@ https:/intrs.nasa.gov/search.jsp?R=19930094489 2020-06-17T00:32:43+00:00Z




NATIOFAL ADVISORY COMMITTEE FOR AZRONAUTICS

TECHNICAL MEMORAIDUM NO, 928

KHOCKING IN AN INTERNAL-COMBUSTIOW EINGINE*

-

By 4. Sokolik and A« Voinov

1

‘The phenonenon of "knocking! is associated with the
peculiar process of combustion in an internal- combustion
engine. The technical term "detonation!" used in connec-
tion with this particular type of combustion has not so
far been justified by direct experiments establishing the
actual occurrence of the detonation or explosion wave. It
is only natural that the grcater number of investigators
prefer to employ terms that do not possess any clearly de-
£ imeduphysical sehse, such as "knocking," "pinking," "cog-
nement ;" YKlopfen." Moreover, .the great majority of ia=-
vestigators declare themselves positively opposcd to the
identification of the knocking phenomenon with. the deto-
nation wave holding the formation of the latter -in the en~
gine to be impossible. Thus Whatmough (reference 1) writes

¢ detonation blast" and detonation wave arc quite

mit etior mis) oft vin flemmationy fmotdens Theridetonation
aotcs bodily projection of the highly compressed

n gas from a hot pocket as compared with 'the

ion wave,! which is propellant high spced 1nf1wmA%—
)

Brown and Watkins (reference 2), A, Egerton (referonce
3), and P. Laffitte (referecnce 4) advance numerous argu=
nents (diffcrent effect of the temperature élevation,
facilitating the occurrence of -"shoek" in the congine and
suppressing the occurrcnce of the explosion wave in the
tubey ahsence of the effeect of. tetracthyl lead in the
detonation phenomenon in the tube; the nccessity for the
occurrence of the detonation wave in a sufficiently long
tube; finally the possibility of obtainiang a true explo=
sion .wave in air~hydrocarbon nixtures) which forcec them to
the position tb“+ "knock in ‘cngines does not appear to be
necessarily attridbutable to an explosion wave" (reference
4, p. 418). Finally, the conception of "knock" as a phe-

c

*"Le 'Cogncment! dans un Moteur a Essence et 1'Onde.Explo-
gdeslralachs Paysigs of the WeBi8eBa o volis 3y now By 10356

v velocity limited by that of the receding eombustible.”
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nonenon analogous to detonation wave:is considered incon=

patible with the chemical theorics of "knock" as, for ex=

anple, the peroxide theory of Callender (refercnce 5) and
i

of Monrcauw and Dufraissc (reforence 6)., "Xnock" is asso-
ciated with either auto-ianflammation of a part of the
charge duc to the dccomposition of accumulated pcroxidces

or it is hecld with Dufraisse (refeorence 7) that

‘MThe peroxides play somchow the part of a de
the flame is propagatcd with vibratory motion wit
abrupt inercasc in the gas pressure" (p. TE4Y. « & sieddag
definition is given by Egerton (rocference 3) and Laffit
(reforence 4).

ock in an engine is not necessarily associated
with detonation, but rvather with a type of wibratory com=
bustion propatated with velocities of the order of tems of
meters per second!" (p. 401)., These definitions of knock
as a vidbratory propagation of the flame arc based on the
wolleknown tcsts of Maxwell and Wheoler (refcrence g) and
are larcely accepted by the investigators of combustion.
(Sce also Morgan (refercnce 9) and Nielsen (reference 10).)

A definite solution of the problem of the physico-
chemical naturc of knock as a certain form of combustion
was madc possible, however, only as a result of the dircct
rocording of the flame propagation in the engine eylinder
at normal operation and with knocking. This is the method
followed by the investigators we shall now cite.

31, and Duchene
s of a photo=
graphic investigation, the f and Hhe isleie

o

i in the en:
ond dm @ bomb with la “simgle~c e adi
The photographic records for the knocking regimec o
by thecse two investigators are ess r
ing %s localized in the remalding portion of % ehig
the most distant from the. spark plug- and is recorded in “the
form of o trace perpendicular fo the axis of notion of the
recording paper. Withrow and Boyd consider this result
as a support of the theory of the simultaneous autodigni-
tion of the lastpart of the charge. Fiadd 1t onads “elon=
firmation, Withrow and Rassweiler give spectroscopic ob-
servations on the process of the oxidizing reaction occur=-
ring in the nmixture before its auvtoignition. Duchene,
howover, on the basis cvidently of indircct considerations
secs in the similar photographic records a proof of the
ocecurrecnce in the cngine of an actual explosion wave.
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However, as Prottre (reference 13, p. 51) Jjustly remarks,

"These authors have not been able to mecasure the velocity

of this wave and photographs published would appear to in-
dicate o velocity greatecr than thoso given by gascous mix-
tures having a high .cxplosive power.!

It is noteworthy that Jouguet (reference 14) bases
his doubts as to the formation in the engine of an explo-
sion wave on reasons diametrically opposite. He considers
that "the speed obscrved by M. Duchéine 6f the order of
1,000 mcters per second is actually too small for a- true

cxplosion wave! (p. 153). Prettre himself considers that,
"Many objections may be madc against the assumption of the
instantaneous formation of a wave in the mixtures of air
and hydrocarbon vapors. On the other hand, numcrous argu-

ments support the view of a slnnle s1multancot aunto-inflam=

matioen, as:..cauge. of the knock.

An attempt to °olvo this samc problem of the defini=-
tien of. the mode: of combustion cormesponding to knock is
also made by Schnaulfer, naking use of the mcthod of
ionization for recording the flame propagation (refercnce
15). For combustion accompanied by knock, Schnauffer obe=
tailns oscillograms testifyling according to him to simuls
tancous auvto~inflammoetion of a portion of the charge:

"Whereas, with no-knock combustion, inflammation oc-
currs with a sharply defined flame front so that we may
speak of a steady propagation of the flame front, in the
casc of combustion with knock as the records show, the ig
nition of the last portion of the mixturc occurs simulta-
ncously at many point."

In his more reccent tests condueted by a perfected
method (reference 16), Schnauffer arrives at the same con-
clusion. UNevertheless, both in the test of Withrow-Boyd
and Duchene, the data furnished by the reccording mcthod

ployed by Schnauffer were apparently insufficient for
tne solution of the problem under consideration. n fact,
;iVon a length of detonation zone in the combustion chamber
of 5 eceatinetdrs and a normal speed of. the explosion wave
of the order of 2x10°% centimeters por sccond, it is neces-
sary to grant the poss 1b111tJ of recording intervals of
time of the order of 107° seccond , a process which is nani-
festly beyond thec limits of the oscillograph method.

Phus 4o none of the works cited .cbove hos 1t beon suce
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successful ly obtained o sufficiently clcar physical defiis=

n igiilon lof thie combusitidoeont in txa knocking cnginec, a defi=
nition based onireldable 'diveet neavsurenents N s Al
el onns stlle, giiesibion. riemain siiope (O sthe rol vbion betwecn
the phenomcnon of knocking in the engine and the explosion

wave. The solution of this problem is the objecect of our
testse. :

1. METHOD AND RESULTS OF THE TESTS

For tho problen we have proposcd oursclves and pars-
tiecularity oz *thle rlesiolfuthiont int“thle “time Yo “tho "phichyonenon
of high~specd combustion during knock, tihiod of photoe
graphic recording of the flame propagation free from incr=
triat s d“rticularly suitable. The method of Mallard and
Lo C"u icr (roforcaco 17) which consists of photogrophi

ane gati on a film noving perpendicularly to
LS @k Lt¢ propagation hasg-been applied for the first
id gl c‘finc by Withrow and Boyd. Whilec following
11y the method of .tHo Amncrican 1uvbst1 ators, .wo
:oﬂ*co& an “cisislen tialr nodif iie ”th“, incrcaging “eon=
v the Spced of the film and therecby assuring the
ty of the dircct neasurecncnt of the naxinun speeds
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cal-shape 'cock with a pyrex glass windowe The 11“uor is
conposecd of two window ;iﬂccs xR x9N n il inete with a
partition botween them corresponding to the wh 1te Edhi on

the photographs Iz order $o awoid “tHe black “deposdt du "the
windows, the cock Dbefore thc experinent wos in the position
A (fige. 2) and only at tho fasgfant of ‘récording (at the “In=
4
v

.

stant of the opening of the electromagnetic switch regulat-
ad th ot i ‘ he valves) woas 1t put in position B§
ase of on zu)nvﬂtts with rotating

: gb)id it eloeddy up to 7,900 revolutions per
nimutiel o rre sponwlh to a linear speed of 60 meters per
econd The apparatus was provided with an objective of

The cooling of the engine was by forced circulation
of water or ethylenc glycol. The engine was braked with
a dynamometer. The compression ratio was constant and
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elqiraily st o 66 3l  lonidstidonyiwas by means of a coll at one of
the ends of the chamber, the opposite opening being closecd
by @ flat valve. The ignition angle was indicated by a
neon lamp. Taking 'into consideration the fact that the

knocking regime leading to self-heating of the combustion
chamber cannot be stable, we have chosen the following
order in the conduet of our tests. For a certain carbu-~
retor adjustment, a certain engine speed, position of the
choke (normally entirely opene ed), jacket temperature, and
ignition angle, there was first established a regime for
which the engine operatcs without knock, Then immediately
beforec opcning the switeh, the ignition angle was increcasca
to a certain predetermincd value with the aid of a speccial
lever diwblﬁcoi on whe dnterrupter disks In this manner
wastireconded ome of thoe 'fipst debonation cycles

Shock and Explosion Wave

‘The discontinuous change in the character of the
flane propagation associated with the occurrence of knock
is clearly brought out by the comparison of the two photo=
graphs showing the regimecs with normal combustion and with
knoek, respectively (fig. 3). In the case of normal come-
bustion, thec flamec is propagatcd over the cntire cxtent of
the combustion chamber with a relatively small velocity of

the order of 10-20 meters per second. Halfway over the
flame travel, we observe oan appreciable decercase in iits

veilaeh te Fiesbh ¢ 'combustion s n,conoﬁficd by kanock, the
flame propagation maintains thoe same character with the
exception of the last portion of the charge, where the
teaec ‘'of the flame is recorded by s dink perpendicular to
the cxis of motion of the film with o stricted structure

in the zonc of post-luminescence (fig. 4). These records
as well as those of Withrow=Boyd and Duchenc show that
knock is associated with an abrupt ange in the velocity
of flame propagation localized in the portion of the charge
which is burned last without changing the flame propaga
tion in the preceding part of the chamber. This, howewver,
does not solve the problem of the mode of combustion in

the dectonation zonc. Is the combustion producecd sinmulta-
neously in the entire mass of the dctona vting charge (ac-
companied by the disappcarance of the flame front, accord-
ing to Schanauffcr) or is tho flame front nrojapwtcd with
the very high velocity of an explosion wave? The answer

to this guestion can be obtaincd only by recording the com-
bustion with a sufficicnt displaccment velocity of the re-
cording papers

"
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The results of the gradual acceleration of. the veloc=
ity of the recording paper from 3 to 30 meters Per second
are shown in figure 4. . The records A, B, and C are here
similar to those obtained by Withrow-Boyd and Duchene.

The record D, however, recorded with a velocity of the
paper of 30 meters. per second, and particularly the photo-
graphs of figure 5 corrcesponding to velocities of 50 and
60 meters per sccond give a more accurate ideca of the
character of the combustion in the detonation zone. Oun
figure 5-A and C the detonation zonc takes up about 5
centimeters of the length of the chamberj on figure 9-3
the dctonation is produced in the immediatec neighborhood
of the chamber wall,

The records of figure & show that during knock there
is produced not a simultaneous auto-inflammation of the
last portion of the charge but a flame-front propagation
with a finite velocity determined by the inclination of
the flame trace. The exact measurement of this velocity is
difficult because the detonating zone occupies a rela-
tively unimportant part of the chamber. The measurements
for constant carburctor adjustment, however, have given
approximately identical wvalues of the velocity and ofehe
same order (about 2,000 mecters per second) as the veloci-
tics of the detonation wave mecasurcd in the tube. As in
the casc of detonation in the tubc, during the occurrcnce
of an oxplosion wave in the enginc therc is formed a re-
flectod detonation wave propagated in’ the burncd gas. Its
velocity (R), as follows thcoretically, is always consid—

erably below the velocity of the detonation wave (D).

D m/s 1980 2020 2200
B % _ L500 -AA680 176D

Mhe above results pormit us to state that knock in
S

Phe detonation or cxplosion wave represents accord-
ing to the classical cxpression of Jouguet (reference 8,
ps 323) "the coexistence of the mechanical and chemical

phenomenon of the shock wave and of combustion." When
the chember wall is reached, the explosion wave is re-
flected, is propagated in the dburned gas, and partielly

1
th the instantancous occurrenee:

the ecagine is associated wi
of .o detonation wave with all the characteristics peculiar
to ite.
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dissociated under the form of a shoeck wave. 'Our photo=
graph rccords show the periodic. reflection of the shock
wave by the oppositc wall:-of the chambexr and partially

by the partition of the windowe. The propagation of the
unrcflected shock wave occurs with grodual attcnuation.
This corresponds to the progressive decroase of the com-
pression pg/pl in the wave and consequently to the re-
duetion in its veéloecitys. Under the conditions in &the -en=
ginc, thc phcnomenon of the wave attenuation, somewhat
recinforced by cxpansion, is cxtended about 700-80° beyond
thc dead eentere. The velocities. of the shock waove can: be
measured with greater accuracy than those of the detona-
tion wave and give the following values for the waves
sRter the fi#pgts and sdxtecenthl nefilectiions

D, m/s 1460 1520
T 930 980

The reduction of the shock wave veloclty on the pho-
tographs obtaincd with a lower .speed, as on figure 4 A-C,
> is brought out by the decrcase in the frequency of the
striase. It is from the frequency of these striae tha
Duchcnec has evaluated the mecan velocity of the shock waves
etvhh el ardeni ot 1,000 m/s and Jithrow and Rassweiler (ref-
‘ crence 19) a valuc of the order of 800-900 metcrs per sce-—
ond. Vibrotions of the same fregquency have been obtained
on indicator diagrams obscrved by Withrow-Rassweiler and
Serruys (refercnce 20)., Our tcsts show clearly that this
mean velocity is considerably below the wveclocity of the
first reflcctdd wave whereas the velocity of the latter
is less thon the volocity of the flame-front propagation
in the region of detonation. As follows from our tests,
the definition of the detoénation in the engine as "an ad-
vanced form of vibratory type of explosion' (Egerton) is
in conformity with reality only in that subsequent to the
occurrence of the detonation wave in the last part of the
charge there is repeated and periodic reflection of the
shock waves by the chamber walls.

Computoation of the Velocity and Pressure of the
Detonation Wave
The thermodynomic theory of the detonation and shock

waves permits us to compute the velocity of the explosion
wave as well as the pressure and temperaturc at the flame
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front from the dinitiasl coamditien of the gas and the eguas
tion of the chemical reaction.. A computation of this
kind has been performed for an air-fuel mixture by making
the following assumptions:

]

The shock wave is produced during thc final stage
of combustion ncar the point of maximum pressure. We are
thereforc permitted to take for the initial condition of
tho gas at the instant of oeeurrcnce of the explosion

-

e

wave the value of the maximum pressurc obtained for nor-

e

mal combustion,. and the temperature corrcspondi

pressurc according to the law »f adiobatic comp
1=k

P E T = constante v assuming for the maximum pressure

of normal combustion 25 atm and k = l.25, we obtain for

the temperature of the last portion of the charge Ti =

615° absolute (initial tcmperoture Ty = 323° abs). Assun-
ing the fuel to be cquivalent to hexane, we 0

cquation of the reaction:

ng to this
1" S

seion

[¢7)

(ox
<t
o
[N
s
[i5
ooy
Q

CgHpa + 9450, + 35.7Ny = 6605 + 7HZ0 4+ 35,785 + 1007 cal

The computation made from these data gave for the ten-
ure of the shock-wawve front T; = 3

perat 390° abs. The ve-
locity of the shock wave is correspondingly equal to 1850
metcrs per sccond, a value which approaches the cxperimen-
tal walue if we take account of the possible errors in the
assumptions ond of thc measurement of the wave velocitye
The corresponding 1ncrﬁ9ro of ‘the pressurc at the shock

vave front is PPy = 10§ This mcaons that the occur-

cnce of the cexplosion wave ir the enginec ig accompanicd
by an abrupt pressure rise exceecding ten tinou the maxi-
mum pru ssure of normal combustion. Using the value of the
pressure Py = 25 atm befdre the wise,ef the oxplosion
wave, we obtain for the maximum pressure ‘of- the detonation
wave P, = 260 atnm.

All the indicators employed do not permit cven ap—
proxinately the cvaluntion of the aectual pressurcs during
m

knocke The indicator in this case mecasurces the impulse
of the force which under certain assumpiions may be com=
parcd with the results obtaincd by computation.

Serruys (reference 21) has computcd the duration of
the detonation impulsc by mcasuring the magnitude of the

laog which takes place during the deton on near the point
of maximun pressure on the diagram rccorded by the Farans—-
borough indicator. He obtained o value of the order pe=
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second:. The order of this magnitude may also be evaluated
by another method: namely, as the time interval between
two consecutive impulses of the detonation wave and -of the
first wave reflected on the membranc of the indicator.

For our enginc cylinder with a diamcter of 150 millimeters
and given the velocity of the first refleccted wave equal

.

to 1,500 metérs per sccond; this time interval is

QRillEE
o = . 2%x10°* &
1500

()

c

o value which approaches very closely the rasult obtainced
by Serruys. Duchene and Verdicr (refcrence 22) have con-
structed a special mechanical model that reproduces the
intensity and the frecquency of the impulses imparted to
the Midgley indicator diaphragm during detonation. They
have measured the "forcec of the knock" corresponding in
their test to the impulse of a weight of 10 kilograms at
a velocity of 3.6 meters per sccond on a piston of 100
millimetcrs diameter. For a unit of surface, this ecorre=
sponds to an impulsec of

TOXN4AXE -6
JOIONB ol LT b

= 48x10" 3

If we estimate the valuc of this impulse from the

jncrcasc in the pressurc at the cxplosion wave front,
£ i

computod by us (235 atm) and from the intoerval between two
consccutive knocks (2x10~4 scc), we obtain:

B

235x2%x10~% = 47%x10"3. Thus the impulsc computed from the

shoclk wave agreces with the result of ‘direct ncasurencnt.

This, however, does not prove the accuracy of the compu-
tation or of the dircct mcasurement of tho - impulse. Hevers
theless, this agrecment may be considercd as a new indi-
rect proof of the occurrence in the enginc of an actual
cxplosion wavec obeying the laws established by the thermo-
dynamic thecory of the detonation phenomcnon as developed

by Jouguet.

In onc of his articles, Ricardo (reference 23, P 258)
hns writton: "The actual phenomenon of detonation coupled
with the vexing question of whether or not it is a true
detonation in the academic scnsc of the word, arc problems
for the chemist and physicist to decide, To the engincer
and designer, the incidence and not the definition of
dectonation is the factor which determines the compression
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ratio he muv enploy, ref
Pk an iciency he can obtain.

Actually, however, the problem
;ion during the detonation, whethe
s apsuncd by the thcory of autw-in
considerable but finite vecloecity
s not av aliiacademice Thediree
an explosion wave in the engine pe
of the thermodynamic thcory of det
though approximately, the duration
of the dctonation impulse and to e
y ssure during tlhe detonation,: va
portant frem the praetical peint o
hemselves only with difficulty to

Instant of Occurrcence of Dectonation Wave

andum Noe:. 928

the power, out-

m of the mode of combus-
r it oceeurs instenbtly
flammatieny or with @

of the explosion wave,
tproef of the rise of
rmits us, with the aid
onation, to compute,

as well as the velue
valuate thec maximum
lues that are very im-
f vicw and that le

diilriciet ol

The interval of time from the dead-center position
to the instant when the detonation wave is produced do-
ponds on different factors. It deerecascs with increasc .
in spark advance, with change 1z the carburctor adjustnent,
attaining its minimum waluc with 2 mizture that is clos
to the correcct one, and wvaries. fi ally with modifications
of thic fuecl chiaracitenisbicste By adding ethyl fluid oz
toluol to the fuel the instant of occurrenco of the deto~
nation wave recedes considerably from the dead center.
There is also an increase in the distance from thiel spatlk
plug to the point where the detonation is produced.

‘ We hawve, in addition, ceonductied
which we voricd within wide limits (

perature of the cooling liguid:i ns

.0n thec basis o; the photograph recco
ion ratio (6.3), 800 revolutions per nminute,
nece 18°, we hoave neasured the time int crval (in

rotation of the flywheel) fronm the in-

stoant compress
spark adva
degrecs of angle of

a scries of tests in

40° to 1459) the teome
wnely, ethylene glycol.

rds obtained at o con=

stont of dead center to the instont of occurrcace of the

explosion wave. Prom the

variations of this value, it is

possible to judge the effect of the change in temperature

on the course of the c;enical reactions which precede the
dectonation and prepare for its For the pure fuel, we uscd -
threce differcnt carburctor scttings corrcsponding to the

following values of the excess air coeffi icient, 1.12, 0.9,

and 0.75. The corresponding data for these . threo vélues y

are shown in
confirmecd by the tests

figure 6. We may note that th
conductcd by Aucr

gsec roesults are
(reference 24,
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bable' 5 and figs 7) 4f wo ‘take acedunt of the fact that
s ests the mixture gradually lcancd with in-
crease in air temperaturc from '23° to 74°. In the casc
of lean mixturecs inierease Instlhe ‘temperature leads;
moreover, to & co derable increase (almost double) in
the mean velocity he flame nrowuo ailb ion Wduring mormal
conbustlon so tha he combustion ends sufficicntly near
cad centere ‘This shows thot with high ftemperatures it is
possible to obtain regular operotion of the engine without
baeckfiring in the carburctor with mixturcs having excess

air values beyond 1.2 such as is impossible with low teom-

c’r Hy s O

“peraturcs. If the canginc is operating with a mixture

corresponding to mayiiwm power, the mean wvelocity of propa-
gation of normal combustion procticelly does not wvary with
inercase in the cylludcr jacket tcmperature {Pigs 7w

The results of thegse tests agrec with and at the same
time oxzplain the. observations made by Puisais and Moynot
(refercnce 25) on the cffect of the temperature rcnulation
dupingrintekic on the power and efficiecncy of the engines
UER s Yeffeetlls very slightifor algorreetwnixbure: within
thelaornsl 1idnits of temperabture variations It increases
withiehange «ia nmixture rwch“kas. Witheleoan regulations
an'inecreesc in the temperature deercases the fuel consunp-
tion®and 'inercases the poewcr.!

Talthe Literature on the subjecchy we find cortain
refoptneee® ol the inerease of the ascbion of the betra
cithyl leod as a result,of the elevation of the cooling
liguid temmerature (reference 26)s Our tests, however,
do not confirm these cbservations., For a maximum-power
mixture, the temperature elevation has practically no ef-
feet in changling the time jinterval up to the oecurrence
of dectonation even when the fuel usced has an cthyl conteant
of 3 cubic centimeters per liter (fig. 8).

Dctonation and Autoignition

part of the charge it is also possible

ously with the oceuvrrence of the explosion

ey sk
nomenon of autoignition to occur as a result of
abtln
L

o
the local heating® of the combustion chambers wallsy 2 he“t-
ing in grecat port duc to the preccding detonation. Thi
complcicly cxcludes any possibility of a stable dotonutlon

regime in the cnginee, With incrcase in the wall tempera=
ture, there is o dcercasc in the ignition lag and the auto-
ignition point approaches the dead-coenter position. Fig=




the two flame. fronts - of theclsp
n
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ure 9 shows clecarly this.gradual approach .of the point
o f panbotien 16 0ne The ‘flame sfrontewhich sisi Bormed jnear
the "hot point" is propagated toward the cxtremity of the
chamber o8 wpell’ as in the dizvection of the  flome . frent

advancing from the 'spark pluge If .the -instant of -auto-
ignition is sufficlently elodiesto wbhe dicad lcenbicr s sbhe «

1

normal combustion has sufficient time to consume the cnw
tire charge heforic the oeccurrenec of the detonation swavie

3

‘(fiz. 9d)e The amutoignition ot the ond of the chamber . is

epreseated . by the dinsertion of o sccond spark plug notb
included in .the clectrie eirecuites The role of the hot .
point ‘is assumed in this case by the clectrodc ‘of the .seec-
ond spark plug near which the outoignition occurs. The
4

fecord in figure 10 was obtaincd for an cnginc .with .great

)

0

knock intensity the pHotograph hawving.becn obtained ab.
v D

preciscly the instant of disappear uucc of the knock when

the cngine had begun to operate in o normal manncr, As

i
appears from figure 10, this is ox

o4

xplained by the fact. that
vl plageend Sef stloy thob
noint" - have met sufficiently ncar the dead center before
the detonation wave could be for pd. The¢ progressive in=
crease in thoe hot—pOLnt tcmporaturo lecads to autoignition
during the compression and consequently to the stopping

of the cagine aq hos been shown by the tests of Dunanois
(refercnce 27) and Scrruys (rofcru;‘c 28)a Our tests
prove that the a i*nitjon arisiang largely as a conses-
gucnce of the de ation is & phenomenon egsscntially dis-
‘tor both! bFpsits physical: echaractersy

lame propagation, and by its action on

(@)
0
=
i
—
chk
w

Discussion of the R

The nothod cmployed by us of high-specd recording of

the flame propagotion in the engine has provided a definite
solution of the problem of the physicnl character of knock.

Contrnry to the opinion prevailing at present, knock in
the ecagine 1is associatod not vntv I]urc “rOrwjlti01 Qi o
vibratory type and not with sinultarncous cutoignition of
the last part of the charge but with the sudden formation

of an cxplosion or dctonation wave propagoted with o speced
of the order of 2,000 meters per second. We heove, however,
vory .cood reasoms for supposing thot  the:mechanisn of oc-

currezcc of the expleosion wave in the engiac differs 4n o

pronouaced: fas hion fron that of it s ﬂofnhtlon in the OxyFcen

nixtures in' @l bubes
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2. FORMATION OF SHOCK WAVE

There exist three types of flame propagation in
closed tubes, represented in figure 1ll. - The first type
(fig. 1l-A), with decrcasing speed, corresponds to the
normal combustion (without knock) in the engine. The
second .is the vibratory type. (fig. 11=B). The vidbrations
or the recoils of ibhe f lamc ufront are eauscd "by «the aietion
of compression waves of finite amplitudc produced as a
result of the considcrable velocity of the combustion and
reflected by the closcd ends of the tube (refercnces .29
and “30)s

Givon a sufficient length of tube, the compression
waves which arisc continuously accumulatc, forming the
front of the shock wave. The same factor (temperaturec
elevation of the gasg) whaich lecds to the progressive acw
celeration of the velocity in the scries of compression
waves lcads also to thc continuous acccleration of the wve=
locity of reaction and flame propagation in the predecto-
nation zone (fig. 11-C). Thus, in oxygen mixtures, the
shock wave is formed as a result of the auto-acceleration
of the combustion in the predetonation zone., If the mix-
ture is suitable for detonation, that is, if it is capable
of igniting after compression by a shock wave with very
short lag, then the formation of the shock wave results
immediately in the rise of an explosion wavece It is also
evident Shat in this case the mean vcloeity of the flame -
i obhe ‘predetonadtion zone "should be ‘cqual to the ‘veloeity
ok bhic: dmibial compressiven fwave; that is, of the orvder eof

magnitude of the velocity of sound (refercnce 31).

3

In the engine, however, the character of the flame
propagation preceding the formation of the detonation
wave is in no way distinguished from the normal combustion
and is similar to figure ‘11-A, Here the mean velocity
both for normal and for knocking regimes rarcly exceeds
20 meters per sccond. Not only do we not observe any ac-
celeration or recoil of the flame in the enginc which are
characteristic of oxygen mixtures but the rise of the ex-
plosion wave is ordinarily preccded by an abrupt slowinge

down of the flame propagation so that the velocity ap-

proaches zero. (See fig. 4,) All this justifies the as-

sertion that the shock wave which produces the detonation

wave is not  -formed in the zone of normal ecombustion:pre-—

cedine the dotonabion: .0f the.ensinegs. From this viewpoint,

particular interest is attached to the observations of
Schnauffer (SAEJ, 16, pe 228);
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"Measurencent of the speed of flame-front propagation
during knocking in an cnginc carried out with this appa-
rotus (PiCTOCfTOnOTOt cr) gave specds of 265 to 300 meoters.
In spitc of very heavy detonation, no greoter speed was
obscrved. Hitherto publishecd values of 2,000 neters and
norc ‘per second for flame-propagation speced during detono-

.

n to represent the true state of affairs. Tae

s
e¢h for the nost part were ascertained -im tubes,
¢
s well below the speced of sound.!

The inner contradiction of this obsecrvation is evi-

dente. In, fact, if the ohserved spced refers o tho nofasl
zone of conbustion, it never exceeds, as also the .ncan
spced for the entire explosion chanber, 20~30 necters per
sccond.  This appcars both from the tests of Withrow-Boyd
and fron our ncasurecnents as well as fron the ncasurcnents
conducted by Schnauffer himself (reference k5 )e ¢ &t the
sane time, this velocity cannot be attributed to the zone
of dctonation where, according to Schnauffer, "the fla
front disappcars and the combustion takes place blﬁultw“
neously through the entirc mass of the charge." To what.
then should this wvelocity be referrcd ? It is a nystery
which the author lecaves unsolved for us.

Suitability of the Mixture for Detonation

t , and others have shown
that in the air-hHydrocarbon nixtures (for exanple pcntano)
sinilar to the fuels the de tion wave is not producod
evon in ‘the case of wvery hi initial pressurcds (up to 10
atm)e« Upiito tno preseat, the spontancous occcurrcnce of a
dctonation wave has only been observed in the case of hy-
drogen nixturcs (r feronce 32) and of acetylene with air

(rof rence 33).
Thus, we nay . cdnsider as ostablisheds

1., The fact of thec occurrence of the detonation wave
in the engine . duriag Knocking;

2, The fact that the shock ‘wave in the cngine is not
produced .as o result of normal combustion pre-~
ceding the detornation:

It is curious that thc cxplanatiocn of this econtra-
diction should be. furnished by the-chemical theory of
ltnocking bcnurwlly opposcd to the theory of .the explosion
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wave. It has been best formulated by Egerton (reference
34) as the theory of preactivation. The conditions per-
mitting the occurrence of detonation in the eangine are
determined by the reaction of oxidation which is devel-
oped as a chain rcaction as a result of the heating of
the mixturc by the compression and the hot surface of the
chamber and especially by the exhaust valve. The centers
at which the reaetion chains eoriginate are probably pro-
vided by the products of the initial oxidation of the
hydrocarbons: namcly, .the peroxidess Thec most activated
part of the charge is naturally that which is consumed
last and consequently remains the longest exposed to a
high temperature; hence, it is there that the detonation
wave ariscs. ‘

The mechanism of the chemical activation of the mix-
ture corresponds probably to reactions taking place dur-
ing the induction period preceding the occurrence of the
chomilumincsconce (cold flame). As a proof, there may be
pointed out, for example, the considerable increase in
the aldehydes in the last part of the charge immediately
before the occurrence of the detoration wave. This is
shown by the mcthod of sample analysis of Egerton and by
the absorption spcctra obtained by Withrow and Rassweiler
(refercnce %5) % The fuecl-air mixture at the instant of
completion of the induction period differs radically from
the initinl mixture by its tcndency toward ignition with
a very short lag and hence by its suitability for permit-
ting the propagation of the shock wave. At the same time,
the ignition of the activated mixture by the normal com=-
bustion front is produced with o syffiecicntly short lag
to permit a local and rather rapid pressure rise which is
charnctoristic of a shock wave. From this momont on, the
combustion of the fucl-air mixturc devclops in a manaer
quite identical with the detonating combustion of oxygen
mixturces. The role of ignition is herc assumed by the
normal combustion front in whosc immediate ncighborhood
ariscs the front of the shock and detonation waves. This
proximity of the point of occurrence.of the cxplosion wave
to the source of inflamnation also takes placc in oxygen
nixturcs with a high detonating valu

i

¢ (such as acetylenc)
provided there is given a high init al pressure and o
gtipong thenitiong

It should be noted finally that prcheating apparently
pernits the rise of o detonation wave in the fuel=-oir nixe-
turcs. as well as in tho bonmb,according.to the tests of
Wellard and Mondain-Monval (reference 36)es Fron this
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poTas “ol vicw it  is .easy to.understand the reasons. for the
neiative result of Egerpon and others whosc tests Werc: cone-
ductcd with high initial pressures but with low tompera-
turcsa.
Detonation and Speed of Combustion

It is generally assumed that detonation in the engine
arises as a result of too-rapid conbustion. According to
thes rule vof * Ricaorde (ro*orcncv 37)% "Detonotion deponds
prinarily upon the'.rate of burning of that portion of ~Ehe
charge first ignited, and it renains to 'discuss what actiu-

Foh ]l cont“ols gt s wpate bl Tl afnore dueEcnitwarticle (refer-
ence 38), Ricardo, devcloping the sanc line of thoughty

associates t“c occurrcnce of detonation in the cngine with
¥he'veolocity Yof ther flane”is tho normal ‘combustitod Szonas
"It scens quitec clear,that dctonation is initiated only at
the" extrene cnd of the Flepewtravel,“didc" Lol theconpresms
gion of usnalidy some  guitersmell’ po rtifg the unburnecd.
chorge by the approachiang flame; whether or not detoration
will tokec place with any given fuel depends upon whether:
this “01”'“’ riddeier i s thica
u

A A%
wallsat o s

n

,:.
O
H

288 ‘Ten ge
ficicnt' ra

o

depenas upons

1. The speed of the oncoming flame, which tends to
inecrioasc wery ropidly og it travells joubtwards
firor Whle podnt of A gnition and dhereforesl 1B

. ef focl’, wpon the Teangth of flame trowmeld;

2. The toenpceraturce of the surfaces surrounding the
rlorsiididandms o unburacd ichiarges ’ :

o

3. The degrec of turhuwlonce etic.M
We nayinote First of vald the Innex cont“1u1ut10h of
the ‘conceoptiten' iof Rilcardos Accordi o hin,,the dectona
tion ‘may be eliminatied by inerecasing ithe theat transnission
of ‘th¢ last portion of the charge by a zreater combustion

O

“
tine and -turbulence. Nevertheless, and Ricardo admits it,
the turbulence by facilitating the heat tronsnission ot
the “sone tine decels rwt s itheafdlane pEopagatilcns n the
othor hand, therec .renains without explanation the anti-
debonating ctfeect ofwthe the eylinderdiameter
S &

reduction of 1 ;

and the flanc travel,which Ricardo himself puts at the
basis of his theory of the design of anti-dctonating con-
bustion chanbers. Appareatly, the reduction of the length
of the chamber dccreases the conbustion tidneand  dspeen=
sequently CQulVﬂlO“t tefian acchleration of theulatbcrs

.
vt tondhe surrounding
n
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Mioric oienhy ‘a8 skown by jour photiographic records, beforc the
oececlrrence! of detonation there dis observed not an. acceclera-
G lioml o thici silllame eved oe ity bult /a sudden, sillowin g dowunts The
latter is explained by the variation, as the flame front is
propagated, of the ratio of the fresh to consumed gas vol-
umes., In the engine this effect is further increased by
the expansion especially '100-120 after dead center.

As 1s shown. by our tests for combustibles with a high

detonating valuc, thec detonation is relatively retarded

and is produced at 300-40° after dead center with a spark
advance of 18°. Aucr (referonce 24) in this tosts, points
to a2 still more retarded dotonation up to 70° beyond dead
centeres It is evident that under these conditions debouna—
tion is produccd during a strong rcduction of the pressure
anidsmioty als) ol iresils fofida suddien srisel fin thic ilattor rand: voif

he ecompressioen of the last pertion of tro charge as. is
usually assumecds. Even in the case of 2 reolatively advonced
detonation (as a result of a large spark advance), we sce
in the indicator diagrams a horizontal line before the
abrupt pressure increase during the detonation. This points
to an interruption of the pressure rise beforec the detona-
tions All this leads to a revigion of the widesprecad ideos
of detonation as a result of an cxcessive speed of combuse=
tion. It is, on the contrary, more probable that the deto-
nation is produccd as an indirect result of the slowing
down of the combustion in the engince. From this point of
view, thec prescance or absence of detonation in the engine
dependis lontirely Yon the chemical activation of the mixzturc
which did or did not have time enough to be completcd be-
fore the normal combustion is able to reach the end of the
chambers OConscquently, as deciding factors, there are to
be. considered on the one hand the speed of propagation of
normal combustion and on the other the initial temperature

and the speed of oxidation. The lower this temperature

the earlier in the compression will the growth of active
centers take place (peroxides) and the ncarcr the dead cen-
ter during cxpansion will the mixture become suitable for
detonatione.

0§ igs ‘interesting Ho acte: that the maximum weloeities
of flamc propagation in the tube for hydrocarbon-—air mix=-
turcs according to the measurcmcnts of Payman (referencc 39)
are almost identical:

CHy CoHe OzHg O4H;o OgH;,

V enfs 65 81 80 83 83
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t e known. thait sthes Hne
S

hesc hydrocarbons dccre
weighbe'
an incrcasing order of ‘@

The neéw conception
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pdodl tenperaturc of oxddation Lor

ascs with incressc- in molecular

T4 ‘isonty matural Hhats the abovo serics shows

etlonatd on waluch

of the -part played by -the veloc=
*ion,in the ongine. debicymime: maGe-

ity of the flamc propagatb
urally new mcethods for the suppression of the phenomenon,
fho. anti-dotonating cffcet may be obtained not omly by the

slowing down of the chomical activation of ro s ing so fantine
iaitial oxidation tomperaturc, to which aetioan, for oxar
ple, tetraethyl lead contributes, but alsoc by acccleratior
of the.flame propagation. ISt tol whieh liatitierns aclkiiion thoth
may be attributed the anti-detonating cffect obtainecd by
turbulence, rcduction of the flame travel, do uble igrnition
decreoasing:conside r“bly according to the tests of Marwvin
(refcrc:co 40) the nbustion time, and finally, the addi-
tion of hydrogen to tgb mixEture in th cylinﬁo* ns shown
by the tosts of Egerton and of the Burcou of Standards of
the United States (roefercnce 41), the addition of hydrogen
‘producing a.notable acccleration of tho flane propagation.
The possibility of elininating detonation din the enginec as
a result of accelerating the normal combustion is also
well shown Dby our tests with the autoignition: of the hot

point (figs.. 9 and 10).

Thic regulatiocn of bl
in- the cngine nmay also be
the detonation phenomeno
however, that the accelec
in” the cungine leads also
tenperature of. the last
doeg  not -permit "influenc
Tatterss s ihisiilanitsithe

bitoniteof “tire wd e

the -elniimea
B

By the high-spe
-to demonstrate
n wave with a ve

e
o)
ond in a gasoline
5

and the propagation of 'w
fleccted from the chamber
very cxact evaluation of
velocitics

here was recorded

¥

he time frctor during combustion
¢ utilized for the suppression of

ne - It should not bec overlooked,
ratlion' of “theo mornal CO“DU%thJ
to an incrcasc in the naximpun

O

portion of ..thie charge, v %ich fact
ing the speed of oxidation of the

pee 3
offoct of the.new ﬁothod for
cno

SUMMARY

+

ed-photography method, it has been

the occurrence of a detonation or
locdty
engine during knock. Simultanec=
the reflected dctonation wave
aves during knock periodically re
walls. Our photographs pecrmit a

the.gradugl variation of their

of the order of 2,000 meters
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2. The effect of the-cooling=fluid temperature on
the occurreance of detonation was studied. The effect of
a temperature increase was found to vary with the rich-
ness of the mixture. For lean mixtures, it was found that
the flame propagation was.accelcrated as a result of the
rise in temperaturc with the consequence of an even more
stable operation of the engine utilizing thosc mixtures.

3. The occurrence of autoignition in the engine was
investigated and its relation with the phcnomcnon of deto-
nation established. A

4, On thc basis of experimentel data general hypoth-
eses were formulated, serving to explain the special mech-—
anism of the occurrence of the detonation wave in the on=
gines Acecording to bhe new point of wiew, the formation
of thc shock wave and of the explosion wave in the cngine
depcends on the modification of the properties of the mixe-
ture as.a result of the chemical occtivation preceding the
ignition,

5. Certain considerations are adduced which show thot
the detbonations contrany to the prevalent opinion, is pro=
duced in the cengine not os a result of accelerated combus-
tion of the mixture but rather as a result of retarded com-
bustionie

Branslatiocon by ba Reilss,
National Advisory Committee
for Acronautics.
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Figure 1.- General view of the engine.

Figure 2.- Two positions of the cock in the cylinder head.
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Figure 3.- Photo-records of normal combustion (A) and with
detonation (B) in the engine. C- spark. D- point
at which detonation is initiated.
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i

Figure 4.~ Photo-records of combustion with detonetion in the engine
obtained with an accelerated velocity of the recording paper
(from 3 to 30 m/sec.).
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Figure 6.- Displacement of the instant of occurrence
of detonation with temperature.
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Pigure 7.~ Variation of the mean velocity of the
flame with jacket temperature.
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Figure 10.- Disappearance of the detonation as a result
of the auto-ignition of the “"hot point" (H).




A, Carbon monoxide-air mixture. B, Carbon monoxide-oxygen mixture. C, Ethane-air mixture.
Figure 11.- Three types of flame propagation in closed tubes. (Tests of Rivin and Voronkov)
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