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The development of internal combustion engines with
independent ignition to the meodern high-speed engines is
closely alllca with knockings The have not been nmany
changes in operating cycle, nor in the nethod of trans-
forning chenical fuel energy through heat into motion
energy, since Otto's day.

Ever sinee the fuel-air nixture iatroduced into the
cylinder has been compresscd by the piston prior to igni-
tiony and since that tine it has been proved in practice
tlat vtlic $power vand efficicney of this method are directly
asgoeciated with the degree of precompression. The degree
of ‘preconpression finds a linit in the knock with its con-
conitant high nechanical and thernal stressese. While at
Ehe ‘beginaing this linit had been tacitly aceceptedy the
research work and development during the past tweanty years
has becn directed toward pushing this linit further so as
to be able to rhlse thu power and the efficiency with the
preconpression (r ence 1)

In this conncction, one of the most significant dis-
coveries was that, during the change from normal combus-
tion, characterized by a moderate rate of advance of the
flame front from the igniting source, to knocking combus-
tiason, the processes in the portion of the mixture burned
last were responsible for thec knock. It was possible to
prove that the knocking consisted of a sudden rise of com-
bustion speed to a multiple of the normal speed, which
suggested a dissimilar combustion characteristic from that
of the flame propagation. Without requiring at first a
corroct explanation of Hthe underlying cauges of this ex-
plosive combustion nor a better knowledge of processes in-
volved, the concept that it depends upon the state of the
last part of the charge to burn, "thc residual chargel has
proved extremely fruitful for the development of the Otto
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cycle engine. It seens .obvious that the procegs of knock-
ing depcends on the pressure and tenperature which the
mixture, as yet untoucnecd by the flame front, can sustain
without iteelf beconing ignited, 1l.e., on the structure

of the fuel itself and on the the opportunity the nixture
has of absorbing this temperature from the walls and the
advancing. flame fronte In connection with these views,
the attempts to prevent knocking were chiefly centered on

1. Bh s RBuels
2+ iBhe nixture disgtedbuation,
3. The combustion chamber shape.

The grcatest progress has becen achieved probably with
the fuel, although even here the end has not been reached.
It has been recognized tliat the knock tendency of gasolines
could be substantially reduced by admixtures of benzol and
alcohol; processes in gasoline refining have been perfected
which assurce norec stablc products, and the introduction of
tetraethyl lead has lowecred the knock tendency cven moree
As regards the mixture conmpogsition, the effect of the fuel-
air ratio on knocking has been explored, and attenpts hove
been made to raise the knock limitation by stratified
charging,

The present report is confined to the effect of the
conbustion charber shape on cengine knock from threc angles,
namncly:

1. :The und formity of flame-froalt novenent as affected
by chanber design and position of spark plugs

2+ The speoed of advance of the flane as affected by
turbulence and vibrations:

3. The veaction priocesses in the regidual charge ‘as
affected by the walls.

MANIFESTATION AND COWSEQUENCE OF KNOCKING

The explosive combustion of the residual charge ex-
cites the gas mass, which, in turn, induces the combustion-
chamber walls to vibrations perceptible by ear as a ringing
noise, detected by microphone or Midgley's bouncing pin.




N . Meehnical Memorandun:Nows 914 @

The narked rise in the combustion rate at knocking
nlsttequally empress itself in the presgure. distribution.
UnEoetunately,; ¢the Inception of  the khock, HEsevl the in-
sbant of the cehange from normal to knocking comblstion,
igfnot werytdisbinet on thelpressure distributiony beeause
by that time the expansion due to the piston motion is
usually already superinposed on the pressure rise by the
combustions Through the formation of the Ffixst or second
differential quotient of the pressurc-time or pressure-
piston path curve directly from measurcment, the pressure
change duve to the knock inception can be more strongly
expressed, although it should be remembered that this
method indicates nothing not already contained in the
pressure distribution record, aven though less obviouslye.
Since the pressure rise due t0o the knock moves through
the gas nass at sonicvelocity, the knock reading is sub-
jJect to a certain phase difference and even danping, de-
pending on the location of the test point. The neasure-
nent of the pressure vibrations induced by the knoeck and
guperinposed on the pressure distribution in amplitude
andl freqgueney by way of a special ‘oscillation recordtan-
plification is, of course; also affected by the inddiecador
ogrifice, the LImnertia of indicator and recording mechanism

and 'the pesition of the test point.

Given identically responsive pick-ups, the nmethod of
vibration mcasurement is preferable, however, to the sin-
Ple pressure recording nethod, as the amplitudes of a wi-
bration can be much better followed than variations on a
curve.

The rise of combustion rate in the residual charge
following the knock has been proved by following the flame
path with the ionization gap and slow motion pictures.
Sehnauffer, with ionization gaps fitted in the combustion
chanber (fig. 1) proved that the flame specd of the non-
detonating conbustion irn the engine amounts to only about
30 n/s, depending on the turbulence, but rises to 300 m/s
and nore at detonation (reference 2)s (See fig. 2.)
Rassweiler and Withrow obtained similar results (reference
G8st {8ce £128.584)

The knock manifests itself in a reduced power output
even if it starts after dead center where the approach to
combustion at constant volume really should be followed
by an improvement in power.

This deerease in power output is probably above all
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attributable to the increased wall losses, since the knock
vibration speeds up the heat transfer from gass nass to
wall gquite considerably, and them also to the dispersion
of encrgy resulting fron the hanmer-like stresses of the
gears. The enhanced heat transfer at knocking and the

apid pressure rises induce higher nechanical and thernmal
stresses, which nay causc rapid failure of the stressed
conponentse.

EXPLORATION OF THE KIOCK

mh~r= arec two stages to be considered: Finst,
the determination ef tnﬂ gffeet of outglide wcondltionssy
namely, fuely iy operating conditions (for instance, pres-
sure and tenperature of nixture, excess of air, conpression
ratio), and the combustion chamber design (its shape,
%

position of spark plugs and valves, turbulence) on the
appecarance of the knoo“. The second stege concerns the
processes in the residual charge itself during and shortly

before combustion.

The explanation of the fact of knocking as of thescx- .
plosive conbustion of the residual charge scemed readily
given: The fuel~air mixture is precompressed by the piston
to a pressure and a temperaturc still at somec distance

from the conditions of auto-ignition. The ignition spark
ignites the nixture next to the spark plug, produces a

snall flame nucleus which, through heat transfer onto the
adjacent layers ignites these and so increases rapidly.

As o reosult of- the heat expansion of the burnt gas, the
still unburnt nixture is compressed, its pressure andsten=
perature rising through this compression, as well as through
the radistion effect of the flame, and so altering its con-
dition of igniting. In that way the auto-ignition limits
can be exceceded, whence the rest of the charge then burans
very suddeanly wlthout relation to the spe ed of flame motion
conditioned by heat transfer and flows The sudden conbus-
tion causes an abrupt pressure rise which moves as a pres-
surc wave through the gas nass and on impinging at the
cylinder walls produces a ringing noise: the knock.

THE PROCESS OF DISPLACEMENT

The actual speed of flame novenent in closed contain-
ers consists - quite art from the flow - of the ignition
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specd duc to heat transfer and the speed of displacenent
duec to tlhe expansion of the burnt gzas.

This.process is illustrated in figurc 4, and indi-
cates the spread of o flane front in & spherical bomb
with ceatral dgnition,; the position of the flane fromnt,
and the movenent of the dndividual gas layers represented
by #wheir radius, r  being computed from the pressure dis-
treibution as rucorded'by optiecal dindicators This calcu-
lation was carried out under certain sinplifying assunp-
Bleons guch as hcoat impermeability of walls, congtant spe-

gifiec heat, infinitely ranpid balance of pressure riscs
over the chazbcr (refereace 4). Thc raddds Ly ol aneers

Eadinespiepical” Layeradis ge

1

gseecn to increase so long as it
has rot beean reached by the flanme front. At the instant
et passagzge of the flame front, the notion is reversed
becaunse then the outer layers are subjected to heat ex-
pai iones The tempcrature rise of the unburnt zas as a
esult of the compression can be conputedt! Assuning heat-
proo; walls, it anounts to alJvt 2000 €. for the res duanil
charge of the exanple in question., From the path of the
flane front with respect to tine, its speced can be de-
d@iceds The rate of displacement is highest at start of ig-
nition, where the conpression of the still huge unbdurat
part acts least against the expansion of the burat part.
The llnbar ignition speed increases with the tenperature
of the waburat part rising with the progress of the com-
bustion.

s

The effeet of cormbustion chanber shape and spark plug
setulng on the rate of displacement and hence on the flane
notion is readily apparcnt. To illustrate: Jorpare the
flane novenent in a cone ignited at the tip with that ia a

eylinder and assune identical ignition speed in both chan-
bers, an assunption permissidle whon disregarding the wall
effects and the flame front curvature on the propagation
(firz. 5). Having covered half the cylinder or cone height,
50! porecend: ig burncd  ian i cylinder but only 1/8 of the
content in the cones Owing to the larger burnt volune,

the flame front in tkhe cylinder - under equal conditions -
has thercfore advanced farther than in the cone. Forother
reports on the li Placenent @n. dissindlamgehapesy sieer ref-
erecnce be.

5'—31—'?

On comparing thel knock terndency of different conbus-
tion chanber forms with the rise in conbustion speed due
tlo wdisplocenent effeoet o the flancy @it was found sthat: the
chanbers with the lowest rate of disgsplacenent had the lcast
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tendency to knoek. Accordingly, it was concluded that

the knock dopended on the rato ¢f combustion of the part

of the charge burning first, perhaps in suech a manneor

that  dueping the faster advencc of the flsmevtrontl the auto-
ignition conditions of the residual charge are excceded
soonest, because it can then dissipate less heat.

This definition of the effect of combustion chamber
shape on knocking as a result of a raised combustion spced
does not hold under closer examination. Because, quite
apart from the faet that nany fuels (hydrogen) have less
tendency to knock in spite of a high rate of combustion
than others with lower rate of combustion, it still would
be 1nnosribl‘ tonexplain’ for instancel why aynixturesis:-
nited sinultancously at several snots, with much greater
rate of comuustlua aud heaee Tate of conpressiont of WRs
burnt gas has less tendency to knock than with ignition
at one spot.

EXPLOSION WAVE

On igniting fuel-air nixtures in pipes, it nay be
observed that the propagation of the combustion rises to
cnornous specds under certain circuitstances. The result-
ing explosion wave, also termed detonation (identical with
the so-called fire uaz_;p) differs from the normal flane
novenent due to heat transfer in the behavior of the burnt
gas layers - the combustion gases behind the flame front
(reference 6). While in normal flame movenent - amounting
to a fow neters per second at atnosphere pressure aad
tenperature conditions for our fuel-air mixture without
turbulence - the burant gas layers have a nmotion opposite
to that of the flame, the gas layers expanding as a result
of combustion with the explosion wave push the flame front
ahead  of dtiselfs The change! fron normal comnbustilon tehex=
plosion wave is characterized by the fact that the conbus-
tdoh geoses cannot flow from the flame Front at srhitrary
speed, thus stowing up pressure behind the flame front
This process, in constrast to the previously described dis-
placer effeect for which infinitely rapid pressure egqual-
ization was assumed, is not bound to closed chanberse. The
hisher pressurc speeds up the flame movenent resulting, in
turn, in greater pressure rise as a result of the comnbus-
tiom, watilithis ds nltinetely carried forward as a pressure
wave with the sonic velocity corresponding to the state of
the lconbus® lony gases = Mmp wbiof S000! metoms: periisgoeceonds

x)
!
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It suggested itself to associate the knock in the
@tto engine indiecated by a marked rvise of combustion ve-
locity with the explosion w viren and thistpreocesssdnvthe
engimnoswaslactually derned atotines Mde tonﬁt1o“. But
closcr investigation of engine knock nand explosion waves
have revealed the existence of fundamental dissinilarities
hYetwecen the two processes. The creation of an cxplosion
wave is bound topipes with ninimun cross-sectional changes
and %o entrance lengths which do not prevail in the engine.
The speed of propagation rccorded in the knocking combus-
tion (rofcrence 2) is nuch lower than that of the explosion
WiEwens the conbustion: at dehonstdonydoes not stard. £roem the
flane frJl* but fron auto-ignition nuclei in the resgsidual
charge (reference 3). Different fuels and additions to
fucls remctvdifferent s tonengine knoek and to thHe explesdon
ave (reference 7). This dissimilar behavior is, accord-

nc to our present state of knowledge, attributable to the
advance reactions in the compressed mixture prior to the
arrivalMeE the £lanme Fronkty whereas with the explosion wave
no such advance reactions occur in the part of the nixture
not yet reached by the flame front.

Since, in Germany, the tern detonation is generally
preferred for explosion wave and the knock in an engine
igs not synonymous with explosion wave, it would secen per-
haps better not to use the word Wetonation for the concept
of knock process in the Otto engine., When the Englishman
usecs the word "detonation!" for "knock," he combines with
it all rapidly occurring combustion phenomena in the sense
in whick we Germans use the word explosion.

KITOCK VIBRATIONS

While discussing the displacer effect, it waos pointed
out that the layers on passage of the fladp front undergo
a reversal of nmotion whieéh incites the gas nass to vibra-
gions. It was suspected and also proved that these wibra-
tions, which are thrown back at the walls of the combustion
chanber, increase in turn the rate of combustion and so
can fluctuate between considerable values (refcrence 8).
T2is conbustion-induced vibration is illustrated by the
oscillograns (in fig. 6), of the pressure variation at ig-
s Boak ofs e duel —airl nikture S areylbindpieals bonbl, jalong
with the superimposed vibration (reference 9)., Such vi-
brations can equally be neasured in the engine. The extent

EJ

(8]
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to which the rise in combustion speed caused by the vibra-
tion effects the knoeck in the engineé, lses.,: to what degree
the wibration of the zas mass is in the main only the re-
sult of the knock and hence a criterion for it, is at pres-
ent not amenable to conclusive appraisale.

Many phenonena observed in the exploration of the
knock, -particularly of the behavior of the different fuels
and their influence by additions, point toward kinetics of
reaction in the preconmpressed mixtures as the probable
chief cause of the knock. But before proceeding with the
discussion of these processes, we shall describe the prac-
tical results in the design of the combustion chamber which
have proved suitatle in the reduction of the knock inas-
nuch as this development preceded the research of the chen-
ical-physical causes of engine knock.

COMBUSTION CHAMBER SHAPZ AND KNOCX EXPERIMEITS

Ricardo was probably the first to nmake systematic
tests of the effect of combustion chamber design on engine
knock. His findings are briefly as follows (reference 20) &

The path of the flame from the spark plug to the far-
thest corner of the combustion chamber should be as short
as possibles The thus obtained short combustion period
is inportant for the quality of combustion as well as for
the knock; the most benefiecial design from this point of
view is the pent-roof type of cylinder chamber with the
spark plug in the ridge of the roof, or slse.the disk type
of chamber with horizontal valves (figs. 7 and 8). Corners
renote from the spark plug in which the mixture becones
quiescent should be avoided, Since the actual rother than
the relative flame path governs the knock, the larger cyl-
inder of identical design and under identical operating
conditions knocks before the snall one, which latter can
thercfore be nmore highly conpressed. But, on account of
the higher heat losses in the smaller cylinder, the advan-
tage of higher compression cancels as regards efficiency,
thus making attainable indicated efficiency practically
independent of the cylinder dimensions.

Asynnetrically nounted spark plugs lengthen the flane
path, hence increase the knock tendency. Two or more
spark plugs nounted so as to ignite the nixture at scveral

points sinultaneously lower the knock tendency very sub-




N.As.CsA. Technical Memorandun No. 914 9

stantially, whereas the combustion approaching that of
constant volume as & result of curtailed total combustion
period, makes the use of several spark plugs a source of
congiderable power increase.

Relative to the length of flane path, the engine
with laterally disposed valves is inferior to the head
controlleds . From o series of experinents, Ricardo believes
tiovbie! ablie to conelude that turbulence of the charfe re-
duces knockinge For laterally controlled engines, he sug-
tests a "high turbulence head" with partly pulled-down con-
bustion-chanber cover (fig. 9), which permits substantially
higher conpression than an evenly high disk type of chanber
above the piston and the valves. The turbulence is created
by the pressing of the nixture through the slot between
covier and piston during conpression.

Without abandoning his denand for nininum flane path
length, Ricardo bases the design of the high turbulence
head on the fact that the gap between piston and the pulled~
down part of the cover should not be figured as "effective
conbustion chanber" - i.e., effective for knock - and he
locates the spark plug in the center of the remaining ef-
fective chanber. The height of the gap remaining with pis-
ton at top ceanter has, according to figure 10, a potent
influence on the conpression ratio pernissible for knocke
free operation.

Subsequent tests proved shifting of the spark plug
toward the exhaust valve to be beneficial. For the four
spark plug settings shown in figure 11, setting 1 affords
arwseiful conpression ratie of 5.87:l, as against 5.65:1 at
Sfeitam a1 2,0 B3l lat setbing & and 5.4521 at setting 4. Al-
though the total flane path for setting 4 is nore than 1,6
el as great tas for setting 3, the forzmer sllows 'a con=
siderably higher conpression. Itieils bherefonre ot tondiy a
natter of flame path length but equally also of the hottest
Pl afi sthie! ehargs ‘burning fiwst, and the ipreper coeling
of ‘the part burned last.

One drawback of Ricardo's high turbulence head is its
vouch running,which is traceable to the excessive rate of

=y p ]
conbustion at the start of the combustion. This disadvan-
tage disappears with the "shock-absorbing head® (fig., 12)

on which the conbustion-chamber cover above the exhaust
valve is slightly pulled down also and the spark plug is
mounted above the exhaust valve. This lowers the combus-
von - rabier shortly after ignitions
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In partial contradiction with Ricardo, Whatmough's
(references 11 and 12) points of view rcgarding combustion
chamber design are as follows: The tenperature of the
total charge and ospecially that of the residwalk charge
should be kept low, the length -f the flame path is unin-
portant; turbulence should be avoided sincc then the ten-
perature of the charge rises through absorption of heat
from the hot walliss The: "gnti=~turbulent! cylinder shead
based on these arguments, on which a very gradual transi-
tion of the combustion chamber iu the ecylinder is provided,
ig shown in figure 13. Janeway, cnong other researchexs,
holds that a vertical closing wall toward the gap is ad-
vantageous as it would produce a supplementary cooling of
the residual charge on being pressed in the gap. Whatmough,
holding the temperature of the nixture to be more important
than the flane path demands first of all adequate eylinder-
head cooling and avoidance of ~»verheated spots in the con=-
bustioen chanbers. The spark plug in any case should be lo-
cated near the hottest point of the chamber. In «continu-
ance of the tendency to cool the residual charge adequate-
ly, the sane useful conpression rntios were then subsec- .
quently obtained for laterally controlled engines as for
top-coatrolled engines, on which a combustion chanber de-
sign with nuech shorter flame paths is possible.s The fact .
that the pent-roof type of conbustion chamnber affords very
high compression ratio with knock-free operation, is, ac-
cordins to Whatnough, due in part to the fact that during
the exhaust c¢ycle a protective gas cushion forms before the
directly exposed head of the exhaust valve and so prevents
e owarheating (Bl 34),

Thel fuzrther development: of the latbterally ‘contireilled
engine ains at the prevention of the discharge of hot con-
bustion gases over the valve head and hence its overheating,
so that the exhaust valve approaches the cover to within o
srall gap (£ige 15, deft, top)s To peevent ‘the wapld Mlow
over the hcad even when the valve is half open, the sidewall
is pulled close to the valve seat fies A5 mightly top) or
recesses in the cover are provided into which the exhaust
valve exteads on opening (fige. 15, bottom) (reference 12).

The introduection of light alloys with their better
heat conductiwvity as structural material for cylinder heads
afforded a considerable increase in knock-free admissible
compression ratio., To be sure, the enhanced efficiency 1is
counteracted again by the higher heat losses. The musie %of

light alloy or copper inserts in the combustion chanber at

the points farthest fron the spark plug increases, because
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of ‘betiter cooling of the residual charge, the knock ro-
siabanecy without the hecal IObs,s gf the tobal eharge be-
conimtg lexcessives. GCooliang fins in the conbustion chanber
abistiielspotnt of theo last bupning .part of the charsge are
provided flor the fvery sdre reasaon.

Ihese practical findings sumparily giwen here of the
effeect of coubustion chanber shape on knocking v qhich aTe
in part contradictory (short flame path - flane path un-
dnpon hanby, turbulence knoeock reducing - turdulenc knoeclk
inereasing) and a nunber of other phenonena carnnot be
reegonciled with the compression effect of the burat on the
unburnt gas nor with the explosion wave or the rate of
connbustion augnented by vibrations. The definition today
e pasthemilookedsfior In the regectiong in, the 'mixture ‘to
whose exploration the peculiar and in its causes largely
unexplained behaviour of fuels under different conditioas
persistently furnishes the inpetus. In order to gain a
basic picture of these procecsses, we shall briefly discuss
the echenical kinetics nf the reactions in the gas phaseas
given in a gpeech by Profcssor Bodenstein and in a report
by Profcssor Jost at ths 1938 session of the VDI (refer-
ences 13 and 14).

nED EMICAL-PHYSICAL PRINCIPLES OF KIIOCK

ased on the kinetic gas
t of a sinple comprehensive
ltitude of cxperiments be-
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Tho chenical ki AT e
theery, which, fron ar oxﬁerin

e
basic concent, has, through a n

1] 1"1
comewanrel iable deseription of the aectual behawiour of
2aSCS. e know that gases consist of irdividual nolecules
in active motion within the space available. The =motion
of the iandividual melecules is .unidirectional until colli-
siioniwith the walls of the coatalmer or with other moleculos
Ganses vaenm to - atter bthelr speed ‘and ‘dircetiones . They zre-
b Eaornally ag ua‘ur ca*ylotol; olagtie shoek, is:8.s they
cllanze specd and direction on attaining nonentun and eaergye
But,. under certain chcumstmnces, these shocks cause the
mnoliceules to brcak up and the relcased atons or groups of
gtormsto form sther conmbinabionsgs

FE PR
- doad d 244

HEAT EXPLOSION

The probability of collision of two types of molecules
depends upon the nunber of molecules existent in the space
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andsits g diiom o givien dsppediy  laeay doflnit e sticriper bR .
proporddonnl to ‘the product gf the c¢ondenbtratiiong of ~tige
two subs dances; for which reasons the!gpeed of ineactiiion
wild be propontional Mo the ipnoduect rof thie Tconcentraitiion's
of the two coxnstitutentsiyso dMdar saisi 4l tiidoes not take
place over other intermediate nmenbers, as in the simplest
c»sc of bi=nolkecnl ar weactions At 'a certain Wenperaiure
the neaan spced ig, to be surey definitely defimed frem @ll
nolecules, but this speed is wery non-uniformly distrib-=

tutede The' rgpeed distribution follows a law of prababilidy
fornulated naothematically by Maxwells Only a very small

fraction uf the noleculecs, possessing a nultiple of the

neon notilion energy sls wcapable of reacitidions | Aecordinsgbe
thie Jlei wetiite rteorngtthe s ractaer « | of fadil: ool eighiiteicys’ sl ¢l
reduced to one mole possesses the arbitrary cnergy q, is
equal to

oo/ RT (

=
NP
-

wherecin R 1is the gesunere ras constant and T the absoe~
Lutic stenmperatures » @0 col of the nolecules of two
different substances the of the 0ld satiom eombination
must be substantially loosened in order to cnter a mew con-
bination. The amount of energy reguired for this loesen=
ing is, referrcd. to gvamn-nolceulec; reqgual stothe sio=-called
"heat of activation T kcal/mole," whence the nunber of
wocks leading to a conversion should be proportional to

o

the factor the specd of zeactiem forlthe
sinple bi-nolccular reaction rnay be written at

an ~m/am
S R m (2)
ol

where v is the speed of reaction, n the concentration
of a product of reaction,and A a factor depending upoen
the concentrations of the .conponents attaining reactions

In this formula, the unusually close relation between reac-=
tion speed and tenperature ig, if E at all assumnes ap-
preciable values, noteworthy.

If the re-bonding of the atons oceurdg while the atioms
are in a state of vibration which binds less energy than
the old bond the reaction rclecascs energy which on colli-
sion is transmitted to the other molecules and so raises &
their speed and tenperatures This incyement of speed,
unless the tenperature is lowered again by heat recnoval,
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enables more noleccules to ereate activation energy, to re-
aleie aut i durn Talse'the tenperatiuare agnd speed of peae-
+. oG

With @ denoting the rcleascd heat of reaction per
wnit of change, the heat releascd per unit of time is

i
—L = q a o"E/RT (3)

sat, hrangferion the walls of, The conainer REenovVes
a quantity of heat proportional to the tenperature dif-
ference between gas and wall, wall surface and a heat

transfcecr factor which in first approxination nay be con-
SsHdered constant, for small ranges?

a
S SR (4)
at 0
According to the speed of tho prinary reaction and

tle  hest transfer through the wall of the conbainer the
gourse of reaction nay div;ﬂﬂc into the three cases
11liustrated in figure 16, where the developeﬁ and evacu-
ated heat volumes are plotted against temperature. If the
heat devclonnﬁnt follows according to a temnperature rela-
tion represented by curve c, tenperature T, cannot be
exceeded, as then nore heat would be removed than produced
(stationary recaction). Case b represents the unstable state
0.2 equil%br:ur at which for tenperature T, the speed of
reaction is invariable, if the effect of the consunption of
the original product oa the speed of rewction is disregard=
ed. If the produced heat exceceds the removed heat a, ex-
plogaon begins after a certalin tine lapse, tJG andiaeta
timey because tempe tarc and speed of pesectien Tise: nubu—
fhe linitin: eondition for explosion-ig Hhat Tor

L]
T = T, the developed heat is equal to the dissipated heat:

,_.:

(3

QA e~E/RF: = o 7 (T3 - To) (5)
S§ince bthe hecot of activation B fairply Lithile Tor
m small-tenperature interwval . and A dependent on the
partial pressures of the componcnts, the cxplosion condi-
tions rcpresent a relation between partial pressure, chan-
ber berperaturc, wall area, and heat transfer eoefficiente

Q
I3
e
]
o
e
<)
e
U3

Lo ©)
w m

(6]

In figure 17, whore the spced of rceaction is plotted
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against tdme, dhe lowertecurwve dndicates)the sbtabionasy roF
aectidiony the middlesdne thes extwiene caseland tHc upper one

he explosion with the induetion time  1s The induchbilen
tine ¢ 1 stabes that)vhe Spee 0 oiff S 2ie mctlonvapwro wches o
after this tine lapse. Under sinplifying assunptions,
oHE/R
7 P ()
Tyl
&L

can be deorived for T (roferences 14 and 16). It s
nointed out as a result that thoe development of an explo=
sion th“ovgh auto-ignition processes takes a certain tine
the omount of which is primarily dependent upon the ten-
perature conditions.

For the deternination of this

indue tidon  tinel T with
respect to different pressures and tenperatures, there tis
a neat experimental layout bunilt by Riecardo with whigh

Tigard and Pye made their experinents on the auteo-ignition
of fucl=air mixtures (references 10 and 15). This experi-
wenbtal artangenent consists lof @ cylinder which, I s Hasslsel
with thu fuecl-air nixture uwnder definite, externally eon=
triolled condibionss @ A pisten coupled only for the dunas
tion of this iconpression with a goar, conpresses he nix~
ture rapidlys after compressgion, the ton is held at che
end: of atefupstrokes Theapressure. din i.ﬁ conpression and
duringz the greater or lcsscr tine lag of the auto-isnition
ig recorded by optical indiecators.  The Rost inporitantiiees
sults, 1ln this connection of partleular iabtcrest "“heresiate
the followings:

N

.’)

9
e

1, Depending on the itnitial state and degree, of Iconms
pression induction times = d.es, tine differ=
eaces between piston at top center position and
ignition = ranging fron a few thousandths to
several seconds were recorded;

2+ The induction tines yield a teuperature relation
aceording to an exponcanbial functlo“;

3. Several diagramns are showa on which at failure of
the clanping mechanism the compression process
wos followed by cxpansion and a second compres
sion. Although the pressure and temperature
le at the second con=

vel had sunk consideral
pression as o rosult of hest losses, ignition
took nlace within coenparatively short induction
tines -~ figured from the second comnpression
Hrocess (ng. 1835
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ardings these tosts, it should be renenbered that

; Sloion Mt atcd reactilens 'walehy af ter o eel-

tine even without furthoer action through radiation

and the further conpression of an advaneing flanc froat,

es
may induce ignitions It s n “the nabure “of (hege "DEoe~
s that the prinary roaetions, which as yet scarcely

effeet the mean stage of the mixturc apd “arc thercfore

not identified with our ncan state recording instruments,
take the lonsest tine (exponential funection). 3But gradu-

&LlJ these recactions circle in cover-increasin:g orbits and

Witineately grow out in  form of an avalanche to explosion,

Sc, whether or not the firal nixtare in the engine
barns knocking or otherwisc), ill depend among other
things, on tho lenjsth of time it was left to itself after
the preconpression and go was able to got ready to ex=
plodes From this fact alone, fhat reaesfions already start
under the influence of the conpression - the pre-reaction =~
whiere 1t then depends, aside fron the aceeleration or de-
dule “tot helat input or removal, on tnc tine interval wup

N

0 the appearance of the flanme fromt, of whethcr explosion
akes placc or not, ecffects of the combustion chanber on
he knocking combustion can be more rationally explained
han through displacer offcet, explosion wave or combus-—
ion rate increase due to vibrations.

t affords no sunnary exXplanation - without con-
ssunptions concerning Wignition nuclei in the
and an uneven temperature ulstr¢uut104 naintained
= tine period - of the fact that the adiabatic
"ession nay, under certfain circunstances, be acw
by very long nition lags with sinking pressure

procosscs, it must be rcalizcd that the fuel molecule is
A chenical body whosc reaction with oxygen nust,

s "proceed in several stages and therecfore ecan-
tively described through the process applicable
ance only to bi-nolecular reactions.

np darsne this Mase It Bl a0 “oiftierd "no
expla:ation for the bechavior of nany fuels at different
outside couﬂitions and the "effect "of eexbatn additTons "I
anall concentrations on engine knock. fo*explain these
i
0

a conplicate
to begin with
n0t be exhau
in"Fitest ins

’)O
.{5

THE CHATIN EXPLOSION

o2

S SN Stiie case Nanallvmed e far, a2 risge ‘I temper—
ature ishé cause of bthe rise 1n 'roagtidn specd, -1t con#
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cerns the so-callcéd "heat explosion." Although every ex-—
plosien drn & certaln stage chanses to Heat explosiony tle
tenperature rise need not always be the prinmary causce
For a.grealbt many rveactiong the formation of MNaectiwe' in=
termediate menbers is.necessary. The so~called Y"ehain
caction" is characterized by the fact that an active par-
ticle once formed releases a ch OllCul change following
which an active particle is again released, The free
rather than the just-liberated atons or groups of atons
are. highly aclhivesdaciay especially capable "0f Teae bl ony
as they possess freely a high energy as notion energy pre-
viously bound in the molecule as vibration CZOTFY The
reaction chain initiated by suech an active particle may be
protracted under ecertain circumstancess Heactions of this
kind, can be very sstroagly ianfluenced by aztificial produc-
tien or destruction of active particless

When an aotivc 1

particle leaves at the beginning two
or nore activ p%:tlcleq guathe end of 1the reaction it ity
called chain- “ranchln, Tarough this process of chain-=
branching the speed of reaction can rise even without ten=~

Ve

perature increase to the extent that it is not prevented
by chain-interrupting rcactions. Thijg¥rise dn Deaecbion
peed through chain-branching can also lead to explosion.
With this renction process explosions, according to figure
18, starting at lower pressurce and temperature level than
the nixture had previously reached at any tine, are ex-
plainable. Without knowing the mechanism of reaction in

detail, it can be proved that .the speed of reaction through

Chxln-orancn;nr has a temnperature relation conformable to
an expoacntial function (refercnce 16)« Since a chsain
interruption directly suppresses a great number of succes-
sive reactions, a very potent effect can be exercised by
adnixturc of chain-interrupting substances in small quan-

tisb iese o The action of thesewsubatgnces, for mihich mehallie

axides  in noleceunlariseilutiion "are besbisuilitedy, dls oot o bhe
understgod as solely disactivatiang individual nmolecules
with whieh they collide - i.c., destroy their energy lying
above the intersection - as obtainable by adding rock dust
to coal dust for the preveation of coal dust explosions .=
but as giving the reaction nechanisn a different course
through influencing the pre-reactions.

Mhat.the -actiongof Jengelk dmhibitions in their effeet

rests on the pre-reactions initiated by the compression
becones evident from the faet that they have no influence
on the LA}ldolon wave in pipes, during which process there
s, no tine for pre-reactiens in the unburnt parbs
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x APPLICATION OF THE CONCEPTS OF KINETICS OF REACTION

TO THE COMBUSTION OF THE RESIDUAL CHARGE

On re-exanination of -the mnechanisn of knoeck on the
Hasiicieof wth ils tgngle, ealarged with sthe thelp tof chemical
kdnetbiies g 0it s seen that the effects on the residual
chapae, laolways ia danger ©f 'a knocking comnbustion -as a
rosult of reactions relecased by 'the compression, are as
follows (flu. 19 Yt

1y Bistonuisibrokeli v After tiop cemticr it vaeitls 1nldirec=
tion of a pressure and teaperature drop and so
sliows down ‘the speecd of Temgection in the resddu-
al charge;

Ze MExpansition el barni cash Lt acts lagainst thelrediice
bion Yaf “ressure due to the piston notion and
shiould exceed it as a Tules The heat input
from the approaching flame front through radia-
tion on the mlxture not directly at the flame
front. Both accelerate bthe'speed of reaction

. hrough pressure and tenperature rise.

3 Ihe sheabuproduccd by the teaction Itself or by ae-
tlv yvtbion due to chain-branching - which causes

a rise in t:n)@rntare and through it of the
'sueed of recaction im: the regidual charge. This
ef feebiis largely contiingent *upon . the time Lapse
between conpression and arrival of flame front;

4, Heat removal (or heat input) due to heat transfer
o) re wallse. na given case chgna, d D=
to tl BT I & 3 [ chige nterrey
tion through the walls and consequently reduc-

tion in speed of reaction.

Qualitatively, the effect of form of comnbustion chan-
ber, spark plug setting, turbulence and walls may accord-
inzg to the foregoing be appraised as follows:

Allong £lome path, l1ses; great distance of the’ corners
of the combustion chanber farthest away from the spark plug
increoses, with the time period during which the residual
eharge . is left to itself after conpression, the probability
of the reactions terminating in explosions A residual

e
T
g charge at great distance from the spark plug is harnless
so long as it is deprived of heat of comnpression and . heat
of pre-reactions

= .-
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By 'raising the combustion rate, whether through dis-
placer offeet, turbulence, or vibration, the auto=ignitien
procecss on onc side in the residual charge is overtaken
sooner by the flame front and the knock tendency thus re-
duced, while on the other sidec the accelerated conmpression
lowers the heat removal from the residual charge. Which-
ever effect predonminates depends upon the wall tenpera-
tures and the stage of auto-~-ignition process. As a rule,
however, the knock is less apt to occur in acceleratecd
conbustion, as geen for instance from the effect of the
r.p.nte on the knock, and the use of several spark plugse.

Turbulence increases the conbustion speed as well as
the heat transfer. If the wall thperatLro* are lower
than those of the residual charge, bturbulence acts to re=
duce knock, otherwise to increase knock. .The lower the

wall temperatures are, the less tL| knock tendency will be.
Thg cxtent to which knock caan be reduced say, through non=-

partitioned combustion chanber form and avoidance of hot
exhoust wvalwe, feor ingstance, is readily apparent from the
high knock resistance of the sleeve-valve eangine.

The reason for our inability to give a gquantitative
ao;ralswl of these effects rests in our lack of insight
into the nechanisn of reaction acconpaanying the combustion
of hydrocarbons and on our insufficient knowledge of the

eat transfer during rapidly changing processes. The
boundary of the residual charge is formed by partly hotter,
partly cooler ccmbustion-chanber wallb and by a hot flanme
fronte. Bere, it ig at present inpessible to give even enly
approxinately correct information about the heat exchange
of the residual charge with its boundary surfaces due to
heat conduction influenced by turbulence, as well as through
the radiation of the individual gas layers through the
others, nor through the energy transferred direct to the
walls by pressurce waves.

It ds the function of every theexry tio classify expe=
riences in a uniform pabberas 2o as o' onablie prediclions
to. be made on the basis of this standard. A theory is
eorrect 'so long as ithisinot refuted vby expecrinnecen 1EaEh
with a linited amount of experience, several non-contra-
dictory interpretations are feasible, the sinpleor one is
the best.
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As regards the process of knock, we are aware that,
especially relative to the behavior of fuels, to the nech-
anisnm of renctions over the different intermediate compo=-
nents,and to the correct interpretation of nany phenonena
Sollcatise or effect, our sbate of knowledge presents nany
gapses But even so, i1t appears that. on the basis of the
theory of the automatically occurring recactions in the
fuel~-air nixture,. the nost uniforn and. sinplest interpro-
tation of the effect of conbustion chanber on engine knock
is possible, wvherein displacer effect, explosien wave, and
lsilerease of combustion duwe to wvibrations will play, at the
moldity seccandary part.

Mnapslation by Je Vanier,
National Advisory Conmittee
for Aeronauticse
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vibration. overhead valves (Ricardo).
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