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- fAe- Introduction
s It is known that before ignition, reactions take place in~ .. -
the mixture drawn into .combustion engines which induce the combustion -
proper; at sufficiently high compression they can reach self-ignition,
These reactions are very importantvfor'the‘combustiOn~mec§§nism} First
of a2ll -they control the lgnition lag and the §pecial type of self- -
ignition known as knocking., These pre-reactions have been studied by
heating»gasaairfmixbuféSfiﬁfé.closed»container'and,measuring'the RN
pressure¢ increase at various. initial temperatures, At initial _
temperatures of 2000 to 3009C sometimes oxidations-oceur which can be
accompanied by luminescence, whence they are also called "cold flames",
In higher hydrocarbons these oxidations occur only after . a finite
‘time, the—so-called induction timé, which varies between fractions. ;
of sSecconds and hours, ' The resulting compounds' accelerate the reaction.
The reaection velocity reaches a maximum and then drops again to zero, §
unless it rcaches self-ignition, - Generally however only a fraction - =
of the oxygen present is transformed and then the reaction quietens
down again, -Other tests were made on flowing mixtures, heated for a
~short. time to a high temperature and rapidly cooled again, . Tho R
. chemical anslysis of the combustion products shows the transformation, .

. Beside GOy and CO, aldehydes and. poroxides wore also found,
S Ifwe are'interééted'in engine'COmdetiQﬁ;fahffgéyaspirati@g‘_~
ongine can bo run in the usual way, with an outside drive and o
ignition, As oearly as 1931 lMondain-lonval (1) carriod out such tosts
with mcasurements on flowing mixtures in a small four-stroke ongine;

~at 200 to 300°C ho observed pre-reacting..

SRR Poletier and co-workers (2) made similar tests ona C.,F.R. =
tost ongine .at 900 rpm., with a mixture of 70% iso-octano: and 30% . - -
n-hoptane, i,e. octanc number 70, The. pre-reactions were marked by .
a- swelling of the indicator diagrem'during tWe “6%pansion stroke. The
‘effoet grew with mixturc enrichment and reached its maximmm at a fuel

- ratio of 1,8, tho latter 'being the ratio of -actual fuel quantity to -
stolchiometric quantity. (We avoid the expression Y"air oxcess - . .

- coefficient" which in tho case of air doficiency is misleading-and ~: -
otherwise unsatisfactory; ~ &8 kncwn the aip cxcoss coefficient is .

— A = 1 in the stoichiometric combustion, i.e. when tho air excess is °
exactly zero., It is better*to call the air oxcess cosfficient "Air -
ratio", tho reciprocal value of which is the fuel ratio). Fig. 1 shows
a graph rccorded by Pelotier with an optical indicator; - it shows - -

i‘(llcP. thdaihéMohval:'COmPtCSﬁRenduS;'Vol.le?ﬁ(lQSl)xPAilﬁg:'and'5;ff~

Chemie ot Industrie, Vol. 27.(1932) Pe 770, e T

7(2) 1.4, Polotier, G.u, van Hoogstraton J. Smittomborg and P,L.Kooymans
Chaleur et Industrio, Vol, 20 (19393 P. 120. S |
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,:auperimposeQJtheawdrking'stroke>9fwthreegfuelsldfsdiffarant octane -
anumberij_Thé“left”SideucbrréspOnds”to}compression,;thetright:to*~31];1H
'paxpansiOn;“*The&ﬁwe}linglof'the/expanSibnﬂourVBndue:to:pra-reactionaﬁ‘v
has clearly a differentﬁamplitudeﬁfor_aachgfuelg',Thistwelling of the
-diagramgfalls'off.Withgthe”iso¢cﬁanejgquent;¢i;e; as the octane. -~ =
anumber{incraasesJC’Anfadditibnaof“TELﬂhasfthefsamé’effGCt.%:Wb*médej{'
,other-tegtScon;a‘smallftqustrOke*angine*atﬂlisoovrpm:_finStéadﬁof'g-;
the usual indication, we measured the temperature increase of the .
mixture duringﬁiﬁs{passage;thrdugh?theﬁengiﬁe;;JThe,cyliﬁﬂergcould -
be‘electrically*preeheéted(at'diffgrent%tempgratures.?5At;15090~;jr:‘.,
intake temperature -and ecylinder tomperatures of 2000 to 3000C, -a 657 -
- isooctane fuel- (octane number 65) showed a 30°C' temperature rise; -
_whilst the temperature- of a 437 isooctane fuel (dctane\number§4354f :
" rose by 50°:. - The;condensation{prdducts~of'the‘outgoing=mixtu:e’a;7
'showed that the fuel was unaltered but for about a 5% content of. -

‘-watereéﬁlublegelemgnts,*1nclu§ipgj30%;of]peroxideshji

"o« - Broeze reported on these testsﬁin»the'Méym1959.open'segsiqn*

-v0of the D/A.L.. (1), As thbiiﬁere‘madelonly*on affew'isobctane-andj‘
nsheptana“mixtures”andiinfa;limited"rangevof»teat»conditions, it -
-Seemed worth extending them, Now tests were therefore undertaken in
-the engine research saction of the Institut flir Motorenforschung der
Luftfahrtforschungsanstalt Hermann Gbring, ~— — - . R =

~reactions in gasoline

out. ignition,——

i

. New tests on pre

B
- T engines wi

vl.:-Test'arrangement@».

- - In the design'of_the;test-equipment'particular stress vas

- 1laid on defined and reproducible test ‘conditions, as far as this is
at 811 possible in a running engire, . A liquid coolod single-cylinder
(101 mm, bore x 130 wmm, Stroke = 1,04 1t, cubic capacity) fuel-test
‘ongine built by the Forschungsinstitut flir Kraftfahrzeuge und .- .
Fahrzeugmotoren-der-Technischen,HochschulefStuttgartg(2%, was used,
Pig. 2 shows a cylinder head section. ‘Cylinder jacket and hoad are
of cast-iron with cast _cooling -ports; the piston of light "alloy, .
InYe% and exhaust valves are of the same..design placed vertically in
the cylinder head, The oxhaust valve opens 479 §.B.C. (before bottom
dead centre) and closes 7° A.T.C. The inlet valve opens 7° B.T.C.
and closes 479 A.B.C. The combustion chamber has the shape of a -
regular-cylinder, THe inlet and-exhaust ducts have the usmal 909
olbows, .“THe "compréssion ratio can be varied in wide limits betweon
5 and 25, Four sockets in all in the -cylinder and: cylinder head .can

- be used for mounting quartz pressure gages, indiecating thermocouples,
quartz windows as shoyn in Fig, 2, - The unused sockets are sealed by -
-sbuds, filling almost’ completely thé whole duct to the cylinder,

a from pipes running ur
‘registered by thermometor -b; - it goes through’an‘gizﬂmgygr_

-~ Fig, 3 éhoWs_ggeiwhoiéfﬁeSt assombly, Air is aspirated in
der the test room at a constant temperature
and oo

ontors  the pressure—oqualizing tank d, From-here—it flows>through’a _
Pipe— 65 mm. bore and 700 mm, long, in which two electric resistances

¢ aro mounted, to the carburettor £ (Molel Sum), the rotary aslide
~throttle of-which was generally fully open, ~The fuel consumption is
measured volumetrically in the usual way by a calibrated glass vessel
£+ The weight consumption is obtained from the fucl density determined.

d L.A. Pelotior: Betrachtunger fiberden -

(1)54iﬁ;,3rbezo,TH, #aniDriQi and
- Klopfoorgong im Otto-Notor. Schriften der Ioutschen Aak&demiefider: .

o Luftfghrtforschung; V§”; 9, p. 1867 (Berlin¢l939)"‘
(B) p, schmiat,. Neue Kraftfahr-ztg. Vol. 15 (1938) p. 79,
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by aerometric method. A’ thormometar h is cast in the ssuge T6sedl $o
v.qbtain’thg”trge;fu?lftempe:ature5gtgap$;mdment. TR I

SR ‘k’From'the;qarburettor_the,mixture f1Qws;tofthe”éngineQin,a :

~ well insulated pipe about 1 m, 10ng-and'68_mm;,b0re,fin‘whiCH.éne".: ,
inserted shortly before'the.cylinder‘head,'an ordinary. thermometer i
~.and one provided with*fins‘g;quuel,drbpletsxdragged»behind»arefv‘:_,“
- deflected by two.90° bends in’ the pipe. After going through engine m

-~ the mixture enters the likewise insulated exhaust pipe, which again'’

: has,avribbed*thérmometgrjl:to~measureﬁtheftermina1 temperature.  The
~mixture is:then;aspirated’byffanln;;after an?air‘additionuormany‘°

- times -its. quantity is.made “through pipe 0, The mixture can be - g
-extracted;fbr*éxaminatiOn,thrbugh stop;valvefg;‘ The compression ratio’
~of the engine can be wvaried by lifting and lowering the cylinder .
~block by means of crank g;"Elastic;jointS”allgw;thé;connections'to"-
‘stretiche Fluid menometers-r measure the mixture pressure before and -
after the engine,  The coolant' is eirculated by pump 8 through tank t.
Electric heater u and thermometors Y before and after the eylinder -~

: areumountedvin,its‘birculation.;HTechnicaljglypol'waS~used, At 0,2 -
Kg/sec. tho circulation was so.fastvthat.thetdifference‘between‘*" _
‘admission and oxit. temperature. of the coolant-did not exceed-0.,2°C,
The-temperature of the whole cylinder blook can thus be ‘assumed to-be -
uniform, ~Aeroshell medium was. used asflubricant,'its‘temperature'was-_
kept constantmby,g*water-GOOIed:§Piral‘inAthg;prank-caSG,- A‘2;500'rpm.
'D,C;”dynamometor.ﬂ was used.to drive the test engine;- its moment = =
_was measured by counterweights, . . . T

- Pig. 4 shows the fins'uséd‘to;measure the mixture”temperéture
before and after the cylinder, Thoy are turned in aluminium-andgtbeir:

cxtonsive contact surfaco with the mixture allows the accurate .
temperature determination over the whole -cross-sectionsl area of the

flows. The ribbed. part is insulated from the pipe by fiber ‘connections,
-its cavity containing the mercury bulb of the thermometer is filled .
-with oil, - e e " o e e .

N

.. 2. Tost conduet, = - -
© - -Apart from>thefmeasurementsfSﬁébially;taken to study the
-influence of varying working conditions, all tests wore carried out

in the following conditions: speed .z 1,800 rpm,, mixture temperature = -
-1409c, coolant’ temperaturs- o 1409C, oil temperature s 750C, oil .
pressure = 2.4 atm, The stable working condition of the engline was
recached in about 2 hours, after which measurements could be started, = -
Bach single testwstageﬂrequired-about_45 minutes run, ’ ' R
S A test with pure air was made boforeveach'meaSurcment‘with
‘the mixture. ‘For a constant 1400 admission temperature, the exit
‘temperature of pure air at compression ratio £ m 6 was goenerally 145

v,
“this figure-however variod.b ' '

y & few degrees from day to day, = =
presumably owing to :small-changes in the engine conditions. At the
beginning of the tests the exit tomperature was oven 2 to 39 below -
the-admission temperature,- The effeot of theso variastions was
'ekcluddd;byféounting‘the”temporature1increasq34it“of the mixture -
always from the-immediately preceding exit tomperature of pure air,
After ‘the air test, fuol was admitted by opening the carburettor jets;
the mixture temperature before the.cylinder‘was,kept‘at.140°c by

- adjusting the- inlet air heater., For each compression ratio a series
oftosts was carried out with gradually increasing fuel quantity. In
. this connection the comprossionirétio,g is cxpressed in the.conventional
. manner, 1.0, the ratio of the cubic capacltles-when the piston is at- o

‘the two doad centressi—

Bl

R .Sbmé“fuo;§JWith vafibus_octéne‘numbérs\Weré tostod in.ﬁhiS*W§y
"In supplementary‘ﬁbsts on one fuel only the effect of 'variations, of the |
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A T T e T
;Wbrking;conditions wasfalso.investigated.QAMQeretY;:jthe}tb
,r@dgctibnéof;the1motorjqu¢ftb;preéﬁe;btibnsf'

- the torque.

a5 aetormined, -

S

5. hocur@ioy of test results,

- _ ﬂ'The wofking-cbnditions]ofqafrunningjengine'cénnot.be kept
i‘constantvfor,gwlong—time;reVenywith;thQ'gréatestcbare,fas}pqrhaps;
“in a:laboratory‘apparatus;”‘Duringathéﬂbperation, running>invand wear
1vary,theffricti0nrcpnditions;f,thase‘depend;mainly*on-the:lubricapt,~u:’
the state of which varies considerably with varying conditions, soiling,”
- fuel absorption etc.. These variables affe¢t directly the torque ~ .
4~measurement;fas»well»aSLthe;tamperaturegconditionaoﬂ-thefenginefthrough

thlePICtion;heat:,;Qertainly~cyliﬁde§“and;cylinder_cbvérfare”kept'atvm;w
nearly constant temperature by the coolants the non-cooled piston =
‘however is heated by.friction and subsequéntly delivers heat to the =
- air,: This explains the changes in the exit temperatures of pure air, =
- Fortunately howeverrth§7dif£erence‘used’for'the‘evaluation-betweenq*-;
mixture exit ‘and air exit temperature~in:the‘precedingfpure_air’test.'»_
was considerably better to reproduce. In these circumstances, when . -
the same test was repeated after many.days, the possible-error in this
- difference was as little as' g 1° to 2°¢, The.error within -a series of
tests without stopping and cooling the engine was only £ 0,49C, . The =
errors of the various thermometer readings were  0.29C, The fuel g
quartity.could be determined with an. accuracy.of about~g 0,57, - The = -
Vagggﬁaﬁy,oﬁzthe.torqggjmeasﬁrﬁhent.Wasf§“0.024Kg[refefre&ito a lever -
arm of 716 wmm.; - the—reproducibility of a measurement was possible
.only up to & 0.1 Kg owing to the above varaations of the friction -
conditions, - SRR L R -

/

4, -Alds for test evaluatiom,

“

- ——-In the folloWinglgraphs’covering,allstest_results,the: .
compression ratio € is always expressed.as usual as the ratio of the .~
cubic oapacities when the piston is at the .two dead centres. The real -
compression ratio is smaller, because the inlet valve closes 47° A.B.C. .
Table 1 shows the comparison of conventional compressionratio £ and
the' corrected compression ratio £€7p corresponding to a sudden closing

of tho inlet valve 470 A.B.C. The final closing period of the valve
increases the actual compression ratic-beyond € »:Wwhilst the heat - -
5exdban%e‘withﬂthe cylinder wall reduces the compression temperature.
1t is Therefore convenient to calculate the latter with £ p and
adiabatie compression, . =~ . . R B

. The compression temperatures,for:an,init;al,mixture :
temperature of 140°C are plotted in Fige 5 as g’ finction of fuel .
ratio @ and compression ratio € .  The curves are calculated on the
assumption of gdiabatic compression with the corrected-compression -
ratio g€ p, though they are indiecated with € to simplify matters,
Octane was taken as a typical fuel; " its specific heat ratios were
calculated according to G. Damkbhler for a medium compression . - E
temperature of 5000C and are shown in Table 2-for various fuel ratios,
- The curves .show the very' considerable variation of the compression
" temperature with the mixture strength. 2 = 3

A S i pablel .
Conrection‘of-compression”ratios.*’

E.Q\Gompr6331on.raﬁio dete minéd ih'the'usuallwayvfrom‘thé ratio‘of‘:i

© .-the cylinder capacitiecs at the dead centres, . L S
&' p= Compression ratio corrected taking into account the delayed valve
. closing, = o o T e I S

b e e

G ~= 5.0 5.5 6.0 6.5 7.0 7.5 8.0 © 845 T9,0.. 10,0
¢p -4.52 4,96 5.40 5.84 6,28 6,72 7,16 7,60 8,04, 8,92



Table 2

S Ad:.abatn.c expoaent )( = cp/cv of ‘an .
octane-alr mlxture as .a funct:.on of the fuel ra’cloﬁ o

"Ki g,oj o 5 1'? 1 5 :& 2” 2 5 'sf #3_/5*5 4’ _
)( 1 560 1 322 1 298 1 274 1. 252 1 259 1 225 1 211 1 200

__...,———,_A

S

T

Table 3

The test fuels.Asi

b o Octane number Composition, Volume , | Theor-

Fuelf: « Fuel type nom~-. } mea-]. _ 1 N ¥ 1 o .o} eticalair
Vo4 © ] inal | sured 9" ' g -t o { . requirement
o N SR . | &g air/

kg fuel

(o]

“Alcohol
QOlefins
Lead

: Paré.ffins ,
'\Néphthgner
fetra‘e_ thyl

|Aromatics

- 1{ Commereial | 1
. | bagsic gasoline | . 58 | 5644}

2| Lead-free | . e
| aviation fuel-| 74 17230 00

5

aviat® fued I| 87 | - | - |3 | - 17,0| - '_QJov  14.71 -
h Y 4 | 9.0 45,7/ 0.04 14,85

5.5 = |-8.5] 24.2 '6;099” 14;éBf
2 | - ;4°-°v‘ -~ Q.OE,gil$$52v
i | | E
0

o

o

L
S

..
e

|

o

-t 4] - o 1404

do. - II} 87 | gg.al .}
"dmdlxﬁx_ezfi'mﬁg‘A-
Speclal fuel 200 | = | o
—ﬁPure isooctane ~%100%j 1~ 7:0,.“
Ethyl sleonol | 99.57)| . | o

T‘! TR B

100 0.} o | o |. 15,18
oo} oo | 9,02

‘éo‘oo'

Te chn, . pure . /é) S (R0 R D I N R e =
benzole -‘_108> o= 303 0 -} 0§100,0 0.t O 118,33

10| Standard .~ | T R RO S Y TE N EE U S S
-, fuol 1. 6.7 | a4.6 |44.6] 0 | ouef 77| 2.4 200 0 | 15,0
g vthbﬁ)4perJt 74,6 | 73.1| 0 | oisf 77|. 2.4] 20,0} 0.1} 15.0

12{do, slSBeusem| oo f o o ob b e b b p

Eth per 1t | 74,5 | 73.2 | 0 | 058 72w} -20: 0 0 1|== 1570
B R M B S | -

15{ Fuel No.2 & | © |
v 1.5 cu.cma o o , R B ,ﬂL;“"' ‘ ;

1) By'W. Jost: "Ex 1631ons - un
Borlih, Spring L950. 5¢ Gl Verbrennungsvorgﬁnge im Gasen"
.. 2) Extrapolated from data supplied by I.G. - .

L 45) For technlcal benzene contalnlng ‘some. toluene.:i

- m"-‘ . . oo A\
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est results

Q;est_fuels,frr

o o Table 5 contalns the- fuels used in the testo and thelr maln

~Qipropert1es.v Thcvoctane'numbers—were determined by ‘the engine method.
The riominal octane number is. the,commerclal one, the measured ones were
Xkindly determined for us on some fuels by I.G. on the 1.G, test engine
‘at Oppay.  The composition includes only those constituents’ covered by
the analysis. -Zero means that the ‘constituent in question was not R
present & dash that 1ts quantlty Was not ascertalned. ' e

T Avaatlon fuels 5 4 and 5 (nom1na1 octane number 87) were
considered ‘as belng the: same. Asnoticeable differénces appeared only
in the: evaluatlon of the pre—reactlon tests, it was omitted to ‘check
“the octane nuiiber of. fuel ‘No. 3, which" however lies between 89 and 90,
Not enough was. known of No. 4. to ‘carry out a complete tost-—plan;’ the o

——tests were therefors not’ reproduced ‘particularly as: they did not ’
differ cons:derablv from the results of" No,3 and 5.._- G -

Fuels 10 11 and 12 are all bas1cally ‘the same standard .
aasollnc I,G. 7, No 10 has no additive, No. 11 1 ¢ ,cms lead tetra- o
othyl/lt., Wo. 12. 1.53 cu.cm. othyl fluid/lt. As 1.53 cuscm, ebthyl
fluid contain exactly 1 cu,cms lead. tetraethyl the added quantity '
of lead teLraethyl 1s the -same . 1n both cases. /

. Fuel No,13 is the same as No. 2 with an addluion of«l 3 ou.cm._j
ethyl fluld per litre.ff T ‘ - , :

e '“":’:.-,.Y.s-._ : ' RN o e

vf‘_s;h_B. Dependencc of pre-reactlonu on mlxture
“‘strength and compress1on ratio. s

Fig. 6 'shows the typlcal process of temperature 1norease -in
mixture due to pre-ractions for an- aviation fuel of octane number -
*87 with 0,074 lead tetraethyl, No. 3 in Table 3. Actually, as
—mentioned in a), the octane number may have:. ‘been rather hiaher. The ,
graph shows the, temperature increase 4 t of the mlxture_computed from
the exhaust. temoerature plotted for various compression ratios against
the fuel ratio3 . The position and the very sSmall difference of.the ..
various test points are. shown clearly by spacing the curves. - Actually
they all start from the co-ordinate origin, The same curves'without -
‘the single. test . ‘points, are plotted 1n Fig. 7, superlmpoued in their .
correct position, In this fuel the pre-reactions become noticeable -
at a compression ratio € = 53 at first they grow with the fuel ratio,
showing a marked peak for a very lean mixture of A = 0.37. A further :
increase of the fuel ratio reduces the pre—reactlons which practioally ‘
disappear at g = 1, i.e. when the mixture" is exactly stoichlometric.;;’
As8._the compresslon ratio rises, fthe curves also risei the peak moves -
towards higher fuel ratios and’ the right side falls oFf more steeply.
For .a compression ratio of ¢ = 7 and- beyond, the decline bocomes a.
oiscon inuous jump, oceurring always at the same. point evon when the’
‘tests were repeated,: The poak values of temperature increase due to
pre-reactions are at the left of the jump;: at its right a slight -
increase of the fuel ratio roduces the pro~neactions nesarly to zoro,
leaving only a small temperature increase, practically independent of
the fuel ratio but 1ncre331ng ‘somewhat with the compression ratio,
If the compression-ratio is increased to & « 7.5, the point of -
dlSoontlnulty shifts to richer mixtures and becomes higher, With
€ = 8 it is mo longer possible to reach the point of discontinuity -
from the left; at a fuel:'ratio of about 2.2 spontaneous ignitions.
occur first in the exhaust and then also in ‘the cylinder, the-latter
belng quite 81m11ar to. V1olent knock 1mpact .. Forg.8,5 these violent

)
. ,
-~ B -



spontaneous ignltlons had already started below the stoichiometric fuel
—ratio.,  The tests—had.to be ‘disconginued. after these spontaneous : Eo
ignltlons set in, because the- englne“heated fast with- spontaneous ,
“detonations on. further running, Only by rapidly. increasing its. speed
by about 200 rpm, wes it possible to ‘eliminate self- ign1tion, just as:
knocking can be eliminated by acceleratlon as: lonn as thls does not
cause a temperature rlse. _ g v , S oy

’ ; The flnal temperatures of adlabatlc compressxon for’ some SN
polnts of the pre—reactaon cuUrves ‘were- determinedmby_means of Fig.v5 L
and plotted in blg. B These are the results o s L '

o G01ng from rlch mixtures to smaller fuel ratlos at all
~—compr0831on ratios pre-reactlons appear. discontinuously or gradually
at the same final- tomperature of adiabatic. compression, 1.0. about-
:380°0, Peak’ pre-reactions set in at adiabatic compression temperatures
.of 410°C, At the left of the peak value, the-‘adiabatic compression:-
‘temperature grows for éach compression ratio as the fuel ratio falls
off as it appears—from the temperatures marked on the curve E = G
From this behaviour it .follows that the intensity. of the pre-reaotlons
'is largely determined by the final temperature of adiabatic: compression
and, as we shall see later when investigating the speed effect, by its.
1nductlon period. Ow1ng to the smaller adiabatic exponents of richer
nixtures, this temperature sets in at higher compression ratios; “the
hipher fuel contont produces however a greater conversion .and temperaturs
1ncroase. . T _ : ;
The sudden disappearance of pre-reactions at hlcher eompre831on
,ratlos résains surprising. It seems- as_though with. sufficlent
‘gongontration the fuel molecules combine W1th radlcals thus breaking &
reactlon chalns. o B A : e e
: The curve shape at the 16ft of the peak is also remerkable. o
As.shown i ng"7‘—the*curves for hlgher compression ratios. are below
the middle and lower ones., For the same fuel ratio 4, stronger
.compression with higher final temperature produces 1ess complete pro-
reactions than weaker compression with lower final temperature. Such
negative temperature coefficients of rbactions have been repeatedly
found, We should also mention the two ignition limits observed by -
Towvnend and co-workers durlng the combustion of hydrocarbon-air
mlxtures. ' : ‘

\

1o

Fig. 8 shows for the same fuel how the torque My required to :
drive the engine diminishes as & result of pre~reactions, .Roughly = -
speaking this reduction: corresponds to the.temperature increase R
‘within ‘the limits of accuracy of these measurements due to- the varylng‘
frlction cendltlons. L RS ol \

c. ’Influenee,of»the ootane number and fuelpcompositien,-

: Flg. 9 shows the tomperature itcrease due to pro—reactlons
for a commercial basic gasoline (No.l in Table 3) of octane _number
56,4, The charscter of the curves is similar ‘to that of fuel No, 3 of
octanc. number 87, but for the same compression ratio the curves have
more than doublo the holght, they begin more steeply and the hlgher
compression ratio curves are initially not so far below those of lower
comprossion.: No points of discontinuity are reached here, because Ier
compression. ratio £ & 6. 5 sclf-ignltion occurs w1th temperature
increases of 70°&

: lo'shows tho test results on a load-free av1ation~fuel }
of O.N.. 72 fuel No. 2 in Table 3). O0.,N, 87.aviation fuel is. produced
by addlng T, E.L. to it. "As wvas to-be-expeeted the pre-reactions lie '



e

P2
A

g,between ‘the flgures for 0.N, 56 4 of Fig. 9 and 0 N. 87 of Fig. 7..’4;
- The point of discontlnu:.ty appears again for'E "= 6. With" € = 645 the
- point of. discontinuity .can no longer. be reached from ‘the lean mixturej;
. 8ide, as: self-lgnltlon occurs earlier. A test on a rich mixture of -
;~'/6 - 2 08 in which the pre~react10ns have dlsappeared shows however '
l,that the point of oiscontlnulty is far belOW/6 = 24 ,ve,j_ ‘ ,_.:T;ihfr
. R Dash-dot curves in rlg. lO apply to Fuel No.13, prbduced by o
.»addlng 1.3 cus.cmes othyl fluid per litre- ?correspondlng to 0.85 cuecmy
_pure T,E,L,) to Fuel No.2, »whereby the O.N, rises t0.87, 8._lThe ‘ :
_comparigson of these curves with Pig. 7 .shows that the lead addition has
~actually made the fuel similar to No. 3 of 0,N, 87! The -curves: are
lower and thelr 1nit1al gradlent has uecome much flatter. o ‘

! Flg. 1l shows the measuremcnts on a lead contalning fuel of

0N+ 9046 (Fuel Y¥o. 5 in Table 3),' the curves are quite similar to .

,av1atlon fuel of 0.H, 87 (Mo, .3 in Table" 3), but for. the pre-reactlons
being less pronounced as expected. The. dash-dot curve refers to '

“oxygen-rlch a1r whlch we shall consider agaln later. SN

, Thls dlst ct 1nfluence of ‘the 1ead addltlon is not always_
noticeable, as sheWm by the tests on I.,G. standerd fuel (No.,10 in e
Table 3). Hlthout lead addltlon this fuel has O,N, 44,6 and presents -
strong pre~reactions at € = 5, which at this’ low compression ratio and

‘B - 0.9 produce temperature. increases of 65°C, Curvé-a in Fig
rises: almost linearly and its discontinuity: occurS“below the" toichio- '
metric fuel. ratlo. At this. compression ratio, vith stoichiometriec .
mixture the engine runs above | ‘the region of pre-reactlons. The addition
of 1.53 cusem, ethyl fluid poer litre (¥No,12 in Table 3),.which pushes
"tho OsN. to 73.2, ~varied “but 1ittle the curve. Shape, as shown by curve
“brin rig. 125 it meérely. rounded off the- sharp peak before “the p01nt of

' Hiscontlnulty, whlch remained unaltered. To ¢Heck on this surprlslng
result, 1 cu.cm T.E.L. was added to.the same fuel (No,1ll in Table 3 ),

_ which is ‘equivalent ot 1.53 cu.cm. ethyl fluid as used: in ‘fuel No.l2
This mixture. produced however almost the same curve’ (c in Pig.lZ) as
ethyl fluid, No tests could be made at other compression ratios, as
‘the engine did not’ allow lower ones and hlgher ones caused early self- ;
ignltlon. PR e e R e

I%N 15 shows the temperatuwe 1ncrease curves for pure iso=~
octane of 0 ~100, Agaln the curves are of the same ‘type, but-their
~height -for' the same compression ratio is considerably lOWer than O.-.
87, With £ ¢ 10 the ‘curve still runs without the discontinuity., If L
the compression is boosted to 11, -strong detonating self- lgnition - o
occurs at fuel ratilo ofl thus preventlng the formation of a - -
discontinuous . curve, It is remarkable that the whole series, of curves’
is strongly displacod ‘towards richer mixtures. Pre-reactlons are very
woak in the vic1n1ty of st01chlometr1c mlxtures i e.gin the practical’
‘operatlon region,: - . I

: “The graph contalns further a: flat curve for 8 9 referrlng
to a speclal,fuel of-0.N. 100, but with 40% aromatic oompounds
- prosumably in the form of - benzole. In contrast to .« fuel of equal
0N, frec of -aromatic compounds, the pre-reactions are very slight,
l_Pre-roactlons wore not found- w1th pure benzole or alcohol; "with. .
_benzole, a compression increase produced sudden self- ignltion Wlthout ‘
_any” noticeable: prev1ous temperature increases this occurred for B
€ =11 at 140°¢ mixture admission temperature and 1,800 rpm.. Alcohol
which- required an increased hcatlng of the admitted mixturo owmng to -
the’h*gh“evaporatlon heat gavo 31m11ar results., _

The above provos that a rolatlvely unequivocal relationshlp
between 0N, and the 1nten81ty of pre~reactions-'is possibly only in
chemically similar fuels, ~The study jof the pre-reactions brings to-
light many more 1nd1v1dual Pproperties of -the fuel: than can be expressed
by a slngle flgure “such aSrOctane number.~
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CUAL All the recorded pre-reactlon curves Would present however

L xcommon property if the ‘peak. temperatures: of ‘adiabatiec compression -
were determined for the various points by means of- the ~graph” in Fige 5.
”These temperatures are marked on- various: points of the" ‘eurves,: For-a‘;
tho same compression ratio this: peak temperature ‘drops as the- fuel
ratio grows because the adiabatie exponent -also ‘diminishes, 'Sur-
prisingly” enough ‘the curve peaks-for the same speed ‘are’ approx1mately
‘at’ the maximum tempcrature of adiabatic. compression, 390 t0. 400°C

for all the fuels used and at-all compression ratios. ‘Also the - p-'"‘
~temperaturos “at which' pre-reactlons 8ot in starting from rlch mixtures
vary but. 1ittle betwesn 3600 ‘and 390°,  The result-is thdat the - -
‘tomperature and, as we'shall see later;‘tﬁe 1nduct10n time are—the f
main- inf luonces on tho pro-reactions.~- N o S ,

‘fjd‘z Ianuence of test condltions on pre-reactions.v

' For a better comparabllity all tests were made under tho same
test,condltlons tabulated in page 45.—The effect of varying these
conditions should now.he investlgated. With fuel No, 5 (0.N. 90.,6)
‘the speed was altered. at com8r0881on ratio £ = 645, mixture, and. coolant .
temperature romalnlng at 140 Pig, 14 shows the result; the pre-
reactions fall off steeply as the speed is increased and the caleulated .
final temperatures of adiabatic compression show, “in Fig. 14, that the
rocactions set in at highor tcmperatures- “the actual final- temperatures
of compres§ioh at- higher specds are’ rather higher- owing o the smaller
heat transfer to tho nylinder walls,. This pointsto the: importance of -
the induction time and tempersture on the extont of pre-reoactions, .

- Also ‘the. tendency to knocking of -engines falls off as the speed rises;
_thls~howover is often .agsravated in practice by .the influence of the:

~ higher towmperature of valves’ and combustion chamber walls consequent

- to: higher speed and output.. SR , i

o Flg. 15 shows the 1nfluence of the variﬂtion of mlxture inlet
~tomperature on fuel -No. 5 for € = 6.5, spced~1,800 rpm, and coolant
mean temperature 140°C, . An 1ncroase of the mixture inlet temperature :
~has o similar effoct as a compression rise., .In the tests of Fig. 16 .
‘the coolant mean temperature ty was; varied with constant mixture inlet
',temperature-' In Flg.‘iﬂ various valuos«ef Speedy mlxture inlet . R
temperature and coolant mean temperature -are 1nvest1gatéd “for: fuel
No. 5 at constant compression ratio £ = 6.5, Anincrease of the
coclant mean temperature intcnsifies the pre-rcactions-‘ this effect
~is however considerably smaller than the variation of the mixture inlet
- tomperature, as 1t acts on the mlature ‘only through heat transfer from
"thc cylinder walls. ‘ _

' : Tests on’ pressure variatlon in the inlet pipe are. reproduced
min Fig. 18. The reported strong pressure ~effect, -especially with -
tnegatlve pressure is probably an 1nd1rect one due to secondary causes.

o Fuel No, 5 was also subjected to a test with oxygen-rich air, .

The dash-dof curve in Fig, Il wag-obtained with a 34%: oxygon volumetrie .
‘content in the admitbed eir bofore.the- -carburettor. at £ = 6,53 . the-
Pust Patio-is referrod to théiaugmented” oxygen qua“tlty. Tﬁmfpre-*".
reactions grow in-the. same proportion as the oxygen contont. The peak
of the curvo does not shift noticeably. Powerful ignitions occurred
,when tho oxygen content was, further 1ncreased to 42 by volume.._

\

'e.f Indlcator dlagrems chomical tests and Lo
o various bservatlons. : o

: , The pressure varlatlon 1n the cyllnder Was recorded w1th a
quartz indicator, Fig, 19 shows these graphs with several. cycles
‘rocorded on the seme’ film, mountod on a- drum not. oulte synchronized

_9-



“with the test engine.: Fig 19a was’ taken with lead-free av1at10n fuel
{No. 2 in the Table) of :0,N, 72 at 1,800 rpm,, £ = 6,5, mixture
,;adm1531on temperature 140°C and ‘arich mixture oﬁz@ l 58 correspond-
"ing to a 759C temperature increase (c¢f, Fig.10)." ‘The - unsymmetrical
humps near-the /IDC . of the curves show the pre-reactions, It is: :~u-
romarkable that they do not occur at each cyele but almost. eXactly

at every second. cycte. The curves without the hump are not quite
symmetric however but are rather fuller on the expansion side*"i.e. Qx
thy pro~reactions are well on the way but not guite developed. Ifa
“complete. pre-reactlon appears only at- every second cycle and the———
average temperature increase 4 t is 75°C ‘the. temperature increase =
during the effective stroke must—be- still considerably higher, ‘even -
"~ if it does not reach the double value.~ Unfortunately the accuracy of
tho- diagrams and particularly of the position of the dead centre mark
' was insufficient to determine more. accurately the proportion of working
E ycles to the pre-reactions.vaiew,‘k o ‘ . v

._-p/

e ‘The - following oonclusions can be drawn from the regular .

~alternation of. strongly marked and nearly negligible pre-reactions in

: rig. 19a-“—~——w o , _ L g e :

A . The end products of a market pre-reaction part of which getsA
o mixed with the residual _gdses of the_new charge,. do not. favour the :
“appearance of pre-reactions, It is however Aifterent™ in tho case of
a pre-reaction just started and prematurely. interrupted.-~Here the-end-
products. of - the -first phase of the pre-reaction, addéd to the residual
gases of -the new charge, apparently have a- strong positive action . -

- on the-pro~reactions. of the next cycle., These considerations. help

.%o explain the more or less regular alternation of strong and weak
reactions, found in other fuels too, It would be ‘particularly _
klnterestlng to undertake chemical analyses of pre-reaction products o
in various development stages. 1‘,“ : ‘ e

- Fig. 19b. shows the pressure curve under the uame conditions L
Jes‘in Fig. 19a with the same fuel_but after the addition of 1.3 cu.cm,:
ethyl fluid per litre (No.,i3 in Table 3). As shown by the dashe-dot .
curves in Fig. 10, the temperature increase / t is considerably reduced: ﬂ
by the lead addition.‘ St1ll stronger is the effect on the pressure -
curve:.  the hump behind the TIDC - has disappeared and the curve looks
almost symmetrical, even if it shows in the average higher pressures.
during éxpansion than during compressmon. The Pb addition does ™mot .
eliminate pre-reactions but it only abates them and lessens the steop-
ness of their rise. ‘The measured temperature increase up to 75°C
- shows that up to. 4p of the combustion heat can be liberated during -
_-the _pre-reactions. A considerable proportion of the fuel molecules, .
-o8timated at 15 = 20m, particlpatssin the pre-reactions.‘ In. agreement,
~with previous observations, a sSharp and pungent smell of exhaust gases
was observed during all tests. The exhaust pipe was covered by a -
"~ brown. oily smear. S : ‘ /‘

‘ At -our’ request G. Dakahler “and W, Eggersglﬁss made a. :
_‘chemical analysis of the reaction products on I.G, standard fuel _
"(No.10 in Table 3), more thoroughly- dealt .with elsewhere (1), ‘The

ongine ran’at compression ratio 5, fuel ratio 0.9, coolant mean =
temperature 140° C, mixture. admlSSlOn temperature 140°C speed 1, 800 S
. ppm, ;-  the: temperature increaseddue to pre-reactions (cf. Fig. 12 .
- eurve a)s The exhaust gases were condensed in freezing traps in -
rseries cooled by ice, in dry ice mothanol and liquid air, If the ..
‘molecular weight of the fuel is assumed to be that of heptane i.e,
100, the analysis gave the following reaction products in molecules per
'nplecule of fuel' aldehydes 0,14Y %of which O 084 was formaldehyde and

L P | ﬁ ‘,‘.

e . L L

() g5, ¢. pnys:*.chem,_;p:p_tg;si'r"p_i-‘ver_gezzz.) pe 157,
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TO 047 acetaldehyde) alcohols<< O 05, acids O 024 carbonic acid e
- 0,0045, water 1,07, -As determined from another source the aldehydes
—{constltute the main component. BT e DURE T e

= : A bluish flash in the cylinder Was noticed only once With a

‘,special fuel, ‘used as an- ignitlon accelerator for diesel ‘fuels and’

~-having . an Q. N <0. At £ = 5-and a mixture inlet temperature. of‘IlOoc

“this fuel gave very strong pre-reactions and was characterized by &

" particularly sharp exhaust. smell, .It*is not.impossible that ‘weak

. flashes appoared with other fuels: too,. but~the*011 on the windows:

. prevented their observation., In some_tests the pre-reaction energy

o sufficed_ to keep the engine running w1thout ignitlon or: drive,; whlch :

.‘1mp11ed no. combustion noise:‘ff“¢bv ERES S : Th e
§ RIS . T

Y e D,ire.ctivjes ,f,oz?_ 'f:urtﬁe’r iwork;‘v';,ﬁ :
. i . . S . 1.,"’

: o The purpose of the described tests was ‘to refine the

_qualitative methods of investipating the pre-reactions by the mixture

temperature increase.in an engine without ignition, in order to- achieveune-
* quivocally reproduclble and quantitatively evaluable results. Once we
_reached thet far, we wanted to survey the behaviour of-various fuels

~and the effect produced by a variation of the working conditions of

“the engine. ' Not ‘only the compression ratio but 2lso the mixture
strength were widely varied. The results considerably extend our..
~ empirical data and show new relationships between knock behaviour and o
-ipre-reactions. The tests must be extended to other fuels in connection
‘with a more accurgte chemical analysis of the ‘reaction products,. The
- necessary improvement of the methods  .of chemical analysis has already
.. been started., In the present 1 1litre engine the complete test on . -

a fuel requires about 150 litres and moreover the size of the engine
necessitates quite long test. period3° in future, tests will.therefore
‘be carried out on a specially built szaller engine: which I8 so deSigned .
. that it permits sudden compression and expansion,.the result being
~that the mixture can be kept for a cortain time at a highly constant

and weoll deflned compression temperature. L

Oy
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e By measuring the temperature -iferease of the mixture during
its passage through the engine, the pre-reactions of several fuels
were investigated on an external drive four-stroke engine without ‘
- ignition, aspirating fuel-air mixture in tHe conventional way, The"
: temperature increase curves plotted as .a function of the fuel ratio
for various. compression ratios show distinctive features of the .
various. fuels, With ‘fuels of the same famlly the temperature increase
due to preo-reactions mounts sas the 0.N. diminishes._ An addition-of
"TEL - generally_reduces the temporature increase due to pre-reactions
froughly in proportion to the 0,H, rise. The tests were completed by ..
pressure measurements with a quartsz- indicatoreand by chémical analysee "
of" the reactien products. g : i -

i I, e el Tl . o L . L

I

Fig. 1 - multiple 1ndicator diagrsm with pre-reaction*for three fuels
o of ‘different octane ‘number. Peletier. : e

"“Fig. 2 -fcylinder ‘head section of test enolne.

*Fig. 5 - Test lay-out.

"Fig. 4 - Ribbed thermometer to measure the mixture temperature before
and after the cylinder. S i v _



/-Final temperature t of the adlabatio compression in test
‘-eolgihe as_ a: functlon of fuel ratiod and compression ratlo£}
~for an. 1n1t1a1 mlxture temperature of 140 C. o

”‘Fig-'vG]-ﬁTemPerature incraasetﬂ t of tho fuelesir mixture due to pre-
B "»~W-reactions for Fuel Ho¢3 (0, e, 87) as’ affunction of fuel =
ratio 3 and conpres31on ratio , at 1.800 rpm,, " mixture 1nletﬁ”
‘mtemperature tg = 1409 - cdolant temperature B = 14000

Pige 7 = has the same. tltle as Flg. 6.v v;(,v j;,' “sjw*;'e;.ﬁ-;
"Fig. 8 -vReduction,ﬁ Md of the—necessary dr1v1ng torque-Ma of - the‘j
- < engine..due to prée=reactions.in Fuel No,3 as-a function of -
. fuel ratio 3. and_conpresslon-ratioﬂg ‘The ordinate’ 1s the.
- -weight in" kgs on the lever arm 0.716 m. For curve ' = 6.5 L
-a torque Mg = 2 75 kg, corresponds to the top ‘part of the
graph (4 Mg O) whereas Mg 1s .~ 1.85 kg in thé bottom
seetion,. Rather dlfferent initial values apply to the T
:computatlon ‘of torque Ma for the other compression ratios,
. owing ‘to the varlations of the frlctlon condltlons in the
-;»engine.: L .

S e Ty e
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"Fig. 9’to 13 - Temperature 1ncrease‘4 t due to pre-reaotions as’ a S
o function of fuel. ratio F-at 17800 rpm., fiixture adm1s31on
o :-tomperature ty = 140°C and coolant mean temperature. Ty = 140%)
SR for fuel of d%fferent .octane. number,  The ‘temporatures marked
/ on the curves are the calculsted temperature peaks of "
radlabatic compress1on for uhe pomnts indicated., :

Fig. 9 .‘-'-'Fuel No. 1 (0. . 56 A)

Flg. 10 aContlnuous curves Fuel No, 2 (0 N. 72) Dash-dot ourves,m,
Fuel No, ‘13 (0.N, 87 8) obtained by adding 1, 5 cu.cm. ethyl
S

"-f»fluid ber litre to No. Zp_w_i _ _ -

.ﬁié:vllf- Fuel TNoe 5° (0 N. 90. 6) " The dash—dot curvomrefors to [
T operetion W1th oxygen-r1cﬁ’a1r._~ o : S

Fuel No.le (O N, 44 6) Curve a
Fuel No.1ll (O,N. 73,1) Curve.b’ ' -
- Fuel TWo.,12 (0,N. 73.2) Curve ¢ _ :
The - compression ratlo is &5 for ell curves.' - X

S Pig, 12

Fig. 13 - Fuel No.7 (O N, 100) pure isoootane.‘ The flat curve for
. . = 9 refor to Fuel No. 6 (0 N. lOO) w1th 40% aromatic
o oompounds content. L » , L R

Fig. 14 ~ Effeot of speed varietions on the temperature increase 4 % -
due to pre-reactions of fuel No, 5 (0.N, 90,6) at - ‘compression
' gzg%o £a 6 5, mixture inlet_and coolam* mean temperature 8 N
C- \ By / ’
Fig. 15 Influonce of mixturo 1nlet temperature—tg-on~temperature
— ° __incroase A t due to pro-reaotlons for fuel No.5 (0 N. 90.6),
-at£=65 tg=140 C, tk=l40 C. r }

Fig, 16 = Influence of coolant mean temporature tk on temperature |
: incroase A t due to Pro~reactions for fuel. Vo 5 (N O. 90 6),’
atg,u 6.5, n' = l 800 rpm. tg = 140° C. TS i

Fig. 17 ~ Influence of“the variation of various test conditlons on

. temperaturs increase a,t due to: pre-reaotlons ‘for fuol No.5f'”
‘*(O\T 906)8-65. DU ‘

| -' 12 - i
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fFig. 18 - Influence of pressure V&rlation lnethe admission- duct S
-+ indicated ‘in m, water “eolumn. of p031tive ‘pressure. (&) or v
s negative pressure (<) ‘compared with-the atmosphere, ‘on. the
temperature increase due to pre-reactlons for fuel: No, 2-n

(O 72) at 1,800 rpm., £ = 6, tg 2 140 c, tk o 140°G

.Fig. 19 - Pressure dlagrams of pre-reactlons 1n the engine recorded‘
‘ - with a quartz indlcator at l 800" rpm. and a =“,”,;;e -
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