We repeated 
the previous tests, after appreciably increasing the dian­
eter of the constricted p assag e in the apparatus, so as to 
reduce the turbulence. We then obtained the explosive 
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wave easily and regularly at thG co npr ession r at io of 7 
and the i n itial tenperature of l 1 5 0 C (239 0 F). 

Records Obtaine d with the Exp losive Wave 

The explosive wave is char acter ized by a b lack streak 
on the record, which is form ed toward t h e end of t h e prop­
agat ion of the flame , as shown in ff i gure 11 and photo­
g raphs XXI to XXXVI I. l1e refind here the aspect of the 
pho t ograph s 0 b t ained by 'iii throw. Thi s asp ect of t h e r ec­
ord i s constan t, an d the pho to graph s obtained with benzol 
never sh ow this phenomenon. (Nos . I, II, III, for exam­
pl e.) 

Effec t of Temperature on the Records 

The app earan ce of this black st reak on t he record if 
the t est is mad e at a c onstant comp ression ratio a nd with 
gr a dual ly increasi ng temperature, indicates a temperature 
which is called t h e initial temperature of t h e explosive 
wave. I f the temperature cont i nues to be raised, it is 
found that the normal p ropagat ion n o long er re a c h es the 
end of the co mbustion chamber, bu t is p reviousl y inter­
rupted by the exp losive wave . The black streak on the 
record, which rep re sents it, become s more and more p ro­
n ounc ed as compared with the nor~al i nt ensity. By in­
creasing the h eat, a temperature is reached , l5 0-l 60 0 C 
(302-320 0 F) f~r ordinary gasoline, at which t he record n o 
longer shows n ormal propagati on, bu t only the spark and 
the exp losive \7 aVe (photograph No . X}:XVII). 

In Figure 11 we have tr ied t o represent the success­
ive pha s es obs ervod as the t emperature is raised. These 
phnse s are also shown on the pho t o gr aph s. If increasing 
quantit ies of t etraethyl lead are added to a ga soline 
which y iel ds, at 1 50°C (302 0 F), a r ecord of the type F in 
Figur e 11, one obtains successively all the records (E , D, 
C, 3 , A) in wh ich the d isconti nui t y of the d eto nation is 
decre a sin g ly p ronounced . To obtain this result, it is 
necessary to add only very small quantit ies of tetr~dthyl 
lead, of the order of 1/1000 of the volume of the g~so ­
li ne. Eve r y trace of an exp lo siv e wave c an thus be elim­
i nated . These additions do n ot seem to h ave any appr e­
ciable e ff ect on the ignition tempe rature, which affo rds 
a new p roof of the independen c e of these two pheno mena an d 
confirms the obs e r vations of Aube r t. P i gnot and Villey. 

· ' 
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Classifying Fuels According to Their Resistance 
to Detonation 

For a g iven initial tempe rat u re and compression ra­
tio, t h e quantities of tetraet h yl lead re qu ired to b e 

9 

added to a seri e s of fue ls to elimin a te d etonat ion Day 
serve a s a criterion of t h e ten d ency of t h ese fuels to d e t ­
on nte. Unfortunately it is n ecess a ry to t re a t very s mall 
quan tit ies with p recision and h a ndl e a p oisonous substan ce 
with pip e tte s , which is r athe r dan g er oa s. T~e refore this 
met~od o f classif y i ng fuels d oes n ot seem ver y practic a l. 

~e pr e fe r the following Deth od. A few pr eli o inary 
t ests det ern i n e t h e temperature at wh ich ono of tne fue ls, 
pr o suned to be of mod iuTI qualit y , y ield s a record showing 
t h e phase D or E in F i gure 11. The~ the whole s eri es 
of f ue ls is tested witho u t c hang i ng the conprossi on r at io 
or tenp e rature. Tho morc nor n al t he c or:lbustio n , t he less 
dotonating t h e fuel will be considered. I f on e or t wo 
fue ls of known det onat ing p owers, evalu ated b y oc tane nUD­
be rs, f or ex an p le, are interp olated i n the series, an oc­
t a no nur:l.ber c an bo at t ri bu t a d, wi t h ou t g r 0 a t 0 rror, for 
e a ch of tho f uels tested. 

The pho t o graphs s h ow records corresp onding to a se r ies 
of fuels pr evious l y classified wi th t h e a id o f a special 
engine. The d if f erences shown are consid er able fo r small 
di f f erenc es in tne octan e numb er. Photo graph s XXXIII to 
XXXVII corresp ond resp ectively to th e oct an e numbers 72, 
6 6 , 62, 57 , and 50 . 

I d entification of Fuels 

Sp ecial engin es g ive greater pr e c iSion than the pho­
t og rapnic me thod in determining the oc tan e number. Such 
ene i ne s c an g ive the oct an e n u mb er to within half a poin t, 
whi le t h e photographic met h od with our second appar atu s 
c an on l y g ive it to wit h in about two p oints. 

The photo g r aphic met h od, ~o w ever, g ives us a defin ite 
and incontestable record . A different p hoto g raph with th e 
sane appar atu s indicates a di ff eren t qual i t y o r fuel. The 
most i mp ort an t characteristics s ~l o wn by the photo gr aphi c 
records are the to t a l time of p ropagation, th e l ag and the 
be g i nn i ng of the det onati on . 

TIe would co nsider it of inte r es t to add to t h e off i­
cial description of a fuel snowing the specific gravity, 
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distillation cu~ve, etc., explosion photographa. taken 
with a standard ' apparat~$ at certain predetermined temper-

'0 0 d 0 (0 0 0 ) ature s, e.g •• 125 , 135 ,an 145 0 257 , 275 , and 293 F • 
~e believe the photographic method could be advantageously 
employed in some such way. 

Capital Importance of the Initial Temperature 

The effect of the temperature on the appearance of 
the photograph , when the conditions of detonation are ob­
tained, is considerable, as shown by photographs XXI to 
XA:(II, These photographs were obtained with six different 
fuels, a test being made with each at 145 0 C (odd-numbered 
pll0tograph) and at 136 0 C (the following even-numbered pho­
tograph). For examp le, phot ographs XXVII and XXVIII w~re 
obtained with the C.l.P. fuel at these two temperatures, 
the compression ratio being 7 and the richness 88 mm 3 / 

liter (1/11364) at the given temperature~ It was found 
that the violence of the detonation was decidedlY ~ore 
pronounced in the test made at the higher temperature. 
This statement also holds true for the other five paits 
of photo graph s. The phen~menon is perfectly systematic. 

The influence of the initial temperature on the deto­
nation records (but not on the othe~ records) is such that 
it is necessary to be absolutely sure of its value in the 
explosion chamber before the test. Above all, it must be 
very uniform. Thus far we have used electric heating 
coils and, if the results are inte~esting, we think they 
will be still better and that a g reater precision can be 
obtained in the identity of the records by improving the 
regular ity and p~eqision of the heating. 

Tests Now Being Made 

A third apparatus is now in use, in which the heating 
is effected by the circulation of hot oil around the cyl­
inder and exp lQsion chamber. The records obtained can, in 
fact, be classified with much great er precision. We have 
pr ofited by this new apparatus to approach still more 
closely the cpnditions encountered in an engine. The com­
bustion chamber is more compact, while retaining the nec­
essary gel'>metri~ shape, and the constriction is almost en­
tirelyeliminated, We ' think this appa~atus might consti­
tute a standard app~ratua for the identifications of which 
VIe have sp oken. The Service des Mat ieres Premieres de 
lIA~ronautique ' will henceforth employ this method fo~ test­
ing engine fuels. 

. . 
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SUlJil.1ARY 

This re~o rt not only presents watt ers of practical 
importance in the classification of engine 1uels, for 
whi ch other means have pr oved inadequate, but also wakes 
a few suggestions. It confirms the resu lts 01 Withrow 
a nd Boyd whi c h localiz e the explosive wav e in the last p or­
t ion s 01 the mixture burned. This b eing the case, it may 
be assumed that the g reater the nor mal combustion, the 
less the energy deve loped in the expl osive for m. 

In order to combat the d etonation, it is therefore 
necessary to try to render the normal combustion s wift 
and c omplete, as p roduced in carb-:J.reted mixtures contain­
ing b e nz e n e (benzol), in which the flame propagation, be­
ginn ing at the spar k, yie l d s a pro g ressive and pr o.nounce d 
darkeni ng on the pho t og r aphi c film. 

Je stated that the propaga tions of the ~ asoline and 
its constituents showed a considerable lag. The p rop a~a­
tion which follows the lag is di m and incoElp lete, after 
which one often observes a suddenlY increase d darken i ng 
(plloto g raphs VI, VI I, VI:I, IX). The explosive VrBve, 
d oubtless due to p eroxides which had ti me to for m during 
this delay to nor mal co mbustion , must ori g i nat e as the 
rupture of an 1.'.nstab le state, analo g ous to the crystalli­
zation of a supersatu r a,t ed li quid into whic~l a crystal is 
d ropp ed. 

The antidetonants , 01 wh ich tetraethyl lead is the 
mo st u owerful , enab le the attainment of b etter no r mal com­
busti~n , both in velocity (redu ction of the lag) and in 
comp leteness. ~ence the explosive wave cannot form (due 
t o the absence or s).all que.ntity of pe roxides) or, if it 
is for med, its p ower is diminished in prop ortion to t h e 
i n crease in the normal combustion . 

I n conclusion, we wish to exp ress ou r g ratitude to 
thos e who have aided us either materially or by t h eir 
cou nsel. 

Amon g the for:ae r we wish to acknovrle 6.g e t h e generos-· 
i ty of Insp ector Ge neral Se e u i n , Dir ec t eu r du Service des 
Recherc h e s de I' Aer onau t i que, a s a1 so o f -ene management of 
t~e Societd du Gaz de P a ris, ~h ich is an important source 
of national fuel s. 
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Among the latter, we wi sh t ·o express our g ratitude to 
Mr. Cotton. member of the Institute, and to Professor 
Mailhe and Villey of the Faculty of Sciences. 

Lastly, we wish to expTess our ' very particular grat­
itude to Mr. Aubert, who has ' follo wed ·these tests since 
1926 and 'who has often given ' us the moral sup p ort so much 
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G-.asoline 
Comnression ratio 

Temperature in cyl­
inder 

Atmospheric pressure 

Fuel i njected into 
cylinder per liter 
of cylinder volume, 
in mm 3 

Number of consecutive 
t ests a t one time 

Delay between begin­
ning of intake and 
compression (for ho­
mogeneity of mixture) 

Propagation time (in 
1/1000 sec.) for 
distance of 10 cm 
(4 in.) 

Me an velocity per 
second deduced from 
above figures 

Lag (time between 
spark and beginning 
of propagation) 

Rem ark s 

(ram x .03937 = in.) 

TABLE I 

~ 1 
1 

7 I 

I 
56

0 

I 
7 62 Hg I 

i 
i 
I 

127 mm 3 I 
I 

3 

6 min. 

I 
I i 5. 2 , 5. 3 , 5 . 8 , 

I 

I mean 5. 6 

1 8 In 

1, 1. 7, 2.6, 

mean 1.7 

All the photos i 
show disconti- I 

nuities of 
darkening 

I 

i 

2 

7 

762 

127 

8 

6 min . 

5,2, 4,8, 6.2, 
7.2, 5.6, 6. 3 , 
6.7, 7.2 

mean 6.0 

17 m 

1.2, 1, 3.1, 
3.5, 2.1, 1.9, 
2.6, 2 . 6 . 

mean 2.1 

Ha.lf the phO­
tos show dis­
continuities 

3 

7 

771 

127 

10 

1 min. 30 sec. 

7.5, 6, 5.8, 
7.2, 6 . 8, 7.4, 
6 . 6 , 5.7, 5 . 8, 
9 - mean 6 .8 

15 m 

3.1, 1, 3, 2, 
2.5, 3, 2.3, 
1, 1.3, 4 

mean 2.3 

Four photos in 
ten show dis­
continuities 

(mrn3 x .000061 = cu. in. ) (em x .3937 = in.) 

(m x 39 . 37 = in.) 
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Gasoline - ---- --

TewJera ture in cyl­
ind er 

Atmospheric pressure 

Fu e l injected into 
cylinder pe r liter 
of cylinder volume 
. 3 
1 :1 rr:m 

N~ber of consecutive 
t es ts at one time 

Delay between begin­
ning of intake and 
compre ss ion (for ho­
IT. ogeneity of mixture) 

Propagation time (in 
1/1000 sec. ) for 
di s t ance of 10 cre 
( 4 i n .) 

Me an velocity per 
sacond deduced frorr. 
['b ove figures 

LaG (time betwe en 
spark and beginning 
of -propagation) 

R em ark s 

TABLE I (Cont1d) 

4 

7 

63 0 

759 Hg 

5 

1 :-_,i n . 30 sec . 

4 . 7, 5 , 6, 
5 . 2 , 5 . 3 
mean 5 .2 

19 m 

1.2, 1, 2, 
1.1, 1.2 

mean 1 . 3 

Two phot os 
show discon­
tinuities 

I 

5 

6.4 

63 0 

770 

107 

3 

1 nino 30 sec . 

8.7 , 5 . 8, 9.2 

rr.eclll 7 .9 

13 m 

4.2, 1.9, 5 

r.lean 3.9 

tinuities 

6 

6 .4 

660 

764 

107 

8 

1 min . 30 sec. 

5 . 6 , 5, 4 .1, 
7.8, 4 .9, 5 . 7, 
13 .2, 5 .1 

mean 6.4 

1 6 m 

1, 1, 0 .4, 3, 
1.3 , 1. 5 , 5 .7, 
2.1 - mean 2 

HDlf the pho­
tos show dis ­
continuities 

-------- -------------~-------

Two photos J 
show discon-

________ L-____ . .-------- - ---

. 
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-------
Gaso l ine 

Co::r::J ression ra t io 

Teml).:.r[-1ture in cyl­
inder 

Atm0spheric pres sure 

Fuel injected i nto 
cyl inder per l ite r 
of cyl inder vo l ume 
in mm3 

Number of conse cut ive 
tests at one time 

Delay between begin­
ning of intake a.nd 
cOffipression (for ho­
mog~neity of mi xture ) 

Propaga.tion time (in 
1/1000 sec . ) ~fo r 
distance of 10 cm 
(4 i n . ) 

Mea n velocity pe r 
second deduced f r om 
a.bove figures 

Lag (t i me be t ween 
spark and begi nning 
of propagation ) 

Rem ark s 

TABLE I (Cont 1d ) 

I 
---- -----

7 8 

5 . 9 5 . 9 

66° 640 

762 Hg 760 

127 mm 3 11 6 

5 6 

1 min . 50 sec. 1 min . 30 sec . 

4 . 9, 5 , 4 . 9, 
8 . 8 , 6 . 8 
mea..l1 6 . 2 

16 m 

1. 6 , 1.7 , 1. 7 , 
3 . &, 1 

mean 1 . 4 

One photo 
discontinues 

5 .2, 6 , 4 . 4, 
6 . 5 , 6 . 8 , 6 . 7 

me n 5 . 9 

17 m 

2 .3 , 2 . 2 , 2. 0 , 
2 . 5 , 2 . 7 , 1. 9 

mean 2 . 3 

Two photos dis ­
continue 

9 

7 

102 0 

762 

6 sec . 

2 . 4 , 6 . 5, 11, 
7 .3, 7, 5 . 8 
mean 8 . 6 

11. 5 m 

6 . 5 , 1. 7 , 5.4 , 
4 . 7 , 3 . 7 , 2 . 2, 

3 . 7 

All the photos 
show a sudden 

f darkening af­
ter a very 
faint begin­
ning 
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Benzol ~O 

Compress"i on ratio 

Temper a ture of cy lin­
der 

Atmospheric pressure 

Fuel inj ect ed , er 
lit er of cy linder 
volume in mm3 

Number of tests made 

De l ay (fo r bomogene ­
ity before compres­
s ion) 

Propagation t i me ( in 
1/1000 second) 

Mean.ve l oc ity ~er 
second 

Lag ('be t ween spark 
and begi nning of 
propagation) 

R e mar Ie s 

I 

TA13I,E I (Cant I d) 
---------.. -----·-----r---· 
234 

7 

62 0 

7 62 Hg 

105 mm3 

10 

6 min. 

I 
i 

7 7 

759 759 

127 105 

5 3 

I 
1 min . 30 sec . 11 min . 30 sec . 

I 
i

l 
5 . 3, E" 4 .2 , 

4 . 5 , 4'. 2, 
i 4 .9, 4 . 6, 

13 . 9 , 4 . 6, 5, 

I
I 4 . 2 , 4 . 6 

mean 4 . 4 

5 .4',8 . 5 , 5 .1 

mean 6.1 
I 6 . 6 , 6 , 6 i 
I 

mCE:.n 5 .1 

, . 
I 
I 

.1 ; 
I 
I 
! 
I 

i 
i 

I 
I , 

20 m I 23 m 1 6 .5 ·m 

0 .7 , 1.3, 0 .2, i 0 . 4 , 0.6 , 0 . 5 , i 1.5, 3 .7, 1 
0 . 6, 0 . 7 , 1 , I 0 . 7, 0 . 6 i 
0 .9 , 0 . 5 , 1 , 1 I i 

mean 0 . 8 i mean 0.6 I me an 0 .2 

I' I 
All "pboto s showl Conti nuous . Only one dis-
continuo~s and II· pnd progress - ! continui ty 
lJro.'Sress 1.ve l i ve da}?k.en- II. 

darkening l i ng 

---------------~ 
___ . ___ .L 
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Compression ratio 

Temgera ture of cyl­
i lder 

AtmosQneric pre ssure 

Fuel injected ~er 
l iter of cyli nde r 
voh:uoe 

Numl-er of t es ts mac e 

De l a ' (f or howogene­
i ty 1- efore COITI­

pres 3i on) 

Prop3F,at i on time (in 
1/1000 sec.) 

Mean ve l oc ity (per 
second) 

Lag (between s~ark 
and b eginning of 
"9ropagat ion) 

R e rn ark s 

TA} 'LE I (Cont Ie:) -- t=;-.------r---------
._.-; ~ 

9 
------1----5~ 

9 
--l--~ -------

746 Hg 

127 rr.m 3 

5 

1 min . 30 sec . 

~) . 1, ~ " . 7 , ;:; . 8, 
::; . 5 , 3 . 8 
mor.n 3 . 4 

:,"·0 ill 

0 . 6 , 1, 0 , 0 . 6 , 
L,. 4 

:.18[;lTI 0 . 5 

ContinuouG and 
~l'ogl' e :3 s i ve 
d2,rl::eni :'lot; 

I 64
0 I 

I i 

96 

3 

1 min . 30 sec . 

5 . 1, 4 . 3 , 4 . 9 

r:'e:m 4 . 7 

1.7, 1, 1. 6 

nean 1 . 4 

Continu0"'J.s and 
protr essive 
cClrkenin, : 

i 
i 

I 

127 

3 

6 s ec . 

7 . 3 , 8 , 8 

r."je~ n 7 . 8 

13 m 

~~ . 5 , 2.2 , 2 . 9 

mean 2 . :1 

Two prr;toJ Shl)Vl 

dj scontiL'Ji tie s 

._- - ---'-_. ----- - --_ .. __ ! ._--- ---
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TABLE II 

Propagati on Ti me of Flame in Th ousandth s of a Secbnd ,-----
Te8peratur e of cylinder 

F u e 1 --1501----50-0- -' -- - - - -6-00'- ~;-o-oo 

______ ______ -+-____ --+ ___ ~=_ _ _.J~-------~__ 1-._-

Compres­
sion 
ratio 

Benzol 90 

Benzol (auto) 

Hexane 

Heptane 

(A 
I 

B 

C 

Light gaso1ines ~ D 

l: 
(B·,I 

Heavy gasolines )CI 

lD 1 

BI + 30'% benzol 

5 . 9, 7 

5.9, 7 

5.9" 7 

5.9, 7 

5 .9, 7 

5. 9 ~ 7 

7 

7 

7 

7 

8 3.3, 3.5 . 

8 

8 - 8 

( a) 

( a) 

( a) 

9 

9 

. 1 

5.5, 4.5 

4.2 , 4 

5 - 5 

. 5.6 , 7 

5 

5.5 

7 

6 

5.9, 7 ' 6 .7; 5 .6 

7 (a) . 15 

7 6 . 5 

7 16 

7 6 

5, 4.2 

4.6 

5 

5.1 

4 . 9 

4 . 1 

4.4 

I 
I 

D 1 + 3 O% _ _ b_e_n_z_o_.l _ _ -J... ____ ? __ . __ --1-._ . ___ . _ ___ J_~~~ ___ J ______ .L. __ _ 
( a) I gn i t ion imp 0 s sib 1 e • 
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TABLE III 
---------- - ----------_._.- ~-.----.---~--.-~-- . . __ .. .-- ...... - ----.-.-----.-. . --.~----

Te mp er 2. ture of cylino.er, 9 5°C (203 ° F) . Co rjp ressi 011 ra t i 0, 7 ·-------·1---·-----·--------· .. -·- --_.--.. ---------.-.-.-.---------.--.---.----.. -
Ric h ness Time of p ropagation t nro~gh 1 0 c m ( a bout 4 i n . ) 

. o f I of p ure gases , i n tLous an dt 21 s o r 8. seco Y.td 

( ~:~~ ~ t ~~ ~ e r r--B~~;--(-c:~I6)-----T---- --··~~·;;;,--;--(C~·-H:: ")"- ._.----
->--:Y.. __ lit- ----------- ._._--_ .. _--.. -... . -------. --- ._--

11 6 I 4 . 4 4 . 6 , 
1 0 3 3 . 4 4 . 2 

88 4 . 2 9 .1 

I 
I 6 r J 60 I . 0 

_____ . _ __ . ____ .L.-_._ . _____ .... _ _______ _ ______ _ 

8 . 6 75 5 . 9 

10.1 

TABLE IV 

l' em? e r a.tu re, 6l 0 C ( l il:l . SOF ) . Ric llll e ss of r:: i :-: tu r e, 1 27 m.ii liter 

----.. -----;~::. . r e Cl U ~~:;-;:~-; 1 a;:--'r-~ a~~ '-~:';:e-~~- .. ~~:;~~-~:~;~~~~ 
t o tr av erse e x~ losio n Gi :n i ne of p ropagu t i on , 
c h~~~er, ill t h ou sand t h s i n t h ou s a~d t ~ s of a 

r--"-.r ~. "-~'? ;~: :-;-:-:;,--s -i-;~ ,?o ll! -~-;-~-o---------
------r------... - - ..,.....------. - - -- --,--- ------.-----

--- --.-------l----.-~:~ ----~ .--?.---.-L-.--- . ...? .. ~--~---- .J------! - -.. '-.... --
I' I 

Ga soli n e I 5 .1 I 6 . 9 2 I 2 
I I 

Benzo l 90 I 3 . 5 I 4 . 7 I 0 . 5 ! 0 . 6 ___ J _ ____ . 1_ _ __ l _ . _________ L ____ .. ____ . __ _ 
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TAl?LE V 

Cond"iti QIJ,S unde~ Wh~ch the Photographs Were Obtained " 

Temper- Compression Richness in 1Cll'!13 

Photo- " .. of mix- ratio per 1i ter of 
graph F u e 1 ture cixture , 

; 

" " "" " degrees 
" . 

" " ---
I Penzo1 62 7 107 

II - - - -

III - - - -

IV Gasoline S 2 56 7 127 

V - 56 7 127 

VI - 100 7 127 

VII - 63 6.4 107 

VIII - 100 4.5 127 

IX Gasoline S 50 -5.9 140 

X Gasoline S-Benzol 50 5.9 116 
(mixture 70-30) 

XI Gasoline 50 5.9 116 

XII Hexane + 496 Amylene 50 5.9 116 

XIII Heptane 54 5.9 88 

4I'V Gasoline S 1 53 5.9 155 

XV Gasoline S 3 54 7 116 

XVI Benzol (auto) 15 5.9 191 , 

XVII Hexane 50 5.9 103 

XVIII - - - -

XIX - 15 - 191 

XX Hexane + lck Amylene 50 5.9 I 103 
- --
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1. Camera wi th 
drum inside 

2. Cylinde:r;­
surrounded 
by electric 
heaters 

3. Induction 
co11 

4. Ram 

~-..l...---""",,-__ -...:.A-=-· Esso gasoline 
( 103 mm 3 / 

l-1ter ). 
t= 148°C 

v= 2.86 m/sec 

A' 
.::-----=T- Ordinary gaso-

line (103 mmo/ 
li ter), t:: l480C 
v= 2.88m/sec . 

Fig. 8 Esso and ordinary gasoline. 

A B c D 

I . i 
I 

F G 
Fi g. 11 Variations in the record due t o rai sing the initial temperature . 
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r,~= " ,;, ,==. - . 

ctt-.--'-L~'~._;=1t50~?~~E~=~l~ilt~ I 
i.:..(~~.t-":"~~' _ • .......L-.,/ _ - ' ----. --

';~ 21~'CT'7"" j' .' 

f-.: . 381 rnrn . {; - -~ 
'" 100 
18 

Fig. 2 

Fig. 3 Device for cbtaining mixture 

Fig. 4 
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AI 
Fenetration 

of p i ston 

Fig. 6 

f 
( r-- -- ~ 

I · 
-____ Rev" l vi ng d.rum ------

lJ-- --­

%~---~ 

I ! 
l-<-.:-! 

--_ I ___ r- oL. ..., 
---~---r--j 

- - - - - - -- - -- '-----1--- I 
--- ~ 

Fig. 5 Device to record mot ion of pis t0n. 

{: 
I 
I 

Point of 
"b ending 

Iriston 
strolce 

I 295 mm 
I 
1 
1 

.J 

1 I ! -------"-------- ---,--
1 ; I 1 
k ---- 0 . 09 - - ->1< ->(-<----- 0 . 07 -->-1 
I I I I 

sec . 0 . 01 sec . 
sec. 

Ti mo 
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Head of p i s ton rod JI fJ ~J 

Fig . 7 

o 

Arc 
lamp 

Photo 

~ ~L3ens <_ Drum paper 
, --IT-

/ I~ LJ i'~--
I ! 

I i 
i -<. ... P-7f"<----- :pi --- - '1 

Magnifying device. The magnification i s given by the 
pI 

ratio 
p 

5 10 15 20 25 

Tims i n thousandths of a second 
Fig . 9 Cycl ohexane . Vel oc i ty of flrune front plo tted agai~st time in 

thousandths of a second . 

~?\ J.Y0~L:~: .. ~~, 
/ I . 

'l. ~ 
/:~- ---', :\f\'-; 7>. / 

" I I /.,,, " 
,,/' .--:1c.:..- /~ I " 

,~/' -=_.- ~< ' 
"". .J ,,..,, / I T / 
;> 1/ Ri~ardo cylinder 

head . 
Test apparatus 

Fig. 10 Comparison of Ricardo turbulenc e cylinder head 
and the test appar atus. 
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