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, ADVANCE RESTRICTED REPORT ~

RELATION BETWEEN SPAPK-IGNITION ENGINE KNOCK, DETONATION WAVES, AND
AUTOIGNITION AS SHOWN BY HIGH-SPEED PHOTOGRAPHY

By Cearcy D. Miller

SUMMARY

4 critical review of literature bearing on the autoignition and
detonation+wave theories of spark-ignition engine knock and on the
nature of gas v10rat10n9 associated with ccmbustion and knock results
in the conclusion that neither the autoignition theory nor tie
detonation-wave theory is an adequate explanation of spark-ignition
engine knock. A inock theory is proposed, combining the auvtoignition
and detonation-wave theories, introducing the idea that the detonation
wave develops in autoignited or afterburning gases, and ascribing -
¢omparatively low-pitched heavy knocks to autoignition but high-
pitched pinging.knccks to detonation waves with the nogsibility of ,
comblnat¢oqs of the +wo types of knock!

Analysis of five shots of knocking combustion, taken with the '
NACA high-speed motion-nicture camera at the rate of 40,000 photo-
graphs a sécond reveals propagaticn speeds ranging from 325C to more
than 5500 feet per second.\ The range of vropagation speeds from 3250
to more than 5500 feet per second is held to be consistent with the
p“ouobed combined theory but not with either the’ 31m01e aut01gn1t;on
theory or the simple detonation- -wave, theory. -

‘.
.

INTRODUCTION

Knock is one of the most serious limitations on the performance
of the present-day reciprocating aircraft engine. /Even in cases
where. it is not the vrimary limitaticn’ on performance, knock impgoses
the most severe reguirements upon the aircraft-engine fuel and limits

the quantity of fuel available for use in high-performenceg aircraft
" engines. Knock has been plaguing the designers and users of °par&—
ignition engines in general at least since 188C at whkick time Clerk
suppressed extremely violent kncck by use of water (reference 1). /
Knock has been the subject of intensive research by groups in various
countries for about 25 years.
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| , The past researches on knock have uncovered ‘an immense amount

| of information, not only concerning the basic nature of knock out

: . also concerning the question of whHat to do about it. The informa--

tion available on the basic nature of knock has led most writers,

| at least in the United States, to accept the antoignition: theory in

| preference to all others. (Though many w”*tevs ref'er to knock as

j "detonation,” they do not mean to imply that they believe knock is

caused by a detonation wave.) 'Only a few dissenters (references 2

‘ to 9) have questioned the adequacy of the autoig nition theory. The

j available information on what should be done about knock is outside

| the scome of this paper and is so well known as to need no review
here. The available ‘information is undcubtedly accurate as far as
it goes'and is so extensive that many practical workers with engines
and Tuels even discount the need for definite knowledge as to what-
knock’is. )

Aside from the Fact that any kind of knowledge concerning any
'pvocess of nature rare" »roves in the end to be of no practical -
value, some urgent reasons exist, for determining exactly what knock
is. Probably the most important reason is associated with the fact
that little is definitely known even about the harmfulness of Imock.
‘As will be shown in this paper, there .are probably more than one and
perhaps' even more than two phenocmena tnat are regarded as knock when
they occur in the combustion chambesr. In view of the possibility
that these phenomena may not all be harmful, it seems urgently
desirable to learn which are harmful and how to distinguish between
one of .the phenomena and arother. As was pointed out by Bosrlage
in 1938 (reference 6), the noise of knock cannoct be regarded too
seriously until the harm done has been demonstrated to be propor-
tional to the noise. In order to distinguish between the forms of
knock and to know which are harmful and which not, the logical first
step appears to ve that of learning what the phenowena are and under
what conditions the various phenomena occur.

Other reascns for seeking the true explanation of knock are the

possible saving of much labcr invelved in developing and testing

ideas based on a possibly false conception of the nature of knock, .
N the acquisition of additional fundamental knowledge concerning chemi-
‘cal laws that might prove useful in other fields, and the possibility,
however remote, that some new and simvler solutlion to the knock prob-
lem might be suggested. | !

. \ .

Next to autoignition, the-detonation-wave theory probadbly is
generally regarded as the most plausible of the many theories that
havé been advanced to explein knock. Though the author and coworkers
questloned the aqulauJ of the autoignition theory in references 7, 3
aqd 9, they offered no support for the detonation-wave theory in
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those papers. Later developments have led the author to believe,
however, that a detonation wave, or some phenomenon very much like
a detonation wave, actually is involved in the type of knock most
frequently encountered in the modern aircraft engins. Autoignition
also appears to be often involved in knock. This paper presents a
combined autoignition and detonation-wave theory based on a study
of NACA high-speed pho»ographs and of:the avallable literature con-
cerning knock )

The autoignitxon and detonation-wave theories ‘of knock are
actually in agreement in many respects. According to either theory
knock occurs only after the flame has traveled from the spark plug
through most of the fuel-air mixture at a speed ranging from below
50 feet per second to several hundred feet per second, depending
on engine epeed, fuel-air ratio, and a number of other variables.
This speed of SO to several hundred feet per second is a low speed
from the standpoint of tendency to produce shock; it is the normal
rate of dburning in nonknocking operation.  Again according to either
theory, the shock known as knock is produced by the sudden inflam-
mation of the end gas, the gas that has not yet been ignited at the
time knock occurs by the normal travel of the flame from the spark

plug.

If the end gas is considered as being divided. into a-very largs
number of extremely small cells or increments, it is clear that no
great shock will result from the burning of the individual increments
at widely different times, however fast the bturning of ‘each increment
may be, and it is also clear that shock will not result from the
s1multaneous burning- of all the increments unless each increment goes
through the burning process within an extremely small. time interval.
Shock will result, according to either theory, only if each increment
burns within a very small time interval and all increments burn at
the same time within a very small limit. . If these two conditions are
patisfied, then the end gas does not have time to expand during the
burning of the .increments and a high pressure is produced in the
end gas relative to the gas in the other parts of the chamber. The
subsequent expansion of the end gas sets up a violent vibration or
gystem of standing waves throughout the entire:contents of the com-
bustion chamber.-Such a system of  standing waves was shown to be '
the cause of audible knock, at least under certain conditions, by the
researches reported by investigators at M.I.T. and at General Motors
hetween 1933 and 1939 (referenceq 10,..11, and 12). . Slow-motion
pictures of these vibratlons taken at 40,000. photographs or frames,
a second were presented in 1940 (reference 13),

Ths only point of difference between the autoignltlon and det-
onativn theories -is in the means'of synchronizing the ‘ignition of
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the end-gas iﬁcrements, that is, the mechanism that causes all end-
gas increments to burn at the same tlme within a small enocugh llmlt
to caboe shock

"The argument presenting the synchronizing mechanism of the
autoigniticn- theory is as follows: FEach end-gas increment will burn
explos1ve1y when it attaing some certain combination of temperature
and -density -(or the equ1va1°nt of some particular temversture- den31ty
history, as suggected in reference 14). All ‘end-gas increments are
adiabatically compressed at the same time and at the sume rate by )
the experision of the burning gas behind the flame front. All incre-
ments of end .gas should. therefore reach the critical combination of -
temnerature and density at which they will explode at the same time.

In an analy81s of the synchron*zing mechanism of the auteoignition
theory, it should be considered that the compression of the erd aas
by the burning gases is accomplished by an infinite series of sound
waves. A given conditicn of tﬁmpelatare and density should therefcre
' 'be expected to travel through the end gas from the burning zons at
the speed - of sound. The cembination of temperature and density in
dany end-gas increment may be exvressed as some function F, g0
defined- that each end - pas 1nﬂrement will explode when F = F +3

the term & representing en element of uncertainty due to ravdom
variation in the behavior of the end-gas increments or to randem
inhomogeneities. The wvalue of F in each end-gas increment will

. incresse by ‘an amount equal to 28 in some time interval T . Now,

Cif T is POt greater than the order of the time interval T' requlred
‘for a sound wave to pasg through the unignited end gas,-then 1t should
be exnected that autoignition would take place as an explosive reac-
_tlon traveanq through the unignited end gas at least at the ‘speed of
sound It 'would not take place as » simultaneous reaction throughout
the énd“gas because the end-gas anrements nearer to the .normal burning
zong would reach the:condition F = Fopr 0 progressivelv~earLler than the
_ end-gas increments farther from the normal burning zone, The. -explosive
" reaction would constitute some kind of explosive wave, if not an actual
detonation wave. This wave might travel too slowly to produce shock and
4o be regarded as a true detonation wave. Obviousiy, however, the less
shock che wave Droduved ~the less the knocking sound heard outside the
engine, e

If T 1is assumed to be. much greater than the order of L
uhen autoignition should be expected to develop homopeneously through—
out the end zone because only an insignificant fraction of the end-gas
increments near the normal burning zone would reach the condition ‘
F = Fcr #® earlier than the end-gas increments far from the normal
burning zone; in general the increments far from the normal burning zone
‘would reach the condition F = F .#0  during the same period of time
" as the 1ncrements ‘near the normaf burning zone. ‘The pressure built up
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by the comiustion of the end gas, however, is relieved also by an
infinite series of sound waves. Consequently, if T is many times
greater thin the order of the time interval ™ required for a sound
wave to pass through the autoigniting end gas, the pressure in the

end gas would be relieved many. tlmes during the process of autoignition
‘and shock would not occur.

The magnitude of the time interval T apparently must lie
within a range somewhat greater than T' but not many times greater
than T" if knock is to be caused by a homogeneous autoignition of
the. end gas. Above this range of values for T no shock can occur;
below this range of values the autoignition must occur as something
similar to a detonation wave, and becoming more and more like a
detonation wave as the kmock intensity increases. (Knocks of dif-
ferent intensity can cccur with the same end-zone volume according
. to unpublished NACA photographic records.) The time interval T
i8 a variable for different stages of the homogeneous autoignition
precess and reaches a value much less than .during the later
stages of the process, The range of values of T greater than T!
but not many times greater than T" must, therefore, be quite narrow

Autoignition, either as a detonation wave or as a homogeneous
reaction with T slightly greater than 7', seems-a very plausible
synchronizing mechanism. Before it is accepted conclusively, how-
ever, the available evidence should be carefully studied as to
whethcr it actually is an adequate synchronizing mechanism. The
- evidence should also be investigated as to whether autoignition of
the individual ‘gas increments proceeds to completion within a short
enough time intérval to produce shock. A considerable amount of
evidence exists against autoignition as the sole cause of the stand -
ing wavos of knock on both counts, ag w1ll be dlSuussed in the later
T*cu'i:s of ‘this paper. : -

“ The synuh“on1z1nb mechanism postulated by the detonatlon-wave
theory is an -intense compressive shock wave that travels through
the erd gas at 'supersonic velocity. Fach gas .increment is ignited
probably by the combination of the sndden intense compression’
occurring in the shock front, the action of chain carriers in the
" shock front, and the radiation of heat from the shock front. The
entire combustion, or some definite stege of the combustion, of each
gas increment is Dresumed to occur in the shock front and to release
a large amount of energy immediately behind the shock front. The
enexrgy released by the gag increments 1mmed¢atmly behind the shock
front maintains the high pressure required to propagate the shock
front through the charge. .Such a phenomenon, being an.intense shock
wave, woculd obviously set up vibration of the gases. throughout the
combustlon chamber. . - .
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The photographs of knocking combustion taken at the JVACA labora-
tories at the rate of 40,000 frames a second have been dilficult to
interoret because of the focal-plane-shutter effect of the camsra
(reference 15). . During the year 1944 a qualitative consideration
occurred to the author, in a reexamination of figure 5 of reference 16,
which led him to believe that this figure shows something akin to the
development of a detonation wave as modified by the focal-plane-
shutter action. This qualitative consideration led to the develop-
~ment of a quantitative formula for determining propagation rates
from the high-speed photographs, the focal-plane-shutter effect
being taken into account. The quantitative formula could be applied
to only a small percentage of the photographic shots because of
the absence of necessary reference points in most cases. In five.
cages, however, where the formula could be applied it has given
knock propagation speeds as great as or greater than the speed of
sound in the burned gases.  The development of the formula and its.
application to the five cases, all taken from previous NACA reports,
are presented in the second part of DISCUSSION AND ANALYSIS.

The conclusion that knock, in at least five cases, involves a
disturbance traveling at the speed of sound or greater led to a
reexamination of the literatufre for evidence for and against both
_autoignition and detonation as the cause of knock. This examination
of previous literature, including the previous NACA reports, led to
the conclusion that both autoignition and detonation waves are
involved in knock. ‘The mechanism responsible for the imitiation of
the detonation wave has not been included within the scope of the
paper. The literature réview is presented in the first part of
DISCUSSION AND ANALYSIS. References are made, in general, only to
such literature as has a direct bearing on the arguments presented;
no attempt has been made to include a complete bibliography covering
the subject of knock. An attempt was made, in the conduct of the
review, to examine all photographic evidence available. The refer-
ences 1noluded in this paper, together with their own references and
‘bibliogravhies, should form a fairly complete bibliography with the
exception of possible work done during war years, which is not yet
available. - : -

'DEFINITIONS OF TERMS

Throughout the present paper the iollow1ng terms are uged with
the meanings 1ndlcated

knock - Any type of reaction occurring thhln combustlon chamber
contents and producing objectionable noise outside the engine but
not including the phenomenon of early combustion caused by too
early spark timing or by early ignition from a hot spot.

-
t
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e\p1081ve knock reaction - A specific reaction observed in NACA
photographs of knocking combustion, taksn at 40,000 frames a second,
usually appearing instantansous when the photographs are projected
at the norial rate of 16 frames a second and coinciding chrono-
logically with the onsst of gas vibrations as seen in the photo-
graphs. (This reac tion, being regarded as one form of knock,
will sometimes be referzed to simply as "knock" when the context
makes the meaning clear.)

flame front - The continuously changing surface that separates
uninflamed parts of the cylinder charge from the burning parts of
the charge that have been ignited by the advance of the flame
from the spark plug. )

autoingition - Spontaneous burning . in any part of the cylinder charge
not caused by a spark, by contact with a flame front, or.by con-
tact with a hot sgpet, and including not only the initiation of
burning but the entire process of burning resulting from the
spontaneous ignition. '

shock wave - An intense compressive wave, traveling through gas at
supersonic velocity, the front of such wave constituting an abrupt
increase or practical discontinuity in temperature, denoltJ, and
velocity of the gas.

detonation wave - A typs of wave often observed in long tubss con-
sisting of a shock wave traveling through a gas or a gas mixture
and causing a reacticn of the gas in the shock front, such rsacticn
releasing energzy immediately behind the shock front, the energy so
released serving to maintain the.pressure needed bohlnd the shock
front to propagate the wave.

DISCUSSION AND ANALYSIS
Argument for Combined Autoignition and Detonation-Wave Theory of

Knock Based on Published Work of Various Investigators

The autoignition theory. - The autoingition theory of knock
was suggested by Ricardc in 1919 (reference 17). Two years later
Woodbury, Lewie, and Canby of the duPont laboratories (reference 18)
vresented streak photographs of combustion in a bomb, taken by the
method of Mallard and Le Chatelier (reference 19), and drew conclu-
sions favoring the autoignition theory. These duPont investigators
seem to have rxgarded the detonation-wave thecry as the one having
‘had general credence up to that time. From an analysis of their
streak photographs and from consideration of various facts reported
by previous investigators they concluded that '"the possibility of det-.
onation under such conditions fconditicns existing in the engine cyl-
inder| appears exceedingly remote." After mentioning that detcnation
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is set up in a closed cylinder of emall dimensions only with great
difficulty they further stated: "On the other hand, autoigniticn
of the high-density gases ahead of the flame front occurs over a .
wide range of fuel mixtures and conditions [in their tests] and
gives a sudden developmeni of pressure similar, in our opinion, to
that characteristic of a knocking explcsion. It is possible that
this autoignition may set up detonation[ a detonation wave] in somé
cases,; thereby acting as an intermediate stage in knocking. = Our
experiments have not been carried to a definite conclusion, and
present data do not warrant presentation of sutoignition as a
positive explanation for knocking., It is our feeling, however,
that information at hand favors wore strongly the theory of auto-
ignition of the high-density gases anead of the flame front than
that of detonation [the detonation wave] ."

_ In 1936 Withrow and Rassweiler (refererice 20) presented somwe
excellent photographs of knocking combustion that showed the develop-
ment of autoignition in the end gas. Taese .photographs, taken at

the rate of 2250 frames a second, greatly increased the already’
existing confidence in the avtoignition thecry. They were taken at
too low a rate tc show a detonation wave, however, even though such

a wave. might actually have occurrsd after the autoignition that

vas photograrphed.

The autoignition theory, with the additional assumption of.
prasflame chain reactions, has the advantage of explaining and corre-
lating many of the known facts concerning knock. During the periocd
1939 to 1945, however, urgent need for a modification of the simple
autcignition theory of knock has been shown by photographs of
knocking combustion taken at the rate of 40,000 frames a second
with the NACA high-speed motion-picture camera. The first of these
photographs, presented in 1940 and 1941 (references 13 and 16),
showed a reaction completed in 50 microseconds or less. The zuthors
believed that this reaction was the true knock reaction because they
could see :in the prrojected motion pictures that this resction cccurred
at the same time as the beginning cf the violent vibration of the
gassg, which by then had come to be regarded as an indication of knock.
Later NACA tests (reference 8) showed that this extremely quick reac-
tion d4id occur simultaneocusly with the beginning of the vibratious.
Serruys had Previously concluded that kmock generally occupiss a time
interval less than 100 microseconds in reference 21 and, on a basis
more in harmony with the standing-wave concept of knock, in refer-
ence 22. Considerations presented in the present paper have caused the
author to abanden the exclusivensss of the concept "truesknock reaction."

The reaction will hereinafter be referred to as the "explosive knock
reaction.
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The need for a modification of the sutoignition theory of
knock lies in the fact that the evidence available in the literature
indicates autciguition requirves for its completion a time interval
of an entirely higher order than the 50 microseconds involved in
the explosive knock reaction, even under conditions of severity
approaching thoge of the modera aircraft engins. The previously
mentioned photographs of reference 20 clearly show brightly luminous
autoignition occupying a time interval of the order of 10CO micro-
seconds. High-speed photographs presented in referénce 9 have shown
autolgnition flames slowly provagating thémselves from point to
point throughout the end gas before the m”plosive knock reaction
occurs; and another high-speed photograph in reference 16 has shown
autoignition developing slowly and simultansously in all parts of
the end gas before the occurrence of the explosive knock reaction.
The autoignitions shown in the photograpiis of references 9 and 16,
rreceding the explosive imock reection, occupied time intervals
ranging from S00 to 1256 micrecssconds. Streak phOLog raphs vsre pub-
lished as early as 1911 by Dizon and coworkers (re fercnces 23 and
24) showing slow autoignitios in glags tubes yesulting from quick
compression. This autoignition progressed at a rate comparable with
the rates of the autoignitions shown in r:fcrences 9, 16, and 20.

The evidonce showing that autoignition occupies a time interval
of a higher order than 50 microseconds is not the only reason for
believing simple autoignition to'be an inadequate explenation of
kneck. Many inveestigations have shown that auteignition can occur
without causing merked gas vibrations, which are probably the best
known characteristic of knock in the present-day sparik-ignition
engine. These gas vibrations, if they occur, are vigible in streak
photegraphs taken by the method of Mallard and Le Chatdlier{{refer-
ence 19) as a series of bright bands extending across the pqoiobrdvh
in a direction perpundiculer to the direction of film movement.

The gas vibrations also cause oscillations in pressurc-time records.

Some excellent streak photographs prcsented by Withrow and Boyd
(reference 25) are examples of nonvibratory autoignition in the
engine cylinder. These General Moctors investigatore stated that
both the nressurc-time reccerds and the fiame traces show that the
autoignition requived 20 tc 59 of crankshaft rotation { 400 to
1000 microseconds) for its complotion. Figurss 11 to 16 of refer-
ence 25 clearly show the flame front traversing the greater part

the chamber at the normal rate and snow the ond gas then being
consumed at a much higher rate. All of these figures except fig-
ure 14, however, reveal not the slightest indication of gas vibra-
tions. It is diificult to conclude from the printed picture of
figurc 14 whether there is any evidence of vibrations. Morcover,
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the prossure-time records of f'igures 1l to 16 show no evidence of
gas vibrations. Though audidle gas vibrations probably did not
oceur in the tests of reforeuce 25, some kind of disturbing noise
surcly must have occurred, as is discugsed in this paper under
Detonation-wave and autolgnition theories combinod.

The authors of rofercnce 2% did not comment on the absence of
gas vibrations, Up to about tho time of the writing of that paper
(1931). gas vibrations do not scem to have been regarded as a
usual featursc of knock, The only recognized criterion of knock as
seen in pressurc-time records appears to have becen simply a shgrp.
increase in the rate of pressurc rige. In 1932 Rassweilor and
Withrow presented in roference 26.stroak vhotographs clearly snow;nq
the gas vibrations; and in 1934 they showed that the vibrations as
seen in the nhotographs coincided, cycTQ by cyo)o, with Pluﬂtuatlons
ahown on the progsure-time records (rutcrbncc 11).

Woodbury, Lowis, and Canby in 1921 4id noh regerd “the gas
vibrations as being aBsociatod with knock, for in the previously
quotcd pascage from reforence 18 theoy ooncludcd on the busis of thoir
own experimonta that autoignition of the higk-density gascs ahcad of

the flame front gives a sudden dovelopmeont of presourc gimilar, in

their opinion, to that characteristic of o knocking explosion. The
pressurc-time traces prescnted in reforence 18 for the cases of
autoignition referred to showed, in goneral, no gas vibrations but
only a sharp incresse in rete of pros ure rise ncar the end of com-
bustion. Almoet withoub exception the strcak photographs also

showed no trace of gas vibrations; the cxception was with ether-air
mixtures. With initial temperature of 15 0° ¢ and initial pressure

of 65 pounds per square inch neither the flame trace nor the pressure-
time trace for an ether-air mixture showed any sign of gas vibrations,
whereas with the same initial temperature and witlh initial pressure-

‘of 75 pounds per sqguare inch both the flame trace and the pressure-

time trace showed the gas vibrations with agreement in Tfrequency.
The change that occurred in the phenomena studied in a bomb by these
investigators, when passing from 65 pounds per squarse inch to

75 pounds per square inch with ether-air mixture at 150° ¢, appears
to correspond to the change in the recognized criterion of spark-
ignition engine knock that developed in the early 1930's.

No particular note appears to have been made in the literature
of the change in the.recognized criterion of kiock that developed
in the early 1930's. Sufficient data do not appear to be available
at this time to explain the change or to indicate whether it was &
real change caused by altered engine design and altered fuels or an
apparent change' developing with the securing of more extensive data.
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In 1939 (reference 27) Boyd compared a streak photograph of
autoignition without gas vidbraetions (fig. 10 of reference 27, same
ag fig. 16 of reference 25) and a streek photograph of autoignition
with gas vibrations (fig. 12 of reference 27, same as fig. 10 of
reference 26). FHe very reasonably regarded the case of figure 12
as involving a much more violent knock than the case of figure 10,
Examination of figures 10 and 12 of reference 27, however, discloses
that the end zone was of nearly the same size in the two cases at
the time the autoignition, or ¥mock, occurred. The comparison ,
therefore indicates that the violence of knock or at least the vio-
lence of the gas vibrations is not dependent on the size of the
autoigniting end zone. Morecver, NACA high-speed photographs
have shown plainly visible ges vibrations. in cases whers the end
zone, 1if' any existed at the time of start of the gas vibfations,

. w?s too small even to be seen in the photcgraphs (references 7 and
8).

_ Other streak photographs showing sutoignition without trace of
gas vibrations may be found in reforences 28, 29, and 30, The most
striking examples of thia phenomenon, however, are to be found in
the work of Duchéne (reforence 31). In this work many streak photo-
graphs are presented of ccwbustion, with spark ignition, in a bomb
equipped with a piston providing compression by a blow from a heavy
pendulum, Many of these flame traces show a sudden darkening
extending entirely across the trace, which Duchéne consldered as
indicative of & detonation wave. Only three of the records, however,
2l, 35, and 36, show any trace of gas vibrations. In most cascs the
darkening is quite diffuse instsad of practically ingtantaneous, as
it should be if caused by a detonation wave. The records all dis~-
tinctly show slow autolgnition preceding the sudden darkening. The
fraction of the total chargs Involved 4n the nonvibratory autoignition
in the different rocords covers the entire rangc from near zero to
practically the entire charge. Gas vibrations should not, of course,
be expected from simultaneous autoignition of the entire charge at
constant volume. Records 23, 28, 29, and 31 of reference 31, how-
ever, clsarly show autoignition of about half the contents of the
chamber without any trace of vibrations.

The inadequacy of simple autoignition as an explanation of the
pPhenomenon of knock has been clearly recognized by some investi-
getors. In 1928 Maxwell and Wheeler (reference 2) reported fre-
quently observing autoignition flame, with 50-50 mixtures of pentane
and benzene in a bomb, starting from the far end of the cylinder and
progressing back to meet the spark flame. They reported that explo-
slons in which this phenomenon occurred were no louder than usual
and that the pressure records showed no unusual features. They con-

Cluded: in consequence, that such an ignition of unburnt residual
. .
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-

mixture is not likely to be the cause of a "pinking" explosion in
an engine cylinder. The same inveéstigators, in reference 3, stated:
"our objection to the 'autoignition' theory is that, when such
ignitions occur during an explosion in a closed cylinder (e.g.,
Figs. 2 and 5), the explosion is no more violent than in their
absence. Morcover, what we have termed a 'pink' in our cylinder,
because it so clossly resembles the pink in an engine cylinder, is
obtained most commonly without the occurrence of 'autoignition'.”

In 1935 Egerton, Smith, and Ubbelohde (referecnce 4), in dis-
cussing the work of other investigators, stated: "'Autoignition, '
i.e. ignition in a region of the gas prior to the arrival of the
flame front, was observed both in the knocking zone and elsewhere,
but does not necessarily give rise to the knocking type of combustion,
though it was supposed that the high rate of combustion in the
knocking zone was due to autoigaition within:it." =

In 1936 Boerlage (reference 6) in discussing the results of his
own streak photographs stated: '%What'surprised us, however, in the
results obtained with the test engine, was the relatively slow
character of the combustion due to autoignition. The development
of the second center of ignition was at all points similar to the
progression of the primery fleme due to the spark. The 'gimultaneous’
combusticn of the 'end gas' which we have believed responsible for
the knock, thus secems to be reduced to the rather calm development
of a sccondary center of ignition." FHe further stated: ". . . the
velocity of the secondary flame front is practically equal at each
instant to that of the primary flame front. We have never becn
able to make out any specd cqual to the speed of sound, but at most,
speeds of 150 meters per second, and these only in the case of exces-
sive dstonation [knock|. In the case of slight detonation [ knock]
the speeds do not attain even half this figure. . . . The pressure
diagrams show only moderate pressure rises, and this is still
another indirect proof of the fact that the speeds of the flames are
relatively low and remain much below the speed of sound. We have
not Su%ceeded in demonstrating the existernce of extreme locel pres-
sures. -

The investigations mentioned have shown beyond possible doubt
that autoignition can, and in many cases actually does, occur too
slowly to cause the gas vibrations characteristic of kmock. This
fact does not prove that autoignition cannot, under any conditions,
occur quickly enough to cause the gas vibrations. It does, however,
preclude the possibility of regarding the occurrence oOr nonoccurrence
of autoignition as a criterion for the occurrence Or NONOCCUrrence
of the type of knock characterized by gas vibrations. A different
criterion must be sought, either the occurrence of autoignition at

a rate above some critical value or the occurrence of some other
phenomenon,
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Indeed the criterion of autoignition at a rate above some
critical value seems to be precluded by the NACA photographs of
references 9 and 16, for in thesec cases slow auwtoignition was seen
to occur, followed by the much faster reaction that set up the gas .
vibrations. In this connection it shculd be noted that some inves-
tigators (references 14 and 32) have regarded the apparent auto-
ignition shown in reference 16 as a preflame reaction. The slow
apparent autoignitions shown in reference 9, however, are more
difficult to explain as preflame reactions because they propagate
themselves frow peint to point in the same manner and at about the
same speed as a normal flame.

The available literature, as reviewed in this section, points
to the conclusion that some phenomenon other than simple autoignition
must.be sought as the cause of the gas vibrations ass001ated with
knock in the modern spark-ignition engine.

The detonation-wave theory. - The occurrence of a detonation
wave in a bomb or-a knocking engine is not supported by any such
abundance of direct experimental evidence as the occurrence of auto-
ignition. This fact is, of course, readily explained by the con-
sideration that the detonation wave, being a meny times faster
phenomenon than autoignition, requires very much more powerful
methods for its detection. A very important consideration in favor
of the detonation wave as the explanation of gas vibrations is the
unguestionable fact that it would cause gas vibrationsg if it did
occur, whercas it has been shown that simple autoignition does not
necessarily cause the wvibrations when it occurs. :

Many writers have long been strongly opposed to the detonation-
wave theory of knock, principally because it is very difficult to
get up detonation waves in containers as small as an engine cylinder,
or indeed in hydrocarbon-air mixtures at all, and because many varia-
bles have wlike effects on the tendency of a combustible charge to
knock in an engine and to develop a detonation wave in a tube.

In 1936 the Russian 1nvestlﬁators Sokolik and Voinov (refer-
ence 5) furnished direct experimental evidence of propagated com-
bustion, as contrasted with the concept of simultanecus autoignition,
traveling through the‘end zone in a knocking engine at the correct
speed to be regarded as a detonatiocn wave. This evidence is in the
form of streak photographs for which a sufficiently high film speed
was used to resolve the slope of the luminosity front developed by
the detonation wave. It 1s unfortunate that this work has not, in
the past few years, reccived more careful consideration. The photo-
graphs of Sokolik and Voinov were taken through a narrow window
extending across the combustion chamber in the direction of the
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flame travel. The results show the flame traversing the greater
part of the chamber at & mean velocity usually less than 20 meters
per second, then traversing the remaining part of the chamber at

a velocity of the order of 200C meters per second.

The photographs of Sokolik and Voinov are, of courss, open to
the criticism that they show the perfoimance of only a narrow zone
in the combustion chamber. For this reason, the illusion of a
detonation wave traveling at 2000 meters per second could have been
caused by a much slower autoignition traveling through the end gas
at a conslderable angle to the visible zone. Such an illusion

* should not be expected to be consistent throughout many records.

The authors of reference 5, however, do.not state how many records
they studied.

NACA high-speed motion pictures of knock (references 7 and 8)
have suggested that the explosive knock reaction does not neces-
sarily originate in the flame front but that. it originates at random
anywhere within the normwal flame or the autoigniting end gas. For
this reagon NACA investigators lave been slow to accept the results
of Sokolik and Voinov as having general validity, suspecting that
gome difference in. test conditions may have caused a type of knocklng
phenomenocn to occur in their work different from any knocklng
phenomenon that has been found in the NACA investigations.

Intermediate flams velocity. - Intermediate between the slow
autoignition found by various investigators and the detonation-wave

. velocity determined by the authors of reference 5 is the finding by

Schnauffer (reference 33) of a speed of 265 to. 300 meters per second
for the travel cof a flame through the end zone in knock. Schnauffer
made this determination by means of ionization gaps mounted in dif-
ferent parts of the combustion chamber. The ionization current
across the successive gaps was amplified and used to light neon
bulbs. The time interval between the lighting of the successive
bulbs was measured by the record of the bulbs on a photosensitive
drum rotating at high speed.

Flame travel at 265 to 300 meters per second through an end
zone 2 to 3 centimeters long would be almost fast enough to satisfy
the 50- ~microsecond limitation imposed by the photographs of refer-
ence. 16, and such a rate of  flame travel might therefore very well

‘be regarded as = satisfactory'cause of the explosive knock reaction.

Note should be made, however, that the speed of 265 to 300 meters
per second has not been verified by other investigators. Schnduffer
did not indicate how many ionization gaps were uged in the actual
knocking zone to determine the velocity of 265 to 300 meters per
second. Exumination of the pattern of the gap locations as shown
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in the figures of reference 33 indicates either that the velocity
was determined from the time interval between ionization of only

two gaps or that the distance over which the velocity was measured
was much greatér than 2 or 3 centimeters, in which case the
50-microsecond limitation was not satisfied. Measurement of rate

of flame travel on the basis of the time interval between ionization
of two gaps would not be valid in case of any type of greatly accel-
erated reaction in the end gas. In such a case the normal flame
travel througn an indeterminate fraction of the distaence between

the last tvo gaps would be erroneously treated as the flame travel
across the entire distance; the resuit would be a meaningless
velocity. : ’ .

In reference 33 Schnauffer showed oscillograph records of the
jonization curvents. produced both by the normal flame and the knock
reaction in the end zone. The oscillograph records for the two
types of combustion look very much alike. Hastings (reference 34)
'has shown, with the vibratory typge of knock, that the total time
interval throughout which ionization currents are measurable in
the end gas is only a small fraction of the time interval through-
out which the ionization currents are measurable in the earlier-
burned parts of the cylinder charge. The similarity in the oscil-
lograph traces of Schnauffer's work therefore indicates that he
wags dealing with simple autoignition, not vibratory knock.

The nature of @as vibraticns. - Many investigators have shown
the occurrence of gas vibrations in bombs and in engine cyiinders,
both by photography and by pressure-time records. When the vibra-
tions were Tirst observed on indicator records, the question was
raised whether they were .not natural vibrations of the indicator
get up by the blow of knock. Undoubtedly in many cases of simple
‘autoignition this explanation was correct. In this connection the
observation by Schnauffer in 1931 (reference 35) is of interest.
With the ionization-gap method he found apparently simultaneous
ignition of end gas amounting to approximately 50 percent of the
entire cylinder charge; the indicator record 'showed no vibrations
but only a sharp increase in rate of pressure rise. Schnauffer com-
mented: "Figures 4 and 5 show that with a pressure indicator suf-
ficiently free of inertia it is very well possible to record -the
knocking blow without the appearance of presgsure oscillations. It
is thercby demonstrated that the oscillations are not pressure
oscillations.” When Withrow and Rassweiler in 1934 (reference 11)
showed a precise agreement between the oscillationg recorded by
an indicator and the bright bands on a streadk photograph of the com-
"bustion, it was no longer possible to doubt the validity of the
vibrationa recorded by the bestindicators.
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Examination of the putlished records of gas vibrations in
bombs and in engine cylinders reveals that with couparatively slow=-
burning mixtures such as are used in the spark-ignition engine
thsese vibrations are generally of two types: with the first type
the first cycle of vibration recorded has a larger amvlitude than
any of the later vivratione and the decay of the vibrations is
gradual; with the second type both .the build-up and the decay of
the vibrations are gradual. A detonation wave, by definition,
would cause the first type of vibration but not the second. With
antoignition ruled cut as a cause of the first type of viktration,
the detonation wave is probably the only known physical phencmenon
that could cause it. This type of vibration w1]l therefore be
referred to hereinafter, for convenience, as the "detonation-wave"
type of vibration. Among the many investigations that have shown the
detonation-wave type of gas vibration in bowbs or engins cylinders,
either photographically or by means of pressurs indicators, are
those of references 5, 7, 8, 11, 16, 18, 22, 26, 27, 30, 6 (fig. 6),
37, and 38.

"The type of vibration having a gradual build-up obviously
requires a grzdnal fesding in of energy over a.period of many cycles.
This gradual feeding in of energy could occur only if the vibrations
themselves affected the local rates of combustion, or ensrgy release,
in-such manner as to spesd up.the combustion in the high-prsssure
regions relative to the low-pressure regions: Such an effect would
cause any slight accidental vibration to become self-amplifying.

The cause of an accidental vibration is not herd to find. Ignition
“at a point in a vessel will unaveidably send forth a pressure wave
which, after reflection frcw the far wall, will return to the point
of ignition and may speed up the combustion upon its arrival.
Souders and Brown at the University of Michigsn (reference 36) found
that a very pronounced occurrence of this type of vibration could
be eliminated by shortening their spark commutator contact so as to
decrcase the intensity of the pressure disturbance at ignition, The
type of gas vibration having & gradual build-up will be referred to
hersinafter as the "vibratory-combustion" type of vibration. . 4

~

The possibility, of course, exists that the inertia and damping
characteristics of .a pressure indicator might cause it to indicate
a gradual build-up of vibrations even though the gas vibrations
actually were of the detonation-wave type, particularly in cases
where the vibretion frequency is nearly the same as the natural fre-
quency of the indicator. The failure of such spurious records to
occur in practice, however, is indlcated by the fact that all the
records to be found in-the literasture fall very digtinctly into the
detonation-wave or the vibratory-combustion type; there is apparently
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no middle ground. A middle grourd would be expected when the
detonation-wave type of vibration is modifisd by a pressure indi-
cator with only slightly too much inertia to prodlce a faithful
record.

The vibratory-ccmbustion type of vibration, as should be
expected, generally cccurs in fairly long cylindrical bombs; in
which the natural frequency is cummaratively low and the total
time of flame travel is comparatively long. Under such conditions
this type of vibration may occur without any evidence of autoig-
nition, hot-spot ignition, or any other type of combustion except
the normal flame from the igniting spark, as in the previously
mentioned work at the- University of Michigan (reference 36,
rigs. 5, 7, and 13).

Gas vibrations of the vibratory-combustion type in bombs have
algo been shown by Hunn and Brown (reference 39), ¥irkby and Wheeler
(reference 40), Lorentzen (we¢3r01uu 41), Duchéne (reference 31),
Wawrziniok (reference 42}, and Koc chling (reference 43). The photo-
graphs of reference 40 show how ths vibratory combustion requires
a borb of considerable length. In reference 41 Lorentzen pointed
out that the vibrations, which he appurently believed were caused
by the same phienomencn g knock in the engine cylinder, could not
have been caused by detonation because they set in before the
attaimpent of maximum pressure. The vibrations of refercnce 31
(rucords 21, 35, and SF) are of barLI ular interest because they
developed long after the charge had been completely inflamed, yet
they appear to have been duilt up gradually. The work of refer-
ence 42 showed gradual build-up not only of the vibrations in a
bomb but also of the air vibrations outside a knocking engine. It
is pessible, howover, that the forced vibrations of the engine walls
built up gradvually even with a detonation-wave type of gas vibration
in the combustion chamber. The gradual build-up of the alr vibra-
tions in this case was very rapid as compared with the build-up of

he gas vibrations in the bomb; in fact, this cage seems to be the
middle -ground that is lacking in indicator records exposed dirsctly
to ges vibrations within the combustion chamber.

* The work of Maxwell and Wheelsr (references 2, 3, and 44) seems
-unique in the fact that they appear to have encountersd both vibra-
tory combustion and the detonation-wave type of vibration in the
same explosion, the one occurring just befors the end of the flame
travel and the other Juet after the flame front reached the far

wall of the bomb, There seems to be no reason, however, why the

tvo types of vibration should not occur,one after the cther in the
seme cowbustion cycle. Morsover, two independent vibrations each

of' the detonation-wave type can be set up one after the other in the
same combustion cycle, as was shown in reference 9.



NACA ARR No. E6C22

18 .

The very excellent astreak photcgraphs by Paymen and Titman
(referecnce 45) are probably not pertinent to the present discussion
because they involve only much faster-bwming mixtures than are
ordinarily-used in spark-ignition engines. Inasmuch as Dressure -
time records are not included with the Photographs of reference 45,
any discussion of the type of vibration set up by. the phenomena
shown in those pictures would be only speculation.

Detonation-wave and sutoigrition theories combined. - The fore -
going discussion clearly indicates a need for some kind of combination
of the detonation-wave and autoignition theories of knock, inasmuch

as the occurrence of both autoignition and an apparcent detonation wave -

has becn demonstrated in the knoclking engine. The combined theory
proposed herein requires an affirmetive decigion on the controversial
question-as to whether afterburning takes place in a volume of gas
for a coansiderable Vvime after the flame {ront has rassed through

that volume of gasg, or after the entire volume of gas has beconms
inflamed through antoigniti.n. For the purpoge of this discussion
"afterburning” will be understood to mean continued oxidation of
combustible ur any other reaction that causes continued gpontaneous
expansion of gases or pressure increase at congtant velume.

If the concept is accepted of a body of end gas inflamed through-
ut its entire volums by autolgnition, then it would seem reascnable
that under severe conditions such an inflamed body of gas might be
highly susceptible to the propagation of a detonation wave and that .
a detonation wave traveling through the inflamed bdody. of gas wight
be the immediate result of avteignition. Such a high susceptibility

Y

~

Y

to the detonetion wave migh® be caussd not only by the high temper-

ature within the inflamed gases dbut by high concentrations of molecular
Iragments that migiit Le of importance in the propagation of the
detonation wave. If the Possibility is accepted of & detonation wave
traveling through a body of gas previously inflamed by autoignition,
1t seems almost nccessary also’ to accept the poggibility of such a
wave traveling through a body of gas in which afterburning is taking
place behind the normal flame front. In this manner. a detonation
wave could develop without autoignition after the entire contents of
the combustion chamber had been ignited by the normal flame front.
Larger velumes of inflsmed gas at any one instant would be expected,-
hovever, with autoignition than without autoignition; therefore, a
detonation wave sheculd be expected to develop principalliy in the
autoigniting end gas rather than in afterburning gas behind the flame
front. . '

Concerning the possibility of burning after passage of the
Tleme front through a body of gas, Witarow and Rossweiler (refer-

ence 28) concludod that the spoctrum of the afterglow cmitted by

.
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such supposedly afterburning gas is the same as that emitted during
the CO - Op reaction and caused by active CO, Op, COp, or 03
molecules. They suggested that the Hp + CO2ZCO + _HsO reaction is
in equilibrium after the flame front has passed anG that the aiter-
glow is due to a readjustment of the squilibrium when the pressure
and consequently the temperature are increased. They rewarked:
"The distribution.of intensity of the afterglow throughout the com-
bustion cliamber accords well with the ides that the emission is by’
carbon d¢ioxide heated by the increasse in pressure brought about by
combustion of the rest of the charge."

The suggestion that aftergiow is entirely caused by readjustment
of equilibrivm due to compregsion does not seem: compatible with the
results of Stevsns' work st the National Bureau of Standards with a
goap-budbble bomb, in which no avpreciable compression of the sarlier-
burned gas by the later-burned gas was possible. Stevens' streak
photographs in references 46, 47, and 48 show very considerable
afterglow. On the other hand two of his photographs, shown both in
reference 49 and reference 50, show only the trace of the luminous
flame front without afterglow. ’ ' :

. ther sound explarations of the afterglow may exist independent
of the concept of afterburning, but the possidbility of other explana-
tions only precludes use of the afterglow as support for the after-
burning hypothesis; that is, the possibility of such explanations
may not bs regarded as strong evidence against afterburning. ’

Lewis and von Elbe, (reference S51) have regarded Stevens' results
‘(references 48 and 49) as evidence aguinst the concept of afterburning,
stating ". . .thousands of exploeions. ...failed to reveal the
slightest indication of further expansion of the burned sphere after
the flame had traveled acrose the entire gas mixture.' If close
meagurcvments are made on figure 2 of reference 46 and figure 2 of
reforencs 46, it seems questionable whether a positive statement can
be 'made that these figures show not sven the slightest continued
expansion of the luminous zone after the constant-velocity expansion
of the spherical shell of flame had come to an end. (The ord of »

. the constant-velocity expansion of the flame shell seems to be the
only means of determining from the photographs when the flame "had
traveled across the entire gas mixture.") In one of the.flame traces
of figure 4 of reference 50, in which the afterglow is abscrt, con-
tinued expansion is plainly visible alfter complcetion of the constant-
velocity expansion of the flamc shell. The printed reproductions of
photographe in reference 47 show the flame;front_tréce too indis-
tinctly for judgment on continued expsnsion after completion of the
congtant-velocivy expansicn. Migurc 2 of reference 46 shows luminosity



20 : : , NACA ARR No. E8(C22

'

fading progressively from the outer edge of the luminous sphere
toward the center after some slight expansion has possibly taken
pvlace; the progressive fading is probably caused by rapid cocling
of the outer shell of hot gases after the combustion is nearly.

‘complete. Randolph and Silsbee have presented a streak photograph

(fig. 4 of refererice 52) obtained with the same Bureau of Standards
apparatus as used by Stevens, showing continued expansion most dis-
tinctly after completion of the constant-velocity expansion. A -

consideration that must always be given attention in Stevens' photo-
graphs, as well as in all photographs taken by flame “adwutwons, is

the fact that-these photographs miy not represent the true flame

front because of low ]umlnuslty in the early stages of burning and
because of the finite exposure tinme rnqulred to make a record on
the photosensitive matérial. :

- The exner-mental work reported and the arguments advanced by
Lewis and von Elbe in reference 51 were concerned mainly with the
question of whether combustion in & constznt-voiume bomb is complete
at the time peak pressure is reached and not with the guestion of
whether pesk pressure is reached at the instant the flame front has
passed through the last increment of gas. The afterburning required.
by the proposed combined detonation-wave and antoignition theory
would cover a time interval of an entirely lower oxder than that con-
sidered in the question of whether combustion is complete at the
ingtant of maximum pressure. ThHe only consideration offered by the

‘authors of reference 51, other than the photographs of Stevens, that

would have a bearing on the gquestion of afterburning on the smaller
time scale is the suggestion that with afterburning the sharp bresks

" obtained with fast-burning mixtures between the rising pressurc curve

and the cooling curve would not occur, By the same token it might

be suggested that the extremely flat pressure maxime of s]owcr—burnlng
mixtures, such as shown in ngure 16 of reference 8, would not ovcur
if there were no ufterburnlng

1

AN . .
Protably the strongest experimental cvidence against after-
burning is the General Motors work vresented in referenoes 53, 54,

55, and 56. Tests with a sampling valve (reference 56) showed that

free oxygen disappeared from the charge immediately after passage

of the flame. frent, but this cvidence is open'to the question of .,
wvhether burning was not completed after the gases were removed from
the combustion chember by the sampling valve. In the work of refer-
ences 53, 54, and 55, flame-front vpositions as shown by high-spcéd
motion plctures werec checked against pressure rise oblained from indi-
cctor records., The results indicated completion of burning at the
flaqg/front with some exceptions in reference 55. This evidence is

‘opnn to thc previously mentioned obJoctlon that tno photographs mwy
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nct show the true flame front. The agreement between flame-front
positions as shown by the photographs and as calculated from the
Pressure records on the assumption of couplete combustion in the
flame front may be a coincidence or the greater part of the com-
bustion may actually be completed in a very small part of the deep -
combustion zone.

That the photographs of references 53, 54, and 55 did not
actually record the true flame fronts is strongly. indicated by ‘the

—work of reference 8. In this work it was shown that peak pressure.
was reached, at.top center, very nearly at the same time that the
schlieren flame pattern cempletely disappeared from thé high-speed
motion pictures, or about 10 crank angle degrees at 500 rpm after
the flame front had completely filled the chawber. The finding in
reference §, 'that peak pressure at constant volume coincides with
the final fadeoat of the schlieren flams pattern is supported by
the previous demonstratlon of the same fact in a bomb by Lindner
. (reference 57). A '

Other evidence in favor of - the concept of afterburning has
been furnished by'various investigators. The ionization records '

~ obtained by Hastings (reference 34) showed ionizaticn persisting
over 20° to 30° of crank angle at 2000 rpm with normal combustion.

( With his records of ionization in the end zone during knock, the .
persistence had only a fraction of that magnitude. He attrabutcd
the . difference. to the much. faster combuetxon in the end zone during
Jknock. It. is of 1nterest in Hastings' records of' ionization with
- normal combustlcn, that the lonization did not decrease gteadily
after passago of the flame front but irregularly with even several
sharp increascs in 1onizatlon after the orig:nal passage of the .

© flame tront

N oL
N

. Scudrrs and Brown (reference 36) with’ uhelr streak photobranhs
and 51multaneous pressure records of combust:on in a constant-volume
_bomb noted an apvreclable increase in pressure After the flame: front
reached the end of the bomb. Marvin and- Best (reference 58), observing
flame stroboscopjcally through small windows moumted in a cylinder
head, reported pressure rise after complete inflammation of the charge
wlth very low compression ratios. wawrzlnlck (reference 42) found

- maximum pressure developing in his bomb ‘congiderably after the flame

.'rront had ionized a gap at the end of the bomb. In this case the
1on17ation gap was located et the most distant position in a hemi-
spherlcal ‘end of the bomb 'm0 thdt error ‘Gue to-curvature of flame
“front was minimized; yet the lag between ionization of this gap and
peak pressure was about 20° perdent' of “the total burning time. . Marv1n,
Caldwell, and Steele (refercnce 52) observed that total radiation

' from burnlng gases incressed ‘after inflammation throughout a time

1nterval equlvalent to ebout 200 of cranksha:t rotacnon at 600 rpm.



22 ' NACA ARR No. E6(C22

Bureau of Standards investigators (reference 60), taking streak
photographs of combustion 'in a spherical bomb, suspended fine grains
of gunpowder at various points on a diameter of the bomb by means of
human hairs. With central ignition, the brilliantly burning grains
of gunpowder continued to move toward the center of the bomb for

some time after the flame reached the wall of the bomb. This experi-
ment seems to be particularly strong evidence of afterburning in
the outer parts of the bomb.

Lewis and von Elbe have done work determining the temperature
zones in burner flames (reference 61). Much uncertainty would be
involved, however, in applying the results to the much different
conditions existing in engine combustion. '

In & discussion of combustion in a. turbulent stream Shchelkin
 (reference 62) has drawn a model of flame structure that might well
apply under the highly turbulent conditions existing during combus-
tion in the engine cylinder. According to this model, the turbu-
lence in the flame front causes the flame to advance in microscopic,
or near microscopic, tongues. The structure behind the flame front
is cellular; the cell walls constitute burning gas and the interiors
of the cells constitute unignited gas. According to this model, the
unlgnlted gas within each cell is gradually consumed as the flame
front progresses beyond the cell. With this structure, in the
microscopic sense the burnlng zones might all be very thln, in the
macroscopic sense a deep afterburnlng zone would exist behind the
flame front. In any event, the preponderance of experimental evi-
dence available at this tlme appears to favor the existence of a
rather deep zone of combustion behind the flame front 'in the engine
cylinder, though the main part of the combustion may take place only
within a small part of: this zone. Whether the combustion zone is
cellular on the microscopic scale or.only on a sBubmicroscopic or
molecular scale does not seem 1mportant in the presentatlon of the
combined theory of knock. 1In either case there is a p0981b111ty that
the gasses in the combustion zone may be pecullarly ‘susceptible to the
propagation of a- detonation wave, and the available ev1dence on this
point should be carefully considered. :

4 - .

The concept of autoignition followed by the dévelopment of a
detonation wave was given passing attention in the previously quoted
remarks of Woodbury, Lewiszland Canby in reference 18, Among the
streak photographs of autoignition resulting from quick compression
of the charge in a-glass tdbe, which were presented by Dixon and
coworkers in references 23 and 24, were included some records of what
they believed to be detonation waves - Dixon and coworkers pointed
out the fact that the development of the detonation wave was always
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preceded by autoignition &t eome pcint within the charge. The con-
cept of the developmwent of a detonnticn wave in autecigniting end

'gas has also been suggested by Boerlage znd van Dyck (rcference 63).
They pointed out that "simultaneous combustion" at the beginning
should be congidered as a-slow pressure rise in comparison with
"trué detonation" but that it ultimateély may have the same character.
"The reverse concept, autoignition triggered by a shock wave, has
been suggested by Dreyhaupt (reference 64).

The concept of autoignition followed by the developmeqt of a
detonation wave is consistent with the NACA high-sgpsed motion pic-
tures presented in refercnces 7, 8, 9, and 16, if the explosive
knock reaction is congidered to be 4 detonation wave. In these
photographs, in most cases wheré end gag was visible at the time
of the explosive knock reaction, this reaction has been preceded by
some form of apparent autoignition. In one case the apparent auto-
ignition dsveloped at definite centers within the end gas end spread
out in all directions from thoge ceniers to £i1l the end zone before
the explosive knock reaction occurred. {See fig. 10, reference 9.)
In another case the autoignition began at the chamber wall and
Propagated throvghout the end zone bef'ore the exilosive knock reaction
occurred. (See fig. 12, reference 9.) 1In this case the visible
explosive knock reaction was light. In other cases the autoignition
developed uniformly and simultaneously tkroughout the end zone before
the explosive knock reaction occurred. (See fig. 5, reference 16.)
In yet other cases autoignition was not clesarly visible in the photo-
graphs but a visible vibration of the gases of the detonatiocn-wave .
type was set up before the explosive knock reaction occurred (refer-
ence 9). The occurrence of & visible vibration before the explosive
knock reaction is an effect apparently not freguently encountered.

It appears likely that this phenomenon is comparable with the explosive
knock reaction in speed and it may, therefore, be a mild detonation
wave I'ollowed later by the development of a many times wore powerful
detonation wave. ' ‘

_ The evidence of references 7, 8, 9, and 16 is open to the criti-
cism that the end-zone reactions shown before knock may not represent
true flame because the schlieren system may reveal reactions much
less intense than flame combustion. The same vhencmenon has been
shown, however, in photographs exposcd by dircct flame radiation pre-
sented by Rothrock and Spencer (roference 38). .With 18- and 3C-octanc
fuels at a comrvression ratio of 7, photographs takcn at about

2000 framss per second {(fig. 7 of refeorence 38) showcd autcignition
in the end gas one frams bofore the development of the brilliant
illumination causcd by knock. In the same payer Rothrock and Spencer
showed that this brilliant illumination coincided chronologically
with the beginning of the gas vibrations.



24 NACA ARR No. E6CZ2Z

The concept of a detonation wave set up in afterbwining gases
behind the normal flame front has been proposed previously by Maxwell
and Wheeler (references 2, 3, and 44;. 1In streak rhotographs of com-
bustion in 2 bomb with knouklng fuels they found only very faint '
afterglows behind the flame front during the travel of the flame
through the bomb. After the flame nad itraveled compietely through
the charge they observed an extremely high-speed travel of a mcre
brilliant glow through the chamber. With noninccxing fuels, however,
the afterglow behind the normal flame front was brilliant. They
revorted invariably a correlation between the "pinking'" tendencies
of fuels and the lack .of brilliancy in the afterburning and they
“enorted that addition of .ethyl ether or amyl nitrate to a fuel
decreased the briliiance of the apbewolow and that decomposed tetra-
ethyl lead increased the bri 1liiance of the afterglow. [These investi-
gators concluded in part tnat the tendency to knock was dependent on
glow afterburning, leaving sufiicient enevg" oehind the flume front
to maintain a shock wave (detonati on Wave) set up by OO*“¢SJOH of the
flame front with the chamber walil. rentzen (reference 41) found
evidence from experiments with a combustion bomb that he belleved
suvported the theory proposed by Maxwell and Wheeler in refer-
ences 2, 3, and 44. The finding that knocking fuels spow less
br11l*ant afterglows than nonkaccking fuels ‘has been verified by
Duch8ne (reference 31) and by Rothrock and Spencer (reference 285 .
Rothrock and Spencer have alsc presented in figure 12 of refer-
ence 38, 2000-frame-per-second motion pictures of combustion of
65~ octane gasoline in which the combustion chamber was entirely
inflamed befors the occurrence of knock as indicated by ve”y bril-
n*aﬂt reillumination of the entire chamber. In reference 7T (fig. 4)
2’ knocking reaction occurred not only after complete 1mlammatlon of
the cylinder charge but even so late that the schiieren combustion
vattern was almost gone.

The combined detonation-wave and autoignition theory, to be
complete, must account for the fact that combustion cycles involving
nothing more than simpls autoignition have been studied by General
Moters investigators {references 25, 28, and 2¢) and have been
regarded by those investigators as konocxing cycles. It.is clear that
gas vibrations can cause forced vibrations of the combustion chamber
walls of the same frequency &s the gas vibrations and thus cause &
high-pitched ping. As gas vibrations apparenuly did not occur in
the combustion cycles of references 2%, 28, and 29, nowever, the
guestion naturally arises as to the cause of the knock that was heard.
The ouly possible answer appears 40 be that the inocking souqd was
due to natu“ﬂl vibrations of engine parts.
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The autoignition that occurred in the Gaeneral Motors investi-
gations. has been seen to require a period of approximately one-
thousandth part of a second for its completion. The sharp 1dcrease
of pressure in the. combustion chamber within the period of one-
thousandth part of a second could set up natural vibrations in some
of the stressed engine parts. The energy imparted to the natural
vibrations by the autoignition would, in general, be greater in the
case of low-frequency vibration than'in the cese of high-frequency
vibration. The influence of vibration frequency on the energy
imparted to the vibration by tlie autcignition could be determined
mathematically only if definite information were availahle as to itne
rate at which energy is released by autoignition at each instant
throughout the autoignition process. Though no such information is
available, the experimental evidence at least indicates that energy
is released by the autoignition in such a manner that it does not
excite avppreciable vibration of the gases. It may therefore be
reasonably assumed that the autoignition would excite natural’ vibra-
tions of the stressed engine parts only in such modes as have a nat-
ural frequency considerably less than the natural frequency of the
vibrating gases. : S . : )

The suggestion that "knock" is due to vibration of engine parts
caused by autoignition and that "pink" is caused by gas vibrations
has previously been made by Boerlage and coworkers (references 6,
37, and 63). .

Summary of discussion of published work. - The following facts
appear to be supported by the weight of experimental evidence:

1. Autoignition of comparatlvely large Dodxes of end gas occurs
too sTOle under certain ‘conditions to produce audible gas v1bratlons.

' 2. Under suitable conditions one or both of twd'ty@es cf gas -
vibration may occur, the.-detonation-wave type and the‘vibratory—
combustion type. . o o

3. Either type of gas vibration may occur independently of  auto-
ignition, dbut under some conditions the detonation-wave type of gas.

vibration tends to occur very soon after slow autoignition has taken
place.

4. Under suitgble conditions apparent detonation waves can
develop in the engine cylinder.
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5. Under a wide range of conditions, either combustion continues
for a distance sometimes as great as several inches benind the flame
front or some adjustment of equilibrium takes place through the same
distance resulting in increased pressure, continued Zonization, and

continued emission of 11aht (

The foregoing facts, supported by the experimen tal evidence,
suggest the following explanatlon of knock in the spark- Wguitlcq
engine:

(a) Knock of a comparaulvely low pitch is caused by simple auto-
ignition of end gas at a rate too slow to produce aud1ole gas vibra-
tions. »

(v) Knock involving both low- and high-pitched tones may be
caused by autoignition followed by the develcrment of a detonation
wave in the autoigni ed gases.,

(c) Knock of high pitch may be caused by a detonation wave in
afterburning gases behind the flame front. This detonation wave,
having originated in the afterburning gases behind the flame front,
may also pass through unignited end gas.

‘This efnlanation of knock harmonizes with the anaiysis of NACA
high-speed photograpbs that will be developed in ‘the second part
of this section. ~ :

Analysie of NACA High-Speed Photogfaphs

Apparatus and, operating oonaltlons.'-,The high-speed motion
pictures presented and discussed nerein are not the result of a
specific 1qvest¢gat10n but have been selected from the data obtained
with the NACQ high-speed motion- picture camera and the NACA combus-
tion apparatus in the investigations of references 7, 9, and 16.

A dlagrammatic sketch of the combustion apraratus is shown in flg-
"ure 1. This apparatus is a single-cylinder engine 'of S5-inch bore
and T-inch stroke, with glass windows in the cylinder head and a
glass mirror on the piston top as shown in the flgure. The visidle

part of the combustion chamber is 4§ inches wide, as shown at

frame H-20 in figure 2. The combustion apparatus has been described
in references 16 and 38, The NACA high-~speed motion-picture camera
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is described in detail in reference 15.. This camera was used to ‘
obtain photographs shown in references 8, 13, 65, and 66 as well as
those presented in references 7, 9, and 16. The optical arrangement
for schlieren photography will not be redescribed herein, except to
state that the schlieren photographs are taken by externally supplied
-light projected into the combustion chamber through the glass windows
and: then reflected back out through:the glass windows to the high-
speed camera by the mirror on the piston top. .

In all the investigations drawn upon for the data of the present
paper, the combustion apparatus was driven by an electric motor and
operated under 1lts own pover for oniy one combustionh cycle in each
run; the entire series of photographs was taken during the single
combustion cycle. With’the exception of slight variations noted in
the original reports of the investigations, the following engine
conditionhs were held constant.: , ’
Compression ratio . + « ¢ v o ¢ o 0 o o s s e e e e e e e e e e 7.0
 Jacket .and head temperature, OF . . . « « +« « o o o o« oo+ s w250
Fuel-injection timing,” deg A.T.C.(intake stroke) . . . . . . . 20
Spark timing, deg B.T.C.:

At G position (see £ig. 1) .+ « v ¢ v v o v v o o v 0w .o 2T

At E position

At J POSItIONS w v v v v e e e i e e e e e e e e w20

At F position o -~ ‘ ’
Fuel-air-ratio T, « ¢ ¢ o ¢ o o0 o o e e 0 e s approximately 0.08
Tnlet-air conditions . « o « + « « « o + « « o« « o . . atmospheric =
Engine 8peed, TDM « « « « o o o o o o 3 o o 4 s e e e s . . . 500

_Spark timings were selected to produce*knock at top center with the
,end gas well within the field of view. In-the inyestigations of
references 7 and 16 the injection valve was placed in opening H of
the cylinder head (see fig. 1) when four spark plugs were used, but
in opening J when only one spark plug was used. In the investigation
of referénce 9 the injection valve -was always in Opening H. A ,
shrouded inlet valve was used in the investigations of references 7
and 16 to produce a clockwise air swirl, but a plain inlet valve was
used in the investigation of reference 9. '

Fuels ﬁsed*fdr the combustibn-cycles-shown herein were M-2,
leaded and unleaded, and’ blends of M-2 with 8-1. '
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High-speed photograph of explosive knock reaction traveling at
speed ahove 5500 feet per second. - In figure 2 is shown the same
high-speed photograpzic shot of knocking combustion that was presented
as figure 5 of refercnce 16. .Individual photographs in figure 2, as
well as in other figures, will be designated throughout this discussion
-as frame A-1, frame B-2, and so on. This designation will be under-
stood to mean the first freme in row A, the second frame in row B/
and so on. The order in which the photographs were taken in A-1,

A-2, A-3 ., . . A-20, B-1, B-2 . . . R-17, R-18; the photographs
should be read from left to right through row A then from left to-
right through row B, and so on. :

Ignition, in the case of figure 2, was by one spark plug at
Dos1t10n E. (See fig. 1.) The flame first becomes visible in the
~ photographs as a small but growing darkened area in frames C-9 to
C-20. At about frame H-1 the flame front has progressed about
halfway across the visible portion of the chamber and the entire
region through which the flame front has passed has a dark mottled
appearance. This area behind the flame front is dark and mottled
instead of brilliant white because the photographs were taken by
the schlieren method rather than by direct photography of the f'lame
radiations. The schlieren method shows the effect of the flame on
. light that is projected through it, but the llant radiated by the
flame 1tself was too .faint -to be photographed in ftrame H 1

‘ At frame J-1 the dark mottllng has d¢sappeared from'ﬁoét ‘of
the region through whlch the flame front has pagseds : The mottllng
probably indicates the region in which ‘combustion is: prooeeding, as
was indicated in references 8 and 57. Combustion, therefore, was
probably either completed or arrested in most of the space through

which the flame Iront ‘had traveled at the time of exposure of
frame J-1.

In the frames of row K in the figure a darkening of the region
through which the flame front has not yet passea ‘begins to be appar-
ent. This darkening of the end gas becomes more intense throughout
row L and the first frames of row M. In frame M-10 the darkening
of the end gas has progressed to such a degree that the flame front-
can no longer be discerned. The end gas appears to be fully ignited
and to be burning at a rate comparable with that of the gases which
have just been passed through by the flame front. Knock of the
simple autoignition type has probably taken place between frames K-1
and M-10. Knock of the sort that sets up the detonation-wave type
of vibration has not yet even begun in frame M-10C, however, as may

4 ~
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be clearly cbservsd by eye when the photcgraphs are projected on
the screen as motion pictures and as has been shown by the analysis
of reference 8.

The first trace of the -explosive knock reaction, which causes
the detonation-wave type of gas vibration, is-visible in frame M-11
as a whitened region along the lower right edge of the frame. In
frame M-1Z the whitened region has extended over the entire frame.
The whitening of frames M-1l and M-12 is caused by two factors;
first, the combustion zone stops interfering with the externally
supplied light by which the schlieren photographs are taken, allow-
ing tkis light to come through to the camera uninterrupted; second,
the knock causes a manyfold increase in the radiation from the com-
bustion products and this radiation itself produces a whltenwng of
the Dkouograbn. '

The development of the knock in frames M-11 and M-12 suggests
that the knock began at the lower right edge of the field of view
and spread very rapidly tovward the left. This indication was not
commented on in reference 16 bvecause it was appreciated that the
focal-plane-shutter effect would draw the apparent origin of the
disturbance toward the right of the frame and a satisfactory inter-
pretation of frawmes M-1l and M-12 taking into account the focal-
pilaneg-shutver action of the hign-speed camera had not yet been
develomed. The suggestion of frames M-1ll and M-12, however, that
the origin of the knock was at the right edge of the frame wzs so
gtrong that the reverse conclusion has only recently been reached.
Correctly interpreted, frames M-1l and M-12 indicate that the
knocking disturbance originated near the ileft side of the frame or
outside of the field of view to the left of the frame and moved
toward the right at a speed Dvobably considerably greater than
5500 feet ver seccond, a speed egual to nearly twice the speed of
gound in the chamber (abont 3000 ft/scc) and fully a2s great a speed
as should be expected for a trus dstonation wave. This interpre-
tation will be expldined in lateq sections. ‘ .

Imaginary focal-plane shutter equivaient to shutter of NACA
high-speed camera. - From a study of veference 15 it will be under-
stood that the NACA high-speed motion-picture camera utilizes one

independent focai-plane shutter for each single photograph taken
by the camera. Each of the 372 focal-plane shutters consists of a

single glass prism mounted alongside the motion- picture film inside
a rotating drum. The focal plane through which the glasas orisms,
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or shutters, move is not the plane of the photosensitive film but
the plane in which a primary image is formed by a statiorary objec-
tive lens. After “he light has passed through one of the focal-
plane shutters, or prisms, it proceeds throngh a second and a third
stationary lens, which refocus the light to form a setondary image
on the film. The glass prisms, in addition to their function as
focal-plane shutters, also cauvse the secondary images formed on the
film to move in the same direction and at the same speed as the film
so that there is no appreciable relative motion between the images
and the film and consequently no appreciadble blurring of the expo-
sure on the film, :

“The second and third stationary lenses of.the cawera not only
produce a secondary image of the combustion chemper, but they also
form images of the moving prisms, or focal-plare shutters. The
imeges of tne prisms, however, do not move as fast as the film but
half as fast and in the sawme direction. Their absclute speed being
half that of the film and in the same direction, their speed rela-
tive to the film is half the absolute speed of the Tilm but in the
opposite direction, that is, in a direction away from the previously
daken photogranhs tcward the‘photographs that are yet to be taken.
Study of reference 13 will reveal that the width of the focal-plane-
shutter slit, or of the prism image, on the film is half of the
frawe spacing, that is, half the distance from any given point in one
frame to the same point. in the rext succeeding frame. Half of the
frame spacing is . aprroximately 70 percent of the combustion-chamber
image width as it appears in Tigure 2 and other figures of this
paper. :

'
[

Hereinafter the expression "focal-plane-shutter-siit" will be
used as meaning not a glass prism itself but the image of a prism on
the film, "focal-plane-shutter slit width" will be used as the width
of the images of the glass prisms on the film, and "focal-plane-
shutter speed" will be .understood as the speed of the prism images
relative to the film rather than the speed of the prisms themselves.

. . - : -

In the exposure of frames on the film, if a given point in a
combustion-chomber image is located within the image of the corre-
sponding glass prism at any instant, then that given point in the
combustion-chamber image is in the process of exposure at that
instant; but as scon as the.motion of the prism imege relative to

“the film causes the given point in the combustion-chamber image to
pass ocutside the glass-prism image then the exposure is discontinued
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on that given point in the combustion-chamber image. The image of
a glass prism on the film is therefore tru.y a focal-plane-shutier
giit. :

As may be seen from a study of reference 15, at any instant
the trailing edge of any one focal-plane-shutter slit occupies the
same position relative to its frame on the film that the ieading
edge of another focal-plane-shutier slit occupies on the next suc-
ceeding frame of the film. Consequently, as soon as any point within
the combustion chamber ceases to be exposed on one frame of the film,
that point begins to be exposed on the next succeeding frame of the
film. All voints within the combustion chamber are therefore under-

Fad

going exrosure on one frame or another at all times.

The shutter arrangement shown in figure 3 bears no physical
resemblance to the snutters of. tne high-speed camera but  provides
theé same manner of exposure and can pe much more satisfactorily
represented schematically. Frames M-10, M-11, M-12, and M-13 from
figure 2 are shown in figure 3 with a spaﬁial arrangement different
from that of figure 2. In the arrangement. of figure 3, it is assumed
that the four frames are formed on a single staticnary film by four
stationary objective lenses arranged above the plane of the vaper on
different optical axes. Just above the film an opague screen is
agsumed, with rectangular opénings A, B, C, and D; and this screen
is assumed to move rapidly in the direction indicated, thus acting
as a conventional focal-plane shutter. Frame M-1C 'is exposed by
light passing througn opening A as that opening vasses over the Irawme
M-10; frame M-11 is exposed by light passing through onening B; and
so on. ~The width of the onenings A, B, C, and D is approximately
70 percent of the combustion-chamber image widath, as wags the case
in the camera. The trailing edge of opening A ig in line_ with the
leading edge of opening B, the trailing edge of opening B in line

with the leading edge of opening C, and sc on. .

Derivation of formula for effect of Tocal-plane shutter on
apparent speed of knock provagation. - Photogranhs taken with a
focal-plane shutter of the tyve described give a false indication of
velocities. The relation of the false indicated velocity to the true
velocity can, however, ve easily derived. '

Figure 4(a) shows schematic diagrams of two successive motion-
victure frames with the focal-plane-shutfer screen in one position
at time T, and figure 4{bd) shows diagrams of the seme two motiocn-
ricture Iframes at a later instant T witn the focal-plane-shutter

.
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screen in-a different vosition. The focal-plane-shutter screen is -
congidered to be moving from left to right with the veloclty v,

A luminous ray represented by the wide black line is assumed to be
developing in each of the frames of figure 4 along the line AA,
making an sngle o with the direction of focal-plane-shutter move-
ment.  The wide black lines shown in the frames of figure 4(a) and
(b) should be understocd to repvesent the light falling on the
Tocal-plane-ghutter screen or the photosensitive film at the
instants T, and T, respectively; these lines do not in every
.case represent the 11qa] record appearing on the rilm. At the
ingtant T,, when the focal-plane-shutter screen has reached the
position sho:n in figure 4{a}, the leading end of the luminous ray
is assumed to have reached the point p in each of the frames of

- figure 4(a). Obviously the point p 1is in the process of exposure

at the ingtant Ty on frame 1 of figure 4(a) but not on frame 2 of
figure 4(&) becauge of interference by the focal-plane shutter. At
‘the later lnstant T when the focal-planc-shutter screen has reached
the position shown in-figure 4(b), the leadlng end of tno luminous
ray is assumed to have reached the point »'  in each of the frames

“of figure 4(b). At the instant T the ooint p' “ig in the process

of expogurc on frame 2 of Tigvrc 4(b), but not on frame 1L of Fig-
. 7 . - : o
ure 4(b) because of interfercnce by the focal-plane shutter. .

A certain time +t is assumed to be required for the leading
end of the luminous ray to make a visible exposure on tue film. It
is assumed that luminosity in any gas particle does not develop to
full -intensity instantly but develops according to some unknown law

af'ter the causative disturbance has passed throu igh that gas particle.
The assumed time t 1s a function of the unknown law governing the
luminosity development in a gas particle and e rlso a function of the
Tilm sensitivity. The assumption is mado that the time t. is the
same for all gas particles. In figure 4, both (a) and (b), -a line XX
has been drawn a distance vt to the right of the trailing edge of
the focal-plane-shutter slit for the upper frame and a gimilarly
1ocated 11ne YY has been drawn for the. lover frame.

[ e 4

The line XX, being 1ocated in the manner indicated, is the
effective trailing edge of the focal-plane-shutter slit for freme 1
and the point p will therefore be the upper right extremity of the

Iuminons ray ag photographed in frame 1. The exposurec of the ray

is cut off in frame 1 at the instant T, when the sffective trailing
.edge of the focal-~plane-shutter slit ovrrtaKgs and passes the leading
end of the luminous ray at the voint  p. Similarly, the line YY is
the effective trailing edge of the focal-plane-shuttor slit for

frame 2 and the point p' will therefore be the upber right extremity
of the luminous ray as photographed in frame 2, the exposure of the
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ray being cut off at the instant T  when the effective trailing
edge of the focal-plane-shutter slit overtakes arnd passges the

leading end of the luminocus ray at the point p'. Designating
v o actual velocity of 1ay development
v i appareht velocity of ray development (progress of ray

develoument between two successive frames as recorded .
photographically, divided by nominal time between
exposures of the successive frames)

X © component of photcgrapnically recorded progress of ray
development between two successive frames in directicn
of focal-plane-shutter movement (see frame 2 in Tig. 4(D))

W focal-nplane-shutter slit width ' .

: w . s . . 5
AT = 5 nominal time between exposures of successive frames
’ (recivrocal of number of frames/gec)

the following equations may now be written:

e o
Vo= Tf"§5§7§ =‘(w T ig cos a | (2)
v Zfﬁlzos & T W igs a /‘ (2)
R R T , W
S ©

In the special case where V apd V' are in the direction
of the focal-plané-shutter movement, equations (4) and (5) become:

]

) v v o )
Vs v (6)
and .
vV ~
Vo= . (7)

v -V
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Figure 4, from which equations (1) to (7) were derived, was
drawn for the special case in which the comnonent of the lumincus"
ray development in the directiop of the focal-plane-shutter move-
ment is in the same sense as the focal-plane-shutter motion and at
a lower rate. Similar sketches could be constructed for the cases
in which the component of the luminous ray development in the direc-
tion of the focal-plane-shutter movement is in the opposite sense
tc the focal-plane-shutter motion, or in the same sense but at a
" higher rate. Treatment of such sketches in a manner similar to the
treatment of figure 4 produces the same equations (l) to (7). 1In
development of the equations for the case in which the component of
. the ray development in the direction of the focal-plane-shutter
movement is in the same sense as the focal-plane-shutter motion,
but at a higher rate, it must be appreciated that the points »
and p' will be leftwaxd extremities of the ray as exposed in
frames 1 and 2, respectively, instead of rightward extremities as
in the case of figure 4. Because the leading end cf the developing
ray overtakes and passes the effective trailing ‘edges of the focal-
plane-shutter slits XX aad YY, the exposure is turned on at the
points p and p' instead of being cut off at those points as in
figure 4. Also, the line YY being overtaken by the leading end of
the developing ray before the line XX, thé point p' will be
farther to the left than point D, instead of the reverse as in fig-
ure 4. The apparent velocity of ray develorment will therefore be ~
in the reverse sense to the actual.

In the general application of equations (l) to (7), V should
be -treated as negative if its component in the dlrectlon of the
focal-plane-ghutter movement is in the opposite sense to the motion
of the focal-plane shutter. Likewise V' should be treated as
negative if its component is in the opposite sensé to the focal-p plane-
shutter motion. In all cases « (see fig. 4) should be treated as
positive and should be the smaller angle included between the direc-
tion of the ray development and the direction of the focal- plane-
shutter movement.

Experimental demonstration of focal-plane-shutter effect. -
High-spesd motion- nictures of artificially produced luminosity fronts
are shown in figure 5. The luminocsity fronts for these rhotographs
were produced with an ordinary electric fan. An aperture was cut 'in
& shest-umetal scresn of approximately the same share as the visible
portion of the eombb8u10n chamber seen in the frames of figure 2 but
of dimensions much swaller than those of the actual cembustion cham-
ber. The aperture in the sheet-metal screen was covered with trans-
lucent -tissue paper. The high-speed camera was focused on the
- translucent paper target; a projection lantern was placed beyond the
target and was focused to project light onto the target and through
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the translncent naper to the. camera. The electric fan was placed
ae close to .the target as poesible, between the targev and’ the
camera, in ‘such marnuer that the rotation of the blades would
_repeatedly interrupt thie course of the light from ths targst to
the camera. In each of tue seven shots of figure S the motion
picture shows the uncovering of the trsnslucent paper target by
the trailing edge of one of the fan bludes.

The shots of figuve S are arranged in the order of increasing
fan speed up toc the raximun speel used; with the fan-blade image
on the film moving in the camwe Jdiresction as +the focal-plane-shutter
glit (records A to L;, then ir the crder of Gecreasing fan speed
from the maximuwnr speed vesd with Tan-blade 1mege and focal-plane
shutter moving in oppozite divections (rscords E to G). Actual
linear speed. of trailing sdgs of fan blalde and apparent linear
Bpeed ag messurad from the paoturvavhs are expressed in terms of
v, which is the focal-vlanc-shutier slit speed relative to film.

The comparison in figurs 5 of ths measured spparent spseds with
the actual gpeeds reveals that the two sgeeds are neairly the same
only when the accual si,cht are low in comparison with the focal-
plane-shutter snsed. {See recorie & and G.) For higher values of
actual speeds the apuarent speed is generul‘y biaged in the direction
of the focal-piane-shubtter movement. (See recocds R, C, E, and F.)
The bias is in tle direction opposite to the focal-plane-shutter
movement, however, in the case of record D. As the actual speed
increases from zero to infinity in the direction of the focal-plane-
shutter movement and then reversss and decreases from infinity to
zero in the opposite direction to the focal-plane-shutter wovement,
the apparent specd follows the sams course but always is at a more
advanced #tage.in the course. The reversal of direction ab infinite
apparent speed occurg when the actual speed is egual to and in the
same direction as the focal-plans-shutiter speed.

¢

\D(

The relation betwecn apparent and actual specds shown by fig-
ure 5 is in agresment with equations (6) and (7).

Knock propagation rate, case 1. - In {igure 3, betwecn the
exposure of frames M-11 and M«12” the appazen* lumlnos;ty as
weasured alcng the line EE progressed at least all the vay across
the combustion-chambor image “rom right to left. The apparent lumi-
nosity might have progressed much farther to the left than shown in
frame M-12 if the field of view had extended far*her to the left.
The value of x in this case is therefore betwsen -1.4 w and -6,
Application of eqvation (2) yields a valus of 3.5 v for the actual
velocity of the luminosity propagation for the case of x =-1.4 w,
and a value equal to v for the cass of % = -o) both actual
velocitics are in the same sense as the focal-plane-soutter mevement.
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If the luminosity propagation between frame M-11 and M-~12 of
figure 3 1s measured along the line FF, a value betwsen -w and
-« 18 obtained for x and a value of 32° is obtained for o.
Application of equation (2) to these values yields a result between
o and 1.2 v for the actual velocity of luminosity propagation and
both velocities are sgain in'the same sensc as the focal-planc-
shutter movement or in the opposite sense to the apparent velocity.

When the photographic series of figure 2 was taken, the camera
drum was rotating at 6620 rpm. The distance of the photographic
emulsion from the center of rotation of the drum was 8,87 inches,
and the linear speod of the emulsion wag 512 feet per gecond. The
focal-nlane-shutter glit speed v relative to the photographic
emulsion was thorefore 256 feect por second., The ratio of actual
combustion-chamber dimensions to dimensions of the image of the com- |
. ‘bustion chamber on the photographic emulsion was 21.5:1. In order
that the luminosity front should have a specd of v = 258 feet per
second in the image on the film, the actual gpced of the luminosity
front -in the combustion chamber must have been approximately
5500 feet per sccond. The velocity of the luminosity front as
measured along the line EE in frames M-11 and M-12 of figure 3 was
therefore at least 5500 feet per second, and the velocity measured
along the line FF wag at least €500 feet per second.

A velocity of knock propagation in excess of 5500 feet per
second can be deduced from figure 3 on a largely qualitative basis
without reference to equations (1) to (7). Study of figure 3 reveals
that frames M-10 and M-11 could be entirely unaffected by the knock
reaction, with frames M-12 and M-13 turned completely white by the
knock reaction, only if the knock reaction caused a luminosity front
to move across the field of view somewhat behind the leading edge
of opening C (trailing edge of opening B) and at about the same speed
as the shutter motion, Further consideration of the figure makes
clear that the whitened region along the lower right edge of frame
M-11 could have been caused by the luminogity front's overtaking
the leading edge of onening C (trailing edge of opening B) shortly
before the end of exposure of frame M-1l. This exvlanation of the
whitening in frame M-11 requires a speed of luminosity front some-

" what greater thsn the apeed of the shutter.

'If the knocking disturbance had started at the right edge of
Trame M-1ll and traveled to the left with infinite speed, the whitening
of framo M-12 could not have extended farther to the left than the
whitening of frame M-11 by a distance greater than the focal-plane-
shutter slit width., ‘With anything less than an infinite speed toward
the left, the whitening of frame M-12 would have oxtended farther to

N
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the left than that of frame M-11 by a distance less thon the focal-
plane-siiutter slit width. The whitening of frame M-12, however,
actually does exvend to tne left of the whitening in frawme M-11 by
a distance considerably greater than the focal-plane-shutter slit
width. Eence, a right-to-left movement of the disturbance is pre-
cluded. ’

The intense luminosity caugsed by the knocking disturbance
probably developed nct entirely in the front of the disturbance but
gradually througheut a considcrable distance behind the disturbance.
Thus the knccking disturbance had soms blurring effect throughout
most of the area of frame M-11. The whitening of the edge of frame
M-11 may have been caused by’ the development of a higher pressure
at the chamber wall than elssewhere upon reflection of the knocking
disturvance. The fairly uniform dark appearance of the rest of
frame M-11, however, and the culite uniform whiteness of frame M-12,
indicate that the speed of the kuocking disturbance was at least
as greav as the shutter speel and in tue same direction. The fact
that the blurring of frame M-11 becomes progressively. worse from
the left edge toward the right strongly supports the belief that
the knocking disturbance traveled somewhat faster than the focal-
plane-shutter slit. ’ :

If travel of the knocking disturbance in the direction of the
line EE in figure 3 is assumed, then it must be considered that the
whitening of the lower right edge of frame M-11 was caused by the
high pressure produced by reflection of the shock from the chember
walls. Otherwise, the luminosity front presumably being perpendicular
to the dirsction of travel, the boundary of the Juminosity in frame
M-11 should have run in a vertical direction rather than along the
cylinder wall. If travel of the disturbance approximately along the
line FF is assumed, the luminosity front again being perpendicular
to the line of travel, the assumption.is no longer necessary that
the whitening along the lower right edge of frame M-11 is caused by

‘the high pressure of reflection. It is to be expected, rathor, that

when the luminosity front first began to overtake the effective
trailing edge of slit B in figure 3 it did so only at the lower
extremity of the chamber.

Inasmuch as hundreds of other high-speed photographs have shown
no tendency toward mere rapid illumination at the chamber walls than
elasewvhere, travel of the knocking disturbance approximatcly slong
the line FT appears to be the more reascnable explanation of the
appearance of frame M-11. Because the Iuminosity along the line FF
in this frame is continuougly brighter from the lower left toward
the upper right, the sveed of the luminosity development must havs
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been greater than *"_1355 = 1.18 v in the image on the film and

greater than 6500 feet per sccoad in the combustion chamber. This
rosult checks with the speed of the order of 6500 fect per second
determined. by Sokclik and Voinov (reference S5) and with the speed
“that should be expected of a true detonation wave.

Knock;proﬁagation rate, case 2. - By use of equation (2) a
somewhat lower propagation speed is decduced from the photographs
of figure 6 than from thosc of figures 2 and 3. Figure 6 is the
same ag figure 8 of reforence 16.” The combustion process in this
cage involved not only knock but also hot-spot ignition, or jpreigni-
tion. The single spark plug was in position E in’ the cylinder head
and the hot spot in position F. (See fig. 1.) The flamc from the
gpark plug comes into view in frames E-1 to E-17 of the figure;
the flame Trom the hot spot, ‘in frames A-1 to A-17. ¢

Knock first appcars in figure 6 as a slight blurring of the
combustion zone in frame N-12. In the next frame N-13 a number of
brightly luminous gpots appear near the right cdge of the frame and
the area covercd by such luminous spots increases in frames N-14,
N-15, and N~16. PFrames N-12 to N-16, covering the development of
the luminous spote, are shown gre ai]y cenlarged in figure 7 for more
convenient study.

Some of the luminosity in frames N-13 and N-14 of figure 7
appears outside the normal field of view: The appearance of luminosity
outside the fleld of view at the time of %nock has been explained in
reference 16, This luminogity develops in gases occupying a pocket
-between the glags window and the metal of the cylinder head. This
pocket is 1/16 inch thick and is caused by the presence of a
1/16-inch-thick gasket. The pocket 1s not visible in most of the
frames of figures 6 and 7 because the cylinder-head surface, which
forms one wall of the pocket, is not adjusted for schlieren: photog-
raphy. as: ig the mirror on *he pilston top.

In the calculation of the apeed of the knock propagation by
comparigson of framesg N-13, N-14, and N-15 with frame N-12 in fig-
ure 7,.the asgumption is made that frame N-12, had its exposure
beon.completod an infinitesimal time later than wag actually the
case, would have shown a very small luminous spot which could have
been regarded as the apparent center of the knocking disturbance.
Because of this assumption, the values determined from the frame com-
parigons will be minimum values only; the actual propagation ratb nay
have been higher.

Consideration of frame N-13 in figure 7 leads to the conclusion
that the center of the knocking disturbance was on the line CC, because



NACA ARR No. E6C22 - ‘ 39
¥

the points p; and pp; marking the extremities of the luminous
region are equidistant from the line CC and are in the same vertical
line. (Tne focal-plane shutter would have equal falsifying effects
on the propagation speeds from a point source to each of two limit
points in the same vertical line with each other, if equal speeds. are
assuned,. regardless of the fact the point source may not have been

on the vertical line connecting the two limit points.) The center

of the knocking disturbance can be located from right to left along
the line CC by consideration of points py, pp, and vz in frame N-13,
with the assumption that the knocking disturbance traveled from the
center of the disturbance to point pz at the same speed as to the
points p; and pp. For the purpose of such a determination the fol-
lowing designations will be made: )

X, component distance cf any point pp from center of knocking
disturbance, measured to right along line CC

h, distance of point p, from line CC.

a, angle o defined in figure 4 for travel of knocking disturbance
to point 'p, : ,

Vn actual veloci%y of motion of knocking disturbance from center.of
disturbance to point p, ° ‘

S distance of center of disturbance from right-hand edge of frame

The following tabulation shows the values of V,, Vp, and Vz
for various assumed vaiues of S (in all cases hy = hp = 0,90 w
and hz = 0.44 w). Value of velocity or distance is expressed in
each case as a dimensionless ratio:

' X)X | %3 Vi V| Vs

S/w T or o = | @y or ap as |T or T =

(deg) (deg)

0.00 0.00 -0.,44 90.0 45.0 0.90 -1.11
»1L 11 ~,33 83.0 535.1 .82 -.82
.20 .20 ~,04 77.5 61.4 17, -.66
.30 .30 - 14 71.€ 72 .4 .73 -.54_'

The tabulation shows that in order for Vq; and V; to equel
Vz in numerical value the center of the knocking disturbahce must
have been located at a distance 0.11 w from the right edge of the
frame. ‘The center of the disturbance in each frame of figure 7
therefore appears to have been at the intersection of lines CC and
C'C*, the lines C'C' being constructed with S = 0.1l W,
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The speed of the knocking disturbance may now be computed for
its travel to each of the most advanced bright spots in frames N-13,
Y-14, and N-15., 1In the comparison of frames N-14 and N-15 with
frame N-12, equation {2) is modified by replacing w with 2w and
3w, respect1vely. The results of such computations as compared with
those of 1p1,. P2, and pz are shown in the following table:

y ' Speed of image of | Speed of knock
Point | From > i knock propagation | propagation in
: framne Er W |to point p, rela-!| combustion
tive to v chamber
, (ft/sec)
Dy N-13 0.11 [0.90 0.82 4500
To N-13 .11 .20 .82 4500
P3 N-13 -.33 44 .82 4500
Ty N-13 -, 43 .00 .76 4200
pg | N-14 -.71 .87 .87 - 4800
Pg CiN-14 | -39 (1.41 21 : 5000
o) N-15 |-1.10 .15 .58 . 3200
pg -, |N-15 ~-.64 [1.79 .80 L . 4400

The speed of propagation of the knock of figures & and 7 was

apparently qulte appreciably lower than that of figure 2, being

f the order of 4500 ‘feet per second or one and one-hall times the
speéd of sound in the chamber instead of about twice the speed of
sound as in figure 2. Moreover, the results of the computations
show that the propagation must have slowed down wery. quickly to
the spoed of sound after passing the point py in frame N-13 for
its speed- to the point p; in frame N- 15 was only 3200 feet per
second. The speed of propagation might be expected to drop to the
gpeed of sound some time after the disturbance passed point pg

in frame N-13 because 7p4 was near the boundary of the mottled com-
bustion zone as seen in frame N-12. The shock wave.can maintain a
specd greater than that of sound only if supported by the release
of energy at the shock front. Inasmuch as the fading out of the
mottled zonc hes been shown in references 8 and 57 to represent the
complemlon of eombust101, energy ghould ‘not. be expected to be
available for release in the shock front after that front passes
out of the mottled zone. The: deceleration of the disturbance in
the general directidn of points “pg- and. py; is further indicated
by the fact that the mottled combustion zone visible just above the
center of the frame near the left side does not dxsappear until
about frame N-16.
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Kneck proggggﬁ_gq;zaLe case. 3 - Very few high-speed photo-
graphs have been obtained in which the center. of the knocking dis-
turbance could be located in the manner used in the analysis of

- figure 7. 1In that analysis the assumption wes made that frame N-12,
had it been exposéd only very slightly later than it was, would

have shown a very small luminous spot that could have been regarded
as the apparent center of the knocking disturbance. This assumption
appeared reasonable in that case because the blurring of the mottled
cowbustion zone, which precedes the development of the luminosity,
‘was well developed in frame N-12 of figure 7. This assumption is

not reasonable, however, in the case of the knock that developed
between frames G-11 and G-12 of figure 8, shown greatly enlarged in
figure 9, because the blurring of the moittled zone had not even begun
to develop during the sxpusure of any part of frame G-11. Although

a luminous region appears.in the lower right-hand area of frame G-12,
it is likald that this luminosity began to develop an appreciable
time after “the boglnnlng of ex poguwe of the arez in frame G-12.

Figure 8, which is the same as figure 7 of reference 7, shows a
clear view of autoigniting end gas in frames G-1 to G-11l. As it
does not seem possible to determine the center of the knocking dis-
turbance in frame G-12 by the method used in the analysis of fig-
ure 7, the center of the disturbance will be assumed for the purpose
of toe present analysis to have been located at the center of the
autoigniting end gas vigible in frames G-1 to G-11. Inasmuch as
the entire mottled combustion zone of frame G-11 appears quite
sharply defined, the blurring of the combustion zone in frame G-12
will be used as the criterion as to whether the knocking disturbance
passed any particular point during the exposure of frame G-12.

Points Pgs Ppg» “and Py, of frame G-12 may be regarded as ‘

approximate limits of the blur of the combustion zone as these

points appear only 'slightly blurred. Point Pyos on the other hand,

18 obviously net a limit of the spatial extent of the blurring but
is simply the arbitrary limit of the -field of view, 1nasmuch as the
blurring of this point is very marked.

\ t

The speeds of the knock propagation to the three points regarded
as limits of the knocking blur have been comnuted with equaticn (2)
as follows:

Speed of image of Speéd of knock
Toint knock propagation | propagation in
’ to point Py rela= | combustion
{tive to v chamberirft/sec
Pg 1.27 - 6900
Pio. | .98 5400
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To the three widely separated points that may be regarded as approxi-
mately marking the spatial limits of the blur in frame G-12, the
propagation speed of the kmocking disturbance appears to have been
approximately twice the speed of sound. This determination involves
the assumption that blurring began at the center of the disturbance
immediately af'ter the exposure of that center in frame G-11 and the
values are therefore minimum limits.  The fact that frame G-12 is
progressively more blurred and more luminous from the left to the
‘right indicates that the actual speed of the knock propagation was
considerably above the values calculated for points P1o and Pyj.
The knock provagation maintained a spesd about twice that of
sound all the way to points pg and P10, In contrast to the case
of figure 7 where the propagation slowed down to about:the speed of
sound in its course to the pbint P7. The entire course from the
knock center to the points. pg and Dy day within the mottled
combustion zone and there should consequently have been unreleascd
chemical energy available throughout the entire course to support
the propagation of the detonation wave. The travel at the higher
speed to the points pg and P1g Wwas probably for that reason.

Knock propagation rate, case 4. - Figure 10, a reproduction of
figure 11 of reference 9, is the shot previously referred to in
which autoignition started at various point centers scattered .
throughout the end gas and slowly spread out in all directions from
each of those point centers until it filled the end zone. (S=e
frames F-13 to G-10.) Frames G-10 to G-13 of figure 10 arc shown
greatly enlarged in figure 11. The beginning of the knocking blur
is probably just discernible in frame G-10 of figure 11. 1In frame
G-11 the blur has spread ovor the entire combustion zone and the
points P1z5 P14, and P15 locate the angles of a roughly triangular
bright luminous region in the same freme. Solving for equal speeds
of propagation of the lumincsity to the points Pyzy Pyyo and Py

locates the center of the knocking disturbance at the intersection of
lincs CC and C'C! with- 8 = 0.44 w and propagation speed of about
2640 feet per sccond. As in the previous cages the value of

2640 feet per second is a minimum value only and may be below the
true value. That the true value actually is somewhat higher is
indicated by the computation for the point P15 in frame G-12.
With the kmock center determined from frame G-11, the calculated
Propagation gpeed to the point Pig ig 3020 feet per second. The
error caused by the uncertainty &8 to the instant of start of the
knocking disturbance is a smaller percentage of the true speed in
the comparison of frame G-12 with frame G-10 than in the case of
conparison of adjacent frames.
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The error caused by uncertainty as to time of the beginning
of the knockiug disturbance uffuCtD the value of . S -as well as
tiis speed of the disturbancs. the asaumption is mwsde that. the
disturbance began too late by a t ime ipterval +', during which-

the focal-plane shutter movsd a distance 1, to cause even a vory
gmall luminous spot on frame G-1C of figawe, 11, then Va1aes of, S
and of 1 may be fcund that will zive equal sveeds of the dis-
turbtance from itslcéntur=to poiiits Pygo Py Pyss and plaf.iFor
this purpose the following -equations will be uscd: o

'

fl

A i a xR

. jXV . ’ .
M T 2w+ x - Z)-cos a S - (9)
equation (8) for points in frame , G-11 and eguatlcn (9) for the
point in frame G-12. ﬂqua1 sveeds +o mle points’ Pz, B4, P155 -
and Py are obtained witi- §.= 0.50 w and ! = 0.36 . The
speed. of knocking digturbance obtaired is 3630 feet ‘per second,
which is probakly more accurate than either the value of 2640 feet

" per second or 3020 feet per second. The speed of the knock dis-

turbance of figures 10 and l] aonea”s to bb oan ‘of the order of
the speed of gound Lﬂ ‘the chamber.

Khock_propagation rate, cageé’ 'S. - Anothér pholtograph showing
a knock propagation rate of the lower crder is 'seen in figure 12,

a reproduction of figure 10 of reference 7. As was explained in
reference 7, the camera was run in reverse for the taking of this
shot and, inasmuch as the individual frames are shown in ths order
in which they were teaken, the frawes are inverted and reverscd from
right to left relative to their appearance in the-other figures.
.The focal-plane-shubter motion, however, was still in the direction
from- left to right as seen in the figure, or in the direction from

the previously taken frames uoward the ermes yet to be takemn.
\

The speed of the knock DrOﬁaaa+1on can be detarmlndd very' much
more positively and simply in the cuse of figure 12 than with any
of the other figures. Frames C-3 to C-7 of this figure arec shown
enlarged in figure 13. Frame C-3 ghows no evidence of knock, frame
C-4 shows a well-definsd luminous region of approximately o:rcular
ghepe that extends upward to a considerably higher level in frame
C-5, and frame C-6 shows a lumincus spot:just boginning to develop
at the point P1g- A vertical line DD hag bdéen.drawn through tihe

point pyg in frame C-6 and similar'linéé'DD have boen drawn through
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frames C-4 and C-5, in each case at the same distance from the
right-hand edge of the frame as in frame C-6. In frames C-4 and
C-5 the points P17 and Pig have been selected on the line DD

and at the boundary of the blurred luminous region. As seen in
the figure, a straight line EE can be drawn through the points p
Pia» and Pigs the speed of propagation was +herefore the same
between frames C-4 and C-5 as between frames C-5 and C-6. The
points Py75 DPigs and P1g. all being at the same distance from

the right-hand edge of the frame, the actual speed of propagation
along the line DD was equal to the apparent speed and is calculated

to be 3400 feet per second, only of the order of the speed of sound

in the chamber. (When o = 90°, equation (2) is indeterminate but
equation (4) may be derived independently in the form V = V' for
this special case.) The true direction of travel of the knocking dis-
turbance possibly made a slight angle with the lines DD in figure 13,
in which case the true speed of propagation of the disturbance would
have been somewhat less than the speed measured along the lines DD.
The fact that the circle of luminosity in frame C-4 does not extend
entirely to either the right or the left edge of the frame is clear
evidence that the propagetion rate was far velow v 1in the image

and therefore far below 5500 feet per second in the combustion chamber.
Under this condition the origin of the knocking disturbance was
necessarlly within the blurred luminous circle of frame C-4; conse-
quently, rectilinear travel of the disturbance from the center to

the point P19 could not have¥heen at an angle greater than about

18° to the lines DD and the. trie propagation speed could not have
been less than 3400 cos 18° or about 3250 feet per second. The
values of 3400 feet per second and 3250 feet per second ip this case
are not minimum values. The propagation speed of the knocking dis-
turbance as indicated by the development of the blurred luminous zone
was deilnltelv between these two speeds.

17’

Correlation of Results

Two of the determinations from the NACA photographs have shown
propagation speeds for the knocking disturbance in excess of 5500 feet
per second, one has shown a speed of the order of 4500 feet per second,
and two have shown speeds somewhat over 3000 feet per second. The
two determinations of 5500 feet per second are definitely minimum
speeds, whereas one of the lower determinations established definite
upper and lower limits of 3400 feet per second ahd 3250 feet per
second. The discrepancy between these determinations is apnrox1mately
2:1, but the difference nevertheless appears to be real. Observation
of hundreds of shots as motion pictures projected on a screen at the
rate of 16 frames per second has revealed that extyeme‘variation in
knock-propagation rdates actually does exist. With violent knocks such
ag that of figure 2 the explosive knock reaction appears quite instan-
taneous, entirely too fast to be followed by eye. On the other hand,
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knockt has been obitsined, in a large autoignited end zone, so light
that no gas vibrations ars epvarent. In this case the propagati.on
of the explosive lmock reaction through the burning gases can be
eagily followed Dy eye and its speed avppears to ve even somewhat
lower than 300C feet per second. Uafortunately, this-very slow-
traveling kunock dis turbaﬁce ig go 4iffuse that i%s boundaries can-
not be observed in examination of individual frames, although the
spatially progressive reaction is observed unmistakably in tie inte-
grated effect of numerous successive frames provided by the motion-
nicture projector. ’

The proragetion speeds in excess of 53500 feet per second are
of the correct order to be regarded &s detonation waves and are in
agreement with the previously mentioned results of Sokolik and
Voinov (refersnce 5). A detonation wave, however, should be expected
to have lower propagation sresds as the energy released in the wave
front is diminished. Tae propagation sneeds ranglag down to the
gneed of sound may thus be explained on the pasis of detonation waves
traveling through gases which have already releaszed the greater part
of thelr chemical energy and Wth therefore have Little energy Iefu
to support a detonation wave.. Theé spesd of the detonation wave .
would be reduced as a functioa of the amount of energy released by
autcignition or by afterburning before the detonation wave was set
up.

Knock nr ﬂagatlon at speeds below the speed of sound could not

‘be explained on the basis of detonaticn waves. Though the mean apeed
of sound in the chamber is about 2000 feet per seconé after combus-
tion is complete (see reference 8), the speed of sound in the end gas
Just af'ter the detonation wave has passed may be considerably below'
this value for three reasons: first, the temperature of the later-
burned rarts of the charge is well known to be lower than that in
ths earlier-burned parts of the charge because of adiabatic compres-
gion of the earlier-burned narts by the later-burned parts (refer
ences 67 and 68); second, because some stages of the burning may te
completed a few microseconds after the front of the detonation wave
has. passed through the gas instead of immediately behind the wave
front; and third, because the knock reaction is znown to- render a
part of the chsmical enﬁvgy uuavailabie, rrobably because ¢f liber-
ation of free carbon (reference 65;. Instances of speed of knock
rropagation somewnat below 3000 feet per second would therefore bve
entirely compatible with the combined autoignition and detoration-
wave theory. They would not be compatible with the simnple auto-
ignition theory bscause this theory calls for simultanecus ignition
of end gas rather than a high speed of flame »ropagation. The veri-
able propagation rateg are not compatible with the simple detonation-
vave theory, that ig, with a theory independent of preletonation
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end-gas reaction, because such variable rates require variable con-
centrations of available energy explainable only by predetonation
reaction in the end gas.

CONCLUSIONS

Sfudy of the available literature concerning svark-ignition
engine knock‘has led to the suggestion-of a combined autcignition
and detonation-wave theory according to.which:

+ 1. Knock of a comparatively low pitch may be caused by simple
autoignition of end gas at a rate too slow to produce audible gas
viorations. ‘ .

2. Knock involving both low- and high-pitched tones may be
caused by autoignition followed by the development of a detonation
wave in the autoignited gases.

3. Knock of high pitch may be caused by a detonation wave in
afterburning gases behind the flame front. This detonation wave,
having originated in the afterburning gases behind the flame front,
may also pass through unignited end gas.

Application of a formula derived from an analysis of the focal-
plane-shutter effect of the NACA high-speed camera to five shots of
knocking combustion taken with that camera leads to the following
conclusions concerning the explosive knock reaction, which is the
‘cause of knocking gas vibrations as seen in the photographs:

(a) The explosive knock reaction is actually a self'-propagating
¢isturbance traveling through the last parts of the &as to burn:

(b) The speed of the explosive knock reaction ranges from about
the speed of sound in the combustion chamber to approximately twice
the speed of sound. :

(c) The speed range of the explosive knock -reaction is com-
patible with the proposed combined autoignition and detonation-
wave theory but not with either of the simple theories of auto-
ignition or detonation of the end gas.

L

Alrcraft Engine Resgearch Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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ACA ARR No. E6C22 Fig. 3

256 ft
—_—_—
per sec.

NACA
C-7768
12-1-44

Figure 3. - Equivalent manner of exposure of frames in high=-
speed photographs. A, B, C, D, rectangular slots in an
opaque screen; M=10, M-11, M=12, M=1I3, successive frames
from knocking portion of figure 2.



E6C22

NACA ARR No.

4

Fig.

SO I1LNVYNOY¥IY ¥04 33111WNOD
A¥OSIAQY TVYNOILVN

1® uoil}isod 4a33}nys

*uoj}oe J43}}nys-aue|d-jed04 30 sweabeyp d1jeWIYSS - *4H 24nb14

SEELTR! _ 01 auwy
sue|d-qed204 (q) j® uoljisod sajjnys-aue|d-jed04 (e)

|e204

4933nys aue d




E6C22

NACA ARR No.

*Juo04y A3rsoujwng

vo-i-21
v9LL"D

—_—— >
AZ'0 (aj3ew)xoudde) A Z°0
— e ——
AG'O A Y0
- —_—
Agt A 9°0
-— >
. Ag A < 3INQ
@jRUjwid3@pu| paads
— o e s wor sk e
- ——— - — =
A 93}BUIWIIIBPUI UO| 3294 (Q
931ujjuy paads
——eee -
AG*0 A L0 < 3Ing
@jeu|wiajlepu| paads
-~ .
AZ'0 (@3ew)xoudde) A Z°'0
JuoJ} juody

A3)1soujwn| JO uo|3d84|p
pue paads |en3dy

A3|soujwn) 40 uO|3}23J4)1p
pue pasads juaseddy

paonpoJd Ajje19)4]134e 40 K3 120|3A jueaeddy - °*g @24nb)4

qaa(

eeaee

gaaadl

JudwWaAOwW 4333nys aue|d
-]1©204 43O uO0|3294)Q




Fig. 6 NACA ARR No. E6C22

17

LMAL
19373

16

2

" » y . >




Flige

E6C22

NACA ARR No.

juawabBae)us 10y £ 61y 209) ‘wo33oq e j3ods 310y
pue |- jueda3d 0G ‘jeny °*s3ods snouiwn| 3ybiruq 3
-o3ne Aq pepea2aad 3ou Ajjussedde uoijeuoizap Buymoy
~-snqwod Buixdoouy 0 saun3did uorjow paads-ybiH ¢

0LEG !
Rl R

o ﬂ;» e
I,‘. t..- 7/ _._- y

o U a

Ba

{*uotr3aod Bupyoouy 30
‘doy e Bnid waeds {z-w 3juad29d 0g
0 399439 3S4NQ-||3ys yyim vojtuby
$ 42put Ao auibua ue uy @242 uoiy
‘9| ®%ud43434 4o g °*Bi14) - ‘9 2unb) g4

ﬁiﬁyyaam.@@ T
m&smssmm&mmnrmﬁ

ammmr



E6C22

NACA ARR No.

ig.

40 9|=N O3} ZI-N Sawedy ul

pr-i-2)
S9LLD
VOVN

o, 39

G|=N

*9 aanbyy

ue2ds se judwdo|dAap 20ux 4O mMa|A pabuejulz - °*, @a4nby4

vI-—=N

SI=N

Z1-N



E6C22

NACA ARR No.

(*voj3sod Buyyd0uy 3o juawabue|us 4oy 6 °*61s 239 *sbnid xaeds unoy fjeany z-nW
*uoj3tubyoine asnyy1p A£q papaodsesd uojjeuolsp Buimoys a8pul|hd> euibus ue Uy 91242 uvoiy
-snqwod Buiyoouy 0 s84n3d1d uvorjow paads-ybiIy (°, @douUBIBa4 O i

“LLLLLLLLT

? w %_ 7 mu. by &

*614) - *g @4nb4

I H:E

8l Ll 9l gl 'l ¢l 2l 1 ol 6 3 i 9 S v € 2



E6C22

NACA ARR No.

40 €1=9 03} 0|=9 sawesy u|

ro-1-2i
L9LL"D
VIYN

reouoainisip bujoouy
}0 J8juad pawnssy

€D

T1=9

JEl=9

‘8

uaas se juawdo|d@Aap YO0u)y 4O mMd1A pabiaejul -

25 Sk

a4anby
‘6 @4nb) 4




10

E6C22

NACA ARR No.

(

*uoijsod Buiyoouy o juswabiejue a0y || *Biy

2ag) *sBbn)d xseds om3 f‘uoj|eb sad @jes3iu jAwe jw QoZ snijd jany |-g *uo|31uby
-o3ne jujod-u)d Aq paposdaid uorjeuolap Buimoys sapu)|fo suibua ue uy 21243 uoy}
-ybiH (°6 @2uda3j9a 40 || *B)3) - *0) ®4nbyy

-snqwod Bujixyoouy 30 saunioyd uoijow paads

6l 8| €l




E6C22

NACA ARR No.

rr-i-2i
994L+D
YOVUN

40 ¢1=9 03} Q|—-9 sawedy ul

U29S Se JUdwWdO|BABP HO0UY JO MIIA

€1 -9 Z =9 =9

‘0l

pabaejul -

01-9

aanb)y

2anb1 4




12

Fig.

E6C22

NACA ARR No.

995 )

razse
Il

*sBn|d xaeds uanoy

f19any

| =N

(*uoijsod Bujixoouy o juawabiejua a0y ¢| 61y

*J9qweyd uoi}snqwod O s3sed 3|qIS|A

jle p9sidAed}

pey S3juO0J) @we|) J23}je uojj3euolap Buimoys Japujl|fd auibua ue u) 91242 uoj3snqwod By

>

-%20u) © 40 3sed JO sS84N3}D

. £l

. .

1d uojjow paads~-yBiH (°L @d2uda9842a 40 0 °*Bi4) - °*Z) @24nb 14




EGC22

NACA ARR No.

13

Fig.

pr-1-2i
694L°D
VIVN

40 L=J 03 €-9

sawedy ul|

A

ueas se juawdo|aAap 3Oo0ouy SO mMdlA pabuejul -

el

aunb)}

aanb) 4




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69



