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e Investigations;into ‘the development of the self-ignition
U f;.-,.operation of mixture compression engines e B

"“ngopsis.r . . 5 o ' k

. With a-given mean working pressure an increase in the output per unit of dis-
‘plaoement is possible by increasing’ ‘the engine. speed,for a constant mean piston ;
velocity this would: entail reducing ‘the size’ of the. indiv1dual cylinders ‘and
_raising the number of ‘cylinders. . " The reduction of" the cylinder capacity meets

~with: difriculties ‘especially in: connection ‘with the-ignition mechanism : which
in weight and dim®nsions occupies g increasingly larger part of the whole eng-'
ine,. Application of the self-ignition method would’ have the particular edven—
,tage of doing away w1th the ignition system.,;, - ST IS
Only easily ignitable fuels of correspondingly low anti—knock value mey e con-
sidered for self-ignition. "It is well known that the” fuel yield obtained in
-—synthesis.increases_mith.decrses1ng “anti-knock value. ‘Tt wes: therefore feasible
;to test synthetic fuels in self-ignitiOn operétIo“7ff*f~—————ff—————f————~———~f

Fan

Consequently the follOWing may beevpccted from the self-ignition process' a_:

more sconcmical application of . fuels of low octanse: number, & simpiified oons~
‘truction of the engine and an increese in engine speed. LR ;_W”viiﬂhmﬁmzéul
The investigation is based on preliminery experiments comm1551onsd by the | |
Ministry of Transport. Their purpose was. to determine. the necessary eonditions
~=of- operationllfrom'theipoint of*view: of the fuel and -engine and to establish |

the mechanism of combustion with. “gelf~ignition” and” thus to lay‘the*foundation5-
of operation 'of the enigne by self-ignition.

- Research Institute for Automotive Engineering and Vehicle Engines i
ab- the Technische Hochschule Stuttgart.: ; -
Director.. W.Kemm

-

The investigations were carried out on behalf of the Seretariat for Economic -
- Development. The preliminary work ccmmisaioned by the Ministry of Trapsport
will ve published as an 1ntermediate report in the Deutsche Krnft~ o
fahrtforschung. ! v L
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l. State of Knowledge

R

The process of spontaneous ignition does not only occur in combustion in the .
Diesel engine: but may -d1s0.be: found -in the reactions in the, gasoline engine. ”
iile on the one hand spontaneous ignition in the Diesel engine is the: conditionj.
for the course of combustion, in the. gasoline engine 1%t appears as an undesir~ i
-able. and. troublesome oceurrence; accompanied by knocking. ‘The phenamena of the f
- two processee are similar.;,- SRR A e g S

The reaction of the fuel may generally be.. divided into the processes leading '

up to ignition and the main reaction. The. ‘reaction.starts.at: “conditions of .
pressure and temperature below the ignition: temperature (l). In this- region
reaction occurs with only a. small-velocity. . The heat set free may: at first-be
conducted to the " surrounding layers and thus need not lead to, ignition ‘of i the ,‘»
mixture.. If the reaction proceeds- under: conditions in which the heat lost is -

- equal-to the heat producEd, then according to van 't Hoff, the ignition temp-
erature is reached. A progressive ‘heating-up of the mixture can then occur, .-
leading to an accelerafed- reactionL;:prlosion_willaeventually:occur—at locally;__
‘overheated points (Heat explosion). A cambustion front of high ‘temperature -
proceeds from the point of ignition ‘with.a large combustion velocity and w1thlan__
accelerating effect on. the reaction.uc ,»».,.,‘ SR RO Pt S

In the reaction of hydrocarbons, side by side with the heat explosion one'can '
always observe a so-called- chain reaction with chain ‘branching. This consists e
of the liberation of atoms® and radicals, which react further and thus acceler=-

‘ate the reaction. A.very ‘few. 1nitial active components can thus produce,awmmimmn; ,,,,,,,,
- considerable: reaction. Pure chain reactions are as rare as-pure heat exploszons.
"Cold flames which can “pe found -in-bomb- experiments and also inthé engine may be .
considered as pure chain reactions. : e

During combust -on _n»the~engine— hu»hedt explesion is always accompanied by

chain reactions. RED T . R e ‘
Spontaneous ignition in the gasoline engine is caused differently from that in
the Diesel engine, The fuel {s practically all. evaporated in the compressed o

air/fuel mixture before 1gn1tion is produced by an {gnition spark. The flame .
front sprends with a relatively small velocity fram the point of ignition. A% -
this stage the temperature of the: unburnt part: of the charge rises. in ﬂonseg:_

“uence of the pressure rise produced by the combustion; the- residual mixture is_

Tthen Vigorously oxidised, . If this- oxidation. ‘changes into ‘self-ignition before
the flame front originating at-the- point of ignition has passed. through the

 pesidual part of. the charge, then this residual part burns practically instan—
‘—taneously, eaching high local preseures and temperatures.

1

" The consequence of these pressure discontinuities is a pressure wave which

- passes through the combustion chember at. a velocity higher than sound; the" so- .
called knock-noise ocours ab ‘the same time. The essential condition under

“which knocking and self-ignition’ ocour is thus a pre-reaction in the’ unburnt
residual part of the charae.

i I SN SR
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,In the Diesel~process the fuel is injected iuto theacompressed air. “Atomization,
evaporation and reaction- -of the fuel thus overlap, & complicated physico-vx T
~chemical process of combustion resulting. Evaporation of the fuel starts in -
“$he: outer particles of the fuel’ "stream, These have the smallest velocity and. thef
smallest droplet diameter. These evaporated particles abe. the first to ‘beconié ™
active and induce the chemicel reaction by colliding with the oxygen moleculss. -
“The fusl injected up- 4o this point then burns with a very short ignition time,
and’ finally the fuel being-ingected burns according to its ignition velocity.,

Knocking may- also -oceur in the Diesel engine. Here it is caused’ by too large .
an ignition. delay "of the fuel., Then so much fuel has ‘been injected before - -
1gnition takes place, ‘that a very sudden rise in pressurse amounting to knock, .-
is caused by the sudden combustion of these. comparatively 1arge ‘gmounts of fuel\‘

N



T é3-:li -
.The cause of Spontaneous ignition (knock) in the gasoline engine is thus too
large an ignitability (too rapid. combust 0 “the- residual charge),in the .
~ Diesel engine, on the- other hand, 400" tahility ‘46 -the causes -For’-
- this reason additions lowering the ignitab ‘y “of "the fuel: by virtue of’ their
: chain-breaking effect are used’ for lessening the knock tendency of a- gasoline :
iengipe fuel.: ".¢v4,,‘,,; : .J\,. - S e R

22 Conditions for spontaneou;ignition in mixture compression methods

The mechanism ‘of reaction which one may expect for self-ignition with mixture- '
.compression cannot entirely be4nmpared With either-the Otto or- the Diesel engine.
One - point in. cammon with the 0tto. process is the distribution of-the mixture, :
“Combustion in the. 0tto engine is howevery’ started by an ‘ignition ‘sparke” Tn° o
spreading of the flame from the-point of ignition is- not due to-a spontaneous
~reaction of the mixture, 4t is rather due to a chemical reaction cause by the -
‘progress of a thin flame front. On]y when self—ignition of the unburnt residual '
mixture (knocking)' occurs. conditions may. be - obtained similar to those which
mi-gnt—be—me*—wfsr—m—the—sew—i gaition process.

in the spark—ignition engine “the residual mixture burns practically instantAn-.
eously on self—ignition.. For mixture compreSSion ‘self-ignition ¥ ‘oonditions

.for eudden combustion nust apply to the whole of the mixture. Adrapid'reaction:
of the mixture and knocking are therefore to. be expected. RERER R

A comparison w1th Diesel engine combustion leads to sﬁmilar conclusions. One.

- may. assume that the tgnition” delay of the fuel injected into-the Diesel engine

" is, greater than the time taken;fOr the-injection and evaporation of the whole
 jet; under ‘thésge conditions the-wholezof- the-fuel will have dtffused and’ ‘evap= -’
orated before ignition takbs place, sunildr to the conditions of mixture com=
pression self—ignition. For so large an ignition lag the general experience
~in Diesel ‘engine . is very rough running, steep pressure rise and violent knocking :
caused by the sudden combustion of the large amount of -fuel, e o

Combustion with knocking with mixture compression self-ignition mey thus. be R
expected from comparison With both the gasoline-and,the Diesel engines._ o

Though a complete elimination of . knock with self-ignition does ‘not at first seem
possible,’ it is known that the. pre—requisites for the occurrence of knock are
~bigh.- .combustion and reaction velocities. A dtminution of these. velocities '
should therefore lead t0 a deorease -of knocking.~

__,A_\ S
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3. Test Procedure v "‘ . "‘f—r—jfm,f;-l,x

S ~\'

The conditions of self—ignition were elucidated by means of experiments on two o
‘engines of 200 and 700 cc. capacity. ‘ ¥ »

The '200-cc’ envine was a single cylinder air—cooled engine normally operated ag .
a spark-ignition four stsoker The coubuction chamber wasdhemispherical With
overhead valves. : S T S p—

The 700:cc engine was?weter —cooled single cylinder engine, which had a variable i
compression ratio and was normally used as a. 4-stroke Diesel- engine, with side
valves., bl i A . ‘ IR

With these two. engines the effects of cylinder head design, engineispeed,°thei
size of thencylinder and: the. method: of cooling could be investigateh and - '
compared. Measurements taken related to the operational “behaviour, the power

and consumptinn the course Of the pressure. rise; and the influence‘of the
canposition of the mixture when. Operating with gelf-ignition. The usual method
of carrying out such experiments and the: usual.apparatus were, ueed. - ‘

The main fuels used in the later investigations have the following character-
istics (table l) : R
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. Table'l .

}

. Cherecteristics of Pusls used

. Fuel  Boiling Bonstante Cetane No. . .Octand No. Specific Gravity
..UV (SiedekennZahl) o e e
“ Primary Gesoline ~ 73 L BA 50.5 04666 e
 ROH-Diesel Fuel .. 240.5 ° . .. s .. (-80) oo 0,766 -
Mixture of 60 RT 129 . - Y R Sl 0,708, 7
Primary @ruoline L mn T O T L N TR P

& 40 R RCH-Diesel ' g

Fuel' ... - :

4. Results of_ thd_emnex imonts.

$§)*Setting‘un'of-self—ignition opevasion T T _1‘5%fi““7” N

"Thexzoo‘cc‘engihe;w§s~warmedgup'with,s?arkfignitionlat‘its usual compression
-patio of 6:3, Using Leunabenzin plus.5%5ethyl,nitrate%as,fuel, spark ignition . .
could_beidiscontinuédfwhen'thetemperature‘of'the Plug seating had yeached aboub
230°0; -the engine then continued to give 4.5 H.P. at a eonsumption of 400 g/H.P.
~-/hourt . Operatioﬁ‘wasfknock-frEe but ‘the engine coUld'be-run'bﬁlj”ovérja'very_rw
- small range Of 10ad and speed. The temperature of the engine sometimes rose :
1) much'that-the—plug'seat,wasﬁat,awred,haggwhECh would make pre-ignition very
lﬁifaﬁmléﬁ.,;ﬁLL@wmﬁﬁt;wfwlgli, R e e et S A

e it A

8 EVéﬁ.af.hi:gher..éompr{e'ssibn.r»ativds’("7-'7 and 10.2) self-ignition could only be

obtained by the addition.of ethyl,nitrate.._The,témperature’at whigh sparking
‘could be discontinued wes in this case reached after a'shorter-running»period;'
 The engine knocked ‘before and:gfte;“sWiﬁching.off,the sparking plug. High- . -
temperatures were also reached here and the engine hed to be cooled by a fane. . -
~:.The mean fuelgconsumption'reached the comparatively high figure of 400 to 500
gn/HP/hour whereas the‘power'outpux’wasblittle‘less thap thet of the spark . ..

ignition engine with the same fuel. The engine .could always be controlled and

_operated in the range of 2500 to 5000 revs,/min, - Very heavy knockingLoccurred'
if the throttle was opened still further eand this heated up the -engine within

@ few seconds to beyond the highest permissableutemperatureJ The engine- could °

not be run in this range in spite of considerable cooling.

The--run showed the essential characteristics of a.sparkignition engine -with

. consideraply -enhanced knocking. Removal of the piston after-a-run of several

\ hours vhowed the well-known pitSQin:the—pistonfduevtn detonation, some of them
_being fingev-dzep pits in the pigton crown (FigsI) ‘Ring breakages end damage
““£6 the Tbearing were aLso»observed'frequently. "1t was at first attempted to-

counter-aci this damagh by & suiteble treatment»Offthe’surface'of,the piston -

~and the fitviug of special piston rings. - Thesefattemptg did'nbt result in~ !
v“anywaPPrQQiBPlevﬁnprovement.. : T o R A

‘fv'”’b)"Eiperiments’Bﬁfthe*aﬁaﬁta%ifﬁr%ﬁthéls”to_salf-iéniﬁipn Lo

The fuels of relatively low octane number, o Thigher ighitability than normal
gasoline fuel, and of lower boilingJPOint;:which;aqgugu;gteﬂduring synthesis,

“are not suitable for either the ‘gasoline or the Diesel engine. These fuels do™
seem to be suitable for use in the self-ignition engine on. account. of the very
properties menjioned_above,‘_The'low boiling-point-ensures-easy atomization and
eveporation, and good ignitebility is desirable for self-ignition, Lo

.The relavant>fuels1Weré cxamined 83 0 thbif;suixébiiiﬁy/infsélf%igﬁitionf_ﬁ .
operation by making engine tests, - : R T TR T

o T .

The behaviour of the primary gasoliné-withoﬁt,ad&itiohs_waé investiéatedirirgt;»
' Self-ignition ‘operation could not be obtained at a compression ratio of 7.7
evep*wﬁqn the temp ratures were very high. .. S ;

S



When ethyl. nitrate was. added the engine did wor'V' autoaignition, but rel--:,:y
Jatively high percentage additions were’ necessary,’ ‘medium- temperatures,could be..
employed when “ebout: 5% ethyl nitrate was added. This was: practically impossibleﬁ
if the-amounts—added wers less. p, S R o ;

A compression ratio of 7"7 was evidently too lo The engine worked Without anyj
‘additions at a: compr s ratio” of 10.2 but high temperatures of:- operation ‘had
t0 be employed. Additioh of ‘ethyl. ‘nitrate-was thus. again indicated though not »
in suﬂh large amounts. Self—ignition operation was quite satisfectoryW' o
With additions ‘of. 0 33 to 2% [f.~ e : 7 ,

,__J )

Sraii addition~ of Diese] oil effected no improvement.ﬂ other investigations v
on varicus mixlurss may be left.oub hare since rO. improvementwgguld be attained.
‘The regults oibained =0 Tar led o the ) hyoothesis that the causewof the unsat—y}

' icfactoryfnienatwon H“J 40 e sou t in the low ignitability of the primary
gasoline° AR e

3 . . . . . . . -

"Variou mhAsuren oi pit c;" gasnline and PCH Diesel fuel were tried ou’ Witb an /-

 gddition -of 2% ciiyl nierave. With small percentages of RCH fuel no: observable

““improvemenumresulted. Ono could, Lowsver, observe that the- self—ignition was
facilitatﬂd by inereasing the fraction of RCH fuel., Good operation -resulted -
with. u 40% addition of" ‘RCH fuel; for this mixture the content. of ethyl nitrate "
could thus be reduced t0 0.5% . Further increase of the content of RCH Diesel .
“Fuel. ( 50-80%)" gave less favorable’ conditions for self-ignition operation because
of the low volatility of this Diesel fuel. -

".,*

It was concluded that the engine could be run wlthout ethyl nitrate if the
compression ratio wes increased.v At e, = 10,2, mixtures with low content of

—RCH Diesel fuel were tried @galn, Sa isfactorj working in the absence. of ethyl
nitrate began with about 30% RCHmDiesel fuel.’ RGF‘Diesel fuel gave: favor-tmf

_able results whioh could not be improved even- by the addition of ethyl nitrate,_M
Further increase of the content of RCE Diesel fuel resulted again in less o

< favourable operation. It is worth mentioning that in this engine a further =

. inecrease of the compression - . - ‘1o 11.9 gave favourable operation conditions—~
but that the output was no longer suffiCient.v ‘ : . ‘ :
The most favourable conditions were thus found With & compositionfof—se%—;4—~'—~
primary: gasoline -and 40% RCH fuei._ The following experiments were carried out
with thiq mixture.; S :

With all the mixtures examined so. far knock-free operation was never attained.;i

B

. ; —
fnvashl gaticns-could therefore be pursued
1) Experimenis to wsaken the effects of -k1
. '_Knonk:ng to con iaue-
2) Fyperiments on all pJqSlee means of inducing knock~free spontaneous
< i”n*oion "peraticn Co o . D , Sl

in-two directions T
_ing while allowing

Further

The .values of uUVput and - consumption measured with the most favourable comp-
.osition of the mixture are shown in Fig.IT; the’values of thewgasoline engine
at a compression of 6.3 working with spark” ignition are.given. as comparison.

- The. powers obtained with the self-ignition operation lie below the sPark
ignition engine values. S , S
The oonumption amounting %o 5”0 g/HP hOur at 5000 revs./min.fis also less. _
satisfactory than with spark ignition. . R

‘ =n'h1f‘“
‘ c)' Diminution of Knock Tend@ncx -

According te knowledge hitherto gained ene could not count on finding & fuel

“mixture which weuld give knock-free self-ignition operation. - All the ‘same ,
3xperiments were repeatedly performed with the ‘object of- obtaining a knock-free
run or reduced knocking, by choosing the most varied ‘mixtures by alteratiensin
the. combustion chamber and by studying the influence of temperature and ,

compression ratio.



~Additions Qf7iionjcarﬁoﬁyl]wereladdéd&as'énianti-knbdk“tqrthélpaftiéularly1f'i
siiteble mixture of 60% pfiﬁaryigaSQliﬁefand 40% RCH=Diésel Fuel. "It was shown
thgtaadditiQnSAofuup,tg 0.25% iron carbonyl still permitted self-ignition op« ...
vieration_With heavy knocking still occurring. The‘Enpck'atio,s%.iron.carbonyl”‘ L
.was decreased, bub with this percentage the limitﬁofqignitionﬁwas»already‘reaohedy
Qnﬂ,?9}f+ignitipn'WéS;pp¢longer5pOSSible.with:léfger7édditions‘af71ron ¢arbonyl. .

'~ The same réguit.was»obtainéd”wifhroﬁﬁgiimiktﬁiésvéﬁg.,a ﬂixfﬁrq‘of”ethyl‘nitrétejé
: gnd_prlmary'gasqline.,;Hbre.again'ope;atign was. no 19ng914possible.w1th'0;5%’ o
- 1iron carbonyl. If the content of iron:carbonyl was diminished knocking occurred

gimultaneonsly with self-ignition. Attempts to prevent knock by influencing the

" propsrtisc of the fuel were then abandoned,.

:;Finéllya§;mple¢alberatiqns,of"%he”éombﬁStion'cﬁamber~werefundertéken with the
'ghm ofug;minighing the knock vendency by dividing up thefcombustion’chambcrg- '

el
v -

A recess was milled oub in the piston crown and a pin was screwed into the
cylirder hoad insile .t czmbuution‘chamber;to'servsTaS”anW;gnition poirnt and
thus.effect a p;owgy_ccmbustion. NO'improvembnts‘worth mentioning were obtained,

' d):'influénce>df Compoéitionvof Miitﬁfe

‘As vas stated at the beginning it is the suddenness of the reaction of the air/
“fuel mixture that~Is the Gause  of the, knocking. --Attempts to slow dewn the B
~reaction of the mixture by means of andi=knock agents leéd"to—afdiminu{ion-of -
urig??F§§§}i§gdyithout‘the;elimination of knock.~fThis.showsvthat'if operation by .
,selfiiéniti¢nﬁis‘desired,the ignitability as such must not be. reduced. ~Further
'W?errimgntsﬁwereJtherefOre'garried out only with ignitable fuels. ... EE

R

‘The  knock inyestigations- 1ed to therosult thut knooking occurs with & cOFres-
pondingly increased velocity of reaction. ' Reducing the .velocity of reaction '
-~ must thus entail a reduction im knocking. Another possibility is thus presented,
nemely, to attempt-to reduce_the velocity of combustion while keeping to a fuel

with-favourable»ignitiqp properties. It is well known that the v8loeity of "= —:
reaction is strongly influenced by the ‘composition of the aLg/fuel‘mixture.;The

next step was.-therefore to-ascertain the influence on the knock behaviour of the
‘mixture camposition with the above fuel—biandquo&ffor=mixﬁure%comﬁieéSiéniénASGIﬂ-f

ignitlon. e ' ;

The composition of themixture can-only.be varied within, limits with the ordinary -
carburettor. A special carburettor was_therefore developed for: the inyestigation
~of the influence of the fuel/air mixture; hich allowsd Tegulation of the air/ '

~ fuel mixture independent of the operation of the engine. The carburettor was
,lﬁir§25c0nstructed for the water-cooled side valve 700 cc-engine. The composition
'of\thé mixture’wadeetermined from sepafate measurements of the air by means of
a :otating piston gas mster and of theffuelnconsumption by}means:of‘the_usua;.
'instrumentSa"Thc1mix$ufe'cf560%_primary zasoline amd 40% RCH fuel which is par=-
44 dularly suitable for =pontansous igniticn-was used et a compression ratio of 10
The influence ot the -composition of the mixture on knock was measured from 800 -
to 2400 révs/min. with the throttle fully: open. Power and sonsumption were o
measured at the same time. - LT e e T ST e :
It may be seen from FiglIII that-the engine could be run on“self-ignition with-
in a mixture range, expressed.as.the ratio of .the weights of air and fuel, 1y-
of from 6 to 28. The following remarkable phenomena weré observed. - ‘ -

At 2200 revs/min., operation was not possible below an ai¥/fusl ratio of 8.
Practically knock-free solf-ignition operation occufred.at'air/fdél ratios of B

t0 10 (rich). Between 10 and 29 Sslffignition’ﬁés'accdmpaniéd by vigorous knock-
‘ing., Operation for long periods was'imfpssiblé‘since_very‘high_temperatures ‘
~were produced by the knocking which made it imperative,toﬁswitch\off-theAengin@.
Between i = 25-and'1 = 28 operation was again kneck-freg_(lean settingle The
sngine could not be run above + = 28, The results for lower engine speeds were™
- gimilar, for instance at 1200 revs/min ‘the knock free ranges-lay tetween 1 = 6"
end 7, and 1 = 24 and 27. In the'transitign,stages<from knock—free~operation to

. | ot

knocking;_smalljalterat;ons»pfithe_mixtu:e immediately produced heavy kmock, the .



_be;.

transition thus not being continuous.; In the top-of. Fig.III are entered the
measured values of - consumption and poWer. “With rich’ setting,and at 2200 revs/
_min. the power output-in the knock-free region . is’ ‘about 8 HiP., .8t lean setting
about 7 H P. Thls corresponds to a specific output of about 12 H.P /litre._dl4?:_

The values of consumption in knock-free rich region were very high at 400 to

900 gm/H.P. hour; for the’ lean region ‘the values were from: '190 to 240 gm/HP hour.
These:figures. .apply-to_ the single cylinder engine which has a comparatively low -
mechanicel efficiency.‘The “values for knocking. operation 1ay in betweenithos S
forrwch and lean knock free operation.‘fv-l o .
The .J---d 1 nead temperature51n tne knock free region, measured at the seatlng
of a bolt sarcked into the oparknne plug thread -between inlet and outlet ta‘ves,
were AonyaiaH111~v dow-a’s: icO‘,, ihn ~eoket uemne"ature in the water—000|ed test
cyllnd=r iaj bftmeen uO ena QU Lc o .

Knocn-iﬂee S“li'lFii*Th) w1uh rwoh mwr.ure is not to be considered 6 cause of

Ats unceoon: nicai1y high aunsuption, Nelther can the knocklng range. be employed
on aceount of its mechanical c;sauVun,ages (falling off of output after ghort

run, knocic, pitting) Knock-free lesn operation seems the only method favours
able for puttirg thse: self--ignition process into practice. The- main difficultywis ’

the high sensitiVity to the mixtu e strength.. ) - e R

'~—e) """ Experiments to extend the range - of- knock—free self-lgnltiOn ; K

_ The _reason for the absence of. knock in the self—ignition operatlon is not a oo

“diminution of 1gn1tability but a reduction of ‘the welocity-of combustion. For the
practical- application--of-the. self-ignition engine an extension of the knock~free
range is required. Furthermore, one: needs an accurate control instrument—for
adjusting the mixture strength.. ,:‘ _ , T

In conjunction with’ theipreviOus work it -was attempted to extend the knockefree
range . by. alterations of the engine. Ain-ante-chamber of heat.resisting'material
was fitted to the side valve engine in order o modify the course of the come -
bustion (Fig.IV)  This first: auxiliary'chamber :had-a.-capacity of 6 cc and’ was.
tried ‘out with various outlet’ sections. Similarly for a’ second sub51diary chamber
hav1ng a capaclty ‘of 12 cc. R v e 3 . ‘

The first ‘chamber With a diameter at the mouth of 6 mm. did not at first give
1y -apparent’ improvement Only after incréasing the outlet diameter to 12 mm -
sas some extension of the lean knock-free range observed. ‘Eventually the second
shember with an outlet dismeter of 12 mm showed the best results. A continﬁous
run of several hours wes possible with this subsidiary chember without having %o
readjust’ the mixture strengii. Even’ nere, however, the lean mixture range free
from kncek, remained smald ‘Genwprally speaking, an 1mprovement was found as:

" ‘compared 4o tae :DelELlun Wtcnea. the. snbe-chémber, since in the latter case,.
‘the operation hed o te confinuuliliy watched and the carburettor adausted. When
- the subsicie v nnd uCuP £ity °d these things beche unneceSSary. -

If a us°ful -engine “is to be devis ed tEEn a further extension of theerange~would
‘be valuable ThlS must be left for leter investlgations. b

v

'f)l Running Characteristics of knook-free/Self-ignition
g ! connscted - |
700 cc engine, side-valve, water—cooled' The particular phenomena/with the.
‘-starting of ‘the engine will be discussed later,” On the test-stand the . .éngine
- was warmed up on spark 1gnition, ‘then adjusted to the knock-free lean range and
‘the ignition switched off. Knock=frée self-ignition 0perat10n at very low speeds
-could . be obtained only with difficulty when the engine was cold. ‘When the engine
was ‘at 1ts Operating femperature it could be ruh knockefTee over the whole speed .
- range. AUy considerable changes i n the opereting temperature . OT 1arge\differ—‘
ences in’ speed demand a corresponding adJustment ofjthe mixture strength.“_A

The- cylinder head temperature remalned constant~in this water:cooled engine
gven efter prolonged operation. 'tf" . T _
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‘As already mentioned, 10°'was the - moit favourable compression ratio for. knocking . -
 ‘operdtion. For the knbék—free‘runQprécg;cally_the‘same}cquitions-were;obtainea;
',The“limit‘foépbhtanébus,ignition*was;regchedfwhen”thé compression ra¥io was. ..
-peduced to0°8i A decreased output was. observed when the dompression ratio was -
vThisimhy;beiezplainedlby*the*”J

{ncreused in spite Qf:the~great3f;igﬁitability;:

haééféﬁfbffthéfenginef(s;de<valves).Jﬁﬁ;&:w : N R
"Fig.V shows the values of power;and-copsumption,obtained‘framgknockﬁfreefselfé;a%
1gn1t;ogﬁpperatipn‘withffullyTDpenedﬂthrottle;"iThexOﬁtputadf17;H.P.g8tf22004},,*;
revs/min, corresponds to.a spgcific;output,ofvlo H.P./litre, - Aconsumption-of ©
1K¥FE@BT/HTPT“hour—Over'almost%the—WhOle;spgeq;range_mav be considered to. be. -

"ipglefcyl$nderf_ﬁmhagﬂaluesjiié;négf,t01those;usﬁally;OBtainedfi

“reasonable fora 8

‘:gpiniesel,engines;;jstegdy;idlingjﬁouxa~be;obpg;ped,from‘frqm;knooxydownwto_ S

~500»iéﬁ{]min§jprbvidedTa“ce?tainvminimum>temperatu¥é;was}ﬁéihtainédi'1[Nb_1ndé,;,
' . piston or:the walls of the

_gcatidns,gftcdrrosibng'pitﬁing'or‘thé 1ike on the pie

‘éémbustion bhamber could bé‘fbund‘with'gnock-free;operation*even]aftér 1ongj e
rqggigg,pg?ipds (bVQr.IOO‘hburs); L R S e ST

‘ZOO,cc‘éﬁéihgjfoﬁéfﬁéaé Ealﬁé,wéiFJEEdiedf‘ AS-with‘tﬁéﬁ760_CGMeﬂg&he;:{hé.éddy

d engine ¢ b6 run Knock-free in 5 lean region, Operation demanded camp=
aratively high dylinder head temperatures, 220° &t the seat of the sparking -
plug: In order to avoid too much cooling, the air-cooled ‘engine ned to. be

cd engine could:

~cooled intermittently.- _ R L
"Acéofaing topthéi#eSultéaobtéined o0 far, see Fig VI; the maximhm”éﬁe;dt°f the
_.engine is 4300 revs./min, (5000 revs/min. in the spark ignition engine); below

: 2500 revs/min. the engine could not be run knock-free. < The cause of this has
pot‘yet’beenLcompletelxgélucidated; probably it is comnected with the ‘weakening .
of the mixture. - Thetvalues_of-output and consumption have been given in Figy . -

WYI.,%IQQ_pgg}}gggggxilimits,of.operation may also be taken 'from the power Curve.r
The meximum output’iS‘275fH;P?*ﬁﬁ“370O—revs%min—(spec&fic—outputjl2r5;H.P./litrelé&

the best combustion is 190 t04200_gm/HP5ngur.,As'in the side-valve engine, this
ia-a low value"for a single cylinders =~ — ~ e e

. )
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" g) Starting Tests . LpEL ey

‘

Cold starting with self-ignition nay-be obtained by'the;following‘mgansl S
1) Heating of ‘the intake mixture or increase of c¢bmpression = .

-~ 2) Increase of ignitability of fuel, for instance by ‘addition of ethyl

‘nitrate for startirg S R TR o

~ 3) Starting with sparking ignition .

.~ 4) Sterting with.a glow plug Ce L R e
_With the side valve ‘engine (700 ce) the compression ratio could be increased to
Ez %?1 Starting experiments were carried out on the eold engine’(plus_;5°c)"&
“with gradual raising of the cambression”ratio;ﬁThiS~gave a compression ratio of
16,5 for the well tried blend of 60% primary gasoline end 407% RCH fuel for the -
attainment of cold starting. Below this compression ratio gtarting was imposs-
ible. Preheating of the intake mixture was not investigated. ‘When warmed up, -
...both engines. could be ‘started without ignition at & compression ratio of 10.

The ignitability may be enhanced by addition of ethyl nitrate to the mixture.-
~with additions less then 5% a temperature'of'zs‘to»50°C‘wasvnecessary‘whegeas‘v
'additién§ of from 5 to 10% made it possible o' start from cold. - PR

i
X

‘As a rule oold starting by spark ignition was. us i°in the experiments. i
"If a sparking arrangement is to Dbe avoided bne can start up with a’'glow plug,
as in Diesel operation. Experiments on cold starting with a glow plug were. '

successful. Only'ocqasionally]striking baﬁk of the £lame into ‘the intake pipe

. was observed. ' The simplest means for starting is thus the addition of from 5 -
-.to(lo%.of,etﬁyl nitrate. _ It should be possible, however, to develop further '
‘chemicals: o' B L | -

4
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, h") Investlg,c.tlon of the pressure rlsc und of rc.d::.o.'b::.on.

Slgnlfico.n'b :Lnferences &8s 'bo 'bhe 1gn1'b10n process, the pressure I'lSG and the
further course of the pressure ondinlso:the radiation in. the com'bustlon chc.mber :
/may bo made m’ch Jche insi:ruments avo.ilable nowedays. SRR

?he course of the pressure was followed 'bya que.rtz plck-up, 'the ou't:put be ing o
‘amplified and then recorded By the "Schleifen" - oscillograph- “or-cathode Tay- tube.#
A quartz window with o photocell was fitted in.the combustion ‘chambor, “This ¢
‘registered the radlata.on end; thus the cf‘irst 1gn1ta.on of‘ 'bhe gases toge'bhcr w:v.th
-other combus’clon proceSSQS. : Lo ;

N
oy

200 oC overhead velve englne

' Only the pressure could be recorded mth 'bhms ergme. In flg. 7 the course of
tHe pressure in. self-lgnrblon with Imocking at a compression of 10,2 is gwen
-in terms of the crank angle. The sudden, practically.vertical: pressure rise |-
ulm:.na'blng in s high pressure peak when ignition sets 'in is charac'berlsti'c “of
operat:.on with lcnock' Thls mdmcates a samul’taneous combustlon of- 'the whole Sl
m;rx'bura : , , T - .

o Several d/or*rees of cran’r anp'lo before the pressure rlse,a small
pressure increeso mey be found in the dll‘ fram, Thls m;-y 1ndlce'be & Drel:.m:.nary

’reactlon 1r the mlxture j R . . } B T LN

\ " The nressure dmsrem .,thIs chnracterlstlcs s1m11ar 'bo those of the ‘
spo.rk ignition engn.ne. : . .

)

- - : -

. Fa.gs. 7 to 10 show tha’c 65 tho pressure r:f.se occurs 1o.ter, Jche ",’
knock decreases o.nd finully s‘bops al’cogether. C A . B

700 cc. 51de val:re englne T e ~e; ; : R -

The course of the pressure, "bhe top dead cen’bre and the rad:.at:n.on
were 1nd1cc.’bed for ’cho s:.de valve engme., . S ,

CFig, 11 shows o record of operatlon w1tn knock1ng. The pressure
“in the combustion chamber starts rising s‘beeply at s 8° B,T,C, the mximum rise
being about 9 o.‘bm/deg.crank angle, . At 2,52 crunlc_angle B,T.C,_it reeches the
moximum pressure of 72 atm, gauge pressure, Between about 2 5 B T C and ﬁ°
“A,T,C, the pressure is prcctlco.lly constent,

Lum:.nescence of 'bhe flamo in’ thc com'bust:n.on chamber sets in at the
some. t:Lme as the steep pressure rise at 8° B,T,C, Operation ‘with knocking
always gave a bright white light in- 'bhe com'bust:.on chamber s __’che rcd:.ation of | .
.wh:.ch we.s: easily reg:.stored : AT : . .

" The pressure ‘rise -ocours somewhat later (9° crank angle A T, C ) in

the knock froo lean mixture region with low specifxp consumption; here the Y
" transition is very smooth snd the pressure rise con31derab1y flatter: (cbout 2.5
atm /ieg, renV rnp'le) The mevimum rd 1’7° crnnk angle A, T C : only r\moufz'rl:cd 'bo

c.bout 50 c.'bm. gﬂuge pressure - ‘-_,-_‘,,p,,-.__ o o ‘ S

_ As the figure shows, speca.al dlfflcul 1e's were ex’perie,nce'd in the -
regls'bmtlon of the radintion in.the knock=free rogion, ~¥While, as hns been . ° .
mentioned, \brlgh'b white flame o.ppec.red with knock; the flame in the knock.free .

- region wos of o foint blue and even with & high o.mpllcatl on of the pho*bocell ‘
“current no doflec‘blon of the recording-instrument could at first.be o'bserved

- Attempts were mnde to intensify tho luminosity of the ;.lame and to choose a. ,

: photocell more surhn‘ble for the observed spectrel range, = This was not hmever,
'successful Then. the mternal diameter of" the ‘windows® we.s consmere.bly incrensed



";.’1.0;.}_
By thls meons. roglstre.tlon of the re.dmtlon ev}en'bu.,ij became possﬂ)le. S
hccording to those moasuremonts radmtlon in  the knock free leon region also se'l:s :
in s:.multuneously W:Lth ’cho steop pressuro 1ncrea<~e i 0, between 6 and 9° crank e
ATC v
In the krock-froe r:n.ch rcglon (f1g.13) ’bhe steep mcrease of‘-'Tpressure:»
occurs ot 22" crank anglo A,T,C, 1,0, relatz.vely 1ute. At the C 2
ro.d:.a’c:.on 1n the combust:.on chnmber ‘beg:ms. s

Y S T L T e e e T e e U T e e e O

o The pressure pealr of abou-b 35 atm. exce‘ss occurs ‘about 30° crunk‘
angle A T C A prehmlmry react:.on before 'bhe steep pressure rlse 1s ulso
- nobed," , . s -

-a TR Jus‘b as-in the knock-free 1ean reglon the colour of Jche flame was ks
“dull blué," -The course of the pressure is ‘similar for the two CSLEPE ]mock-free
~1eo.n and. knock—froe r:.ch Thls 15 shown by i‘::.gs. 12 o.nd 18 : :

- R — . S

5 Eve.lua.tlon of Resul'bs

c.) Glow - re51duu1 gas——and sclf-lgnition. . 4',; L Lo

o The only ob1ect “of -l:he :.m.tml expcr:.ment wa's to obtaln 1gn1t10n with
. 1x‘bure compresslon without en igniting spark The- possﬂnllty of & so=cclléd —
pre-lgnrl:lon WS ot Howsver excluded,  With. pre-lgnltlon, ‘some_engine parts L.
&,z the spark plug-olectrodes rcach s0 high a “temporature during-the compression
“§troke thet 1gn1’c10n gocurs’, =The- first experlments to.obtain: self-:tgm.'bl on- :
had to- be carried-out at temperatures so high thot: glowmg of some ‘of the BN
‘engine parts was "somotimds’ ~ops6Fved; — Iw such cases._ one may. f.ssume glcw‘ E
“ignition similar—to that in th@ hot- bulb eng:.ncs or. the_glow—tube englne of

‘Gottlleb Daimler, o : v : S S

‘Phe foct thot no knock wes - observed Wlth thls characterls'b:.c glow
-ignition mey have. gwo reasms,.  First thet conditions obtain similar. to those S
’ wrbh spark ignition i,e. propagatlon of tho flame Trom the hot point troversing -
" the combustion chombor at e definito velocrby Secondly there is-the possi’bih‘by‘ g
. of .the practically instantaneous combustion of ‘the mixture only oceurring

relatively’ lete aftor top dead centre atT"the time whon ‘the piston is elready :

" on ‘the ‘downmward stroke, thus. incroosing the volume of the combusti on chomber,.
: The pressure dmgrnms obta:.ncd 1etor confirm 'l:hot 'bhlS is poss:.ble in prmciple.

‘A" further. exr\lpnrtwn of the decren ge in xnock a‘c very hlgh
tempero’cures hes alreo.dy been glven by Dumano:.s :md ----- Serruys. (2

+ - . Peroxides wh:.ch 1n1'b:w.te chaln reactlons ure respons:ble —for the :
_,Men comtustion; at high tempercxturos in the engine these decOmpose even -
~before the combustion proper, ~As o-matter. of fact Dumanois, on raising the W
'bempere.ture of the engine flrst obtrined an mcrease 1n Knoczrwhrch however
: ceasea as 'bhe temperu.tm'e T0se fur'bher. . ,' o S e ;

v CARL Res:Ldual gas 1gn1t10n is not 11kTy for. a~four-s'croke engine. and can

' therefore be ‘omitted for the purpose of the above 1nvcst1go.t10n. . The' conditions o
" of operation determned in the luter experiments moy thus be. considered as” pure
self-ignition, ' One mey adduce as.c ‘proof thet cold star’blng is possible at a-

comprossion of 16,5; also, at tho opertating temperature, starting was, poSsible

.at a compreSSion ra\'b:.o of 10.. Under these conditions, where: “the ¢ ompression
temperaturd is cons1derab1y obove the temperature of 'bh’e walls ‘ong can no’ 1onger
'o.ssume tho.t 1frn1t1_on occurs ot hot po:.n‘bs on 'bhe wo,ll R e

SN From th:.s At mny bc concluded 'bha.t pure se‘lf-lgmm on occurs under
the conditions set .up later,  This” seli’-lgnrh:.on does not, ‘in all: pro‘cabilrby

~proceed from the wall, but ‘from the vormest :Ln'ber:.or reglons rof the go.s, wh:Lch

' transfer Ieast hea-b 'bo the ‘wells,
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'b) Further—Problemg :

Wrbh:.n 'bhe scope of 'bhls investiga‘blcn a‘b 'bhe necossary cond:.’bions for
rspontaneous ignition with mlxture ‘compression heve- 'been ‘6lycidated from 'bhe T
point of view of the engine ond partlcularly from_‘che point’ of view of the
fuely-—-The- dlff‘:.culty of too henvy knock oscurring smml'bo.neously with the:
sombustion was overcome: by. mking it poss:.blo to run the ongine with kmock=~

ree self-lgmtlon ‘over o wide range of speed and load, ‘One 6bstacle- in the
way  of. develop:mg; o practlcal self-lgnltlon ongine is the comparo.tlvely
_narrow range of mixturo strength over: which knock: freg: opero.t:. on is- poss:.ble.
,'_’Therefore the first “task is to extend 'bhls knock—free renge, Furthermore, 9
»'preclso instrument must be developed for the control of the correct alr-fuel
ratio, . Besides these problems, work must ‘be carr:.ed out _on the questions
which arise in the opero.'blon of the mul‘b:.cyl:.nder englne, namely startmg
- end relie.b:.llty. : FRRS

The observed fuel -consumes fon of 200 gm/HP hour is low i‘or a sn.ngle
cylmder engine, It is nearly equfl. to the consumption “of the uu'bomotlve
: Dlesel englnes in- presen‘c day use, : .

' The observed speclflc outpu'b is als/o of tho some order of magnl’cude '
a.s tha‘c of the D:Lesol engine, On account of. the low consumptlon and the
p0551b111ty of o more ‘economical exploltatlon by the engine of low b0111ng
—Towenti=knock- i‘uels, “the- davelopmont of 2 self—1gm+1on e inorsgemss, .-
'adv:Lsable cven from the economical point: of view, ‘Svch a. devolorment, would
also serve to produce further ve lua'ble 1ni‘ormrtlon on the m'bces mgix‘._- e
'combusiuon._; ' SRS R ‘

- ; The speclflc pmvor output is relb;tlvely 1oW, i Tl proba.b111*by~thls~
may be romedled by superchargmg ‘the englne and usmg o greater engme speed

6. Summary

_ _ The presen‘b rcpor’c deals with fundo.men'bo.l mvostlgatlons on Jche self-
Lo-ignition: operntlon with m:xture compress:.on. ThlS method 1s to be- con51dered
.. a8 & new mothod of opemtzon of’ eng:.nes. - . B o

v

' ‘ Prac’b::.cal oxperlments on self-lgnltn.on werecarrléd 6ut'w4i‘th.itb\r0-
differen‘b smgle cyhnder englnes of capacltles 200 and 700 cc,

. Synthetlc mels were. ‘crled out and a -fuel 'blend of 607 low b0111ng .
prlmary g;asol:me o.nd 407 RCH D:Lesel fuel was f6und to be partlcularly sultu'ble, :

FR Accordmg 0. tHe ‘prosent. s‘bote of knawledge 117 wes. expected thot the
reaction of the fuel in the engine in ‘tho cpse of mixture ‘compression self-__ B
: 1gn1t10n would oceur.: nearly 1nstantaneously, :L, e, w1’ch v1gorous knocking,

vThe fn.rs’c expern.ments on: eng;mos d1d :Ln fact g:.ve 'bhis resul’c

An mvestlga/tlon ws’ made :mto tho moans of suppress:mg ’bhe heavy
knock,. It appearcd that _when fuels wore choser “which were less ignitable, =
only the tendency for spon’caneous 1gn1t10n wos dimintshed; and the Xnock: ‘coulds"

- not be ellmlmted Changes in the c éimbusticn cham'ber, d:.d not result in elther

LT T g —— s e

8. dlmmutlon cr olm:Lm'blon of‘ tho lrnock - . ; T ..~_-

4 ..a\per:unents onvar:.ous composrin ons of the i‘uel a:Lr mxture«demonstrated

. Jthat there wos o knock-free rogion of self~ignition for very: rich end for very -
weak mixtures, Wrbh norml m:.x'bure strongths v1gorous lmockmg occurred

3
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~Ante-ohambers wero. flttdd “ho 'the oombustlon cham'ber in order 'l:o ex‘tend"
the knook-free lean mixture- renge,. .;,Th:.s ‘effected some 1mprovemen o ‘_»:"l‘he values )
. of" power ond consumption. meogsured in the. 1eo.n knock-i‘ree opereting renge. 5
-»roughly correspondcd to 'l:hose avaﬂable m 'bhe au‘bomo‘b:.ve 1ese1-eng1ne '

In~ the lrnoclr rpnze the oy essure rlse Wesﬂ-vory_steep,,_the max'nrum being .
72 a'bm, gauge: pr%sswe “In the’ Jmock-free renge o Plotter rise was Ob observed S
-wi'bh o.—smoother_i:raneunon and & mrxlmum pressure of 52 atm.v/'ro.uge. T }f:_ T

S In the lmook free lean mnge the engme could be run’ -over. 'bhe whole ‘
speed range mth ‘and mthout loe.d “The . tempemture of the~ ho'htefst pon,n'b of .
'bhe cylinder romo.:v.ned constant end- reIo.%ively low at 150°Cduring & con‘binfuous .

rup of severnl: hours, » The. most- favourable conditions were. o‘bta:lned at o ’
compress:Lon ratio of 10 S-barting of the engine 'i‘sro“mld% alsovposszblg e

, A problem remains oi‘ developmg e control 1nstrumen'b whmh w:.ll adjust ;

tho mxture to knock free operat:l.on for- the. vo.rlous engine conditions, . This -
kask will be: Faeilitated if. 1t is poss:.ble to w:.den “the-knock~frée range by . -
‘modifications to the engine, - . An ‘increase’ of the~ speo:.f:.c power outpu'b mz:jrbe_
expec’ced from suporcharglng and en increase of engme speed '

D e o R

_"“F:Lgure hee.d:mgs. __,,;“-.... __ ,,;,

—

LEJ.&.J 1 Effects of k;gook on: p:.s’cons.

F:Lg. 2. Power Nﬂo.nd oonsmnptn.on b in the spork ignltlon engme and w:.'bh
TR Pmixture oompress:.on self-lgnrbl on knock:mg opero:blon 1n th&ZOO oc.
englne._. : i T o ,-' , L= T e :

- v
H 1

1, Spark ignitlon englne normal bc 6 3, fuel Aral .
. 2, ¥nocking-selfrignition, 8 10,2, fuel 60% pr:unary gasolme '
o + 407 RCH Diesel fuel, TR
o Fig’,f Ou’cpu‘c (H P, ) Consump'blon (g/H P, hour) and mlxture strength f :
S knocklng ‘and knock-free - ‘seTf-ignition operation in the 700 ¢cc, . enguxe—-ﬁ
e = = 10,0 fuel 607 pr:.mary gusohne * 40/: RCH D:Lesel fuel. S

- Fig..'d Arrangemen'b of onte-chamber.
F:Lg. . Power and consumptlon of the ‘side valve TOC cc. en.g'ih_e_ forlcnock-
' free self-lgnitlon and lean mx‘bures, ' ' e e

Fig, /6, Power‘"ond consumptlon ofxthe EUO"cc, eng"mvfor lmock-free self- B
i jgnition in the. lean range ( £a 10 2, fuel 60% pr:.mu.ry gasohne +
= L _407 RCH Diesel fuel ) SR :

pu——— e o

s,..7 to, 10 T T SR S ‘ o~ F :
B The counse of the pressure in the 200 ce, eng:.ne Wl'bh self-:.gmtion.
. Diminution-of kiocking with-in ie—r—pressure-rlse (s mall load, about
B, 500 revolut:.ons /m:.n. T o S

/.

Fig"-;»'..llo,Pressure and radiation dmgrams for mi_’Eure compresu n. selﬂ-lgnrbion
© .4 . operatiom with knock & =10, 2000 revs/m:.n. ‘Max:.mum oad 700 cc,
ChymE englne, LT o L L : .

-

v _— 3 i )\ : N P . B
F:Lg, 12 Pressure and rad:mtlon dmgmms for- m’icture co press:.on self-lgnrblon
: ' ¥nock free’ opero.‘ba.on in the lean. range Ea 10 2000 revs/min. .

Mo.mrmnn load, 700 cc. englne.-v A R o ,

Fig, 13, Preesure nnd rwd:mtlon diegrems for. nuxture compression self-igm.tior
" and knock frée dperetion in‘the rich re nge, = a 10 2000 revs/nun.
\Maxlmum 1oud ‘700 cc: engme, i :





