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Invest;ggtlons on. the reaction klnetics of
the axldatmon of n-and i-parafflns.
s

by Ludw1g v@% Mﬁffling. o v*’;..‘c'

i The theory that englne knocklng is. due to the self ignltion

of the compressed fuel-air mixture has started numerous laboratory =
tests on the ‘oxidation reactions ‘that precede the self-ignition of- :
hydrocarbonualr mixtures, These reactions can be conveniently followed‘
~if they take :place at: con81derab1y lower ‘pressures (atmospheric _
. pressure and -less) than engine conditions. The simplest test arragge-
‘ment. consists in passing a hydrocarbon-alr mixture at normal pressure
»through a reaction oven, the ‘temperature of which is gradually stepped =
up.”. ‘The out301ng gases are then . analysed. - The oxygén consumption
- generally gives. a measure of. the_reactlon*pnogress*aﬁﬁ thus of the
‘reaction velocity. ' Many such tests -were made, e+gs in American
laboratories (Edgar and so-workers, Pease etc.). Some years ago we :
-published tests’ %1) covering orlentatlon measurements on the ‘stability
-of various hydrocarbons in the presence of oxygen. The question of.
the origin of. the strikingly different behaviour of various hydro- = -
carbons prompted attempts to obtain a closer look into ‘the reaction
progress, by more thorough tests on various compounds, The tests -
dealt w1th in this report had the purpose of achieving if possible
a closer look into.the oxidation reactions of nh-and i-paraffins. Also-
‘to_explain the exceptional stability to oxygen_ggg@gzeé\by~the B
ramification of the C-atom chain, whilst—othe? propertieos topped by
the thermal stablllty of the molecules are only negliglbly affected.

~Test mcthods._- A statlc equlpmont was used., The tos_ﬁ,ysre carried
“out in the usual way, by letting a. mixture prepared in” a stock flask
overflow,.as rosult of a sudden pressure equalization, in the.
prov1ously ovacuated reaction’ cylinder., The latter was mado. of Jena
glass, about 6 cm, bore and 700 cu.cm, capacity, and it was placed
in an aluminium block oven-assuring a constant %emperaturé;, “The :
tomperature was measured by a thermocouple fitted in the centre of the o
. reaction cylinder by means of a -eas t=in small tubé. ~The reaction was
measured by-suddenly 1nterrupt1ng it at the desired moment; to this
purpose the gases were allowod to-overflow from the -reaction cylinder
into a previously evacuated flask kept at room temperaturc. The
: reactlon prodfiéts and the uncombined: oxygen were subsequently analysed.
~ The oxygen consumption immediately gave a measure of the reaction '
progress; also the resulting €O and 'COs concentrations were determined, -
The following reeults will mainly deal with the effecct of different :
test variables, such as temperature ‘pressure, mixture strength, . - —
reaction tlmo and 1nert gas add1t1on on the oxygen consumptlon. ' ‘

Tost results.c~7 The temporature effect -on- ﬁhe reaotlon was at flrst SR
invostigated under the described test conditions, Fig. 1 shows tho |
curves for n-heptane and n-hoxane, The results coincide-with previous
results on flow1ng gases a8 Well as Wlthfthose of bthcr sclentlsts. 3
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Above 200°C considerable oxidation takes place w1th n-paraffins

with boiling points usual in commercisl:fuels; .at first it increases
.as the temperature rises, until it reaches a maximum: at a little over
-300°C, ' Tho region: of negative temperature coefficient ‘then bcgins :
‘which extends over about 150°C, till a .steep. rise of the reaction
;veloeity appears again close. to 50000 within a small temperature
1ntcrval this leads to. ignition. O : :

If we compare _the rosults ‘on. highly’Branched paraffins (Fig.-
2), i.es i-octanc {23:2¢4-trimethylpentane ) ‘and hexamethylethane, o
-sco-the entirely different. bchav1our of these fuels, A noticeable
‘reaction appsars. first.near. 500° Cg with‘mounting temperature it 1eads
very rapidly to 1gn1tion. This - rise in thoe ‘oxidation velocity of -
i-paraffins near 5009 cqn ‘be "best comparcd with the lest rise in:
neparaffing bolow 500YC; . -the whole rcgion bolow that, ospecially :
that of negative temperature coefficient 1s here completcly absent. =

Let us furthcr consider thc progress of the. reactlon. Flg.5 .
-shows .. the rcaction in stoichiometric n-heptane=-alr mixture as a -
function of the redction time at two different temporaturcs. It is
- cloar ‘that the reacti__,xelegi_y has at first a maximum valuej - then
it sinks steadily until aftor a short time the rcaction dies down. ‘
" Tho rcsulting products arc apparcntly stable to furthor oxidation,
The, ratc of oxygon consumption at which the reaction dies down deponds.
. on. the tomperature, At higher temperatures the final state is reached
carlier than at 1owor ones, -

v ' Fige: 4 shows the progress “of the roaction at two temperaturesi
in the T région of the negative—tcmperature coefficients, Within the
£I7PSt minute tho rcaction at higher. tempaeraturo ‘cxceods-that at low
tomporaturc., Thon whilst tho reaction at 3009C practically diocs down,
at 4009C it still proceods slowly, probably implying that here the -
intormediate products are slowly subjocted to further oxidetion.. Tho™
_observation of the CO and’ ‘COg content of the reaction products gives
a first indication .on the process although tho products. characterising
the intermediate reactions aro nok determined by the - gas analysis.'”?-~
. Plge 5 shows however that at 300°C oxggen as well as CO and COs tend to
- constant concentration, whilst at: 4009C the €O concentration falls - off
again after reaching a maximum, nearly in the samo mcasure as’ the_002
concontration simultaneously goes up. ‘To a certain extont tho - =

' continuation of the reaction at higher temperatures is nothing but a
slow ossibly hetcrogeneous CO ox1dation.f t

If we con31der now the reaction in an i-paraf?in viz. 1« -
octane, the pieturé is entirely different (Fig. 6), At £irst the
reaction velocity rises, reaches a maximwi an "then sinks gradually,-

The curve . of the.reaction’ velocity as a function of tho reaction time
is calIéQWdegenerate explosion by Semenoff i.e. the reaction doos not
bocomc an explosion, only bocause the conecntrations of the reactants
are-already too Weak. “The turning point of the curve in-Fig. 6 Wi.e.._'
the moximum of the roaction velocity, is reached after 90 sec., "with a
30 to 40% ) consumption. A s8light pressure increase results in the
attained explosion limit, (sce. Tig. 7, ywhich provos tho exccptionally
strong pPressure. effect on-tho reaction._k - , o j
T In thio respect 400 neparaffins show an entirely different
picture_(Fig._B). At the lowost temperatures. no noticeable pressurc
effect is apparent; it becomos more distinet however as the
tomporeture mounts, though hero too it -is still considerably weaker
“than with i-octane, ‘and tho curve has an ontirely difforent shapé. .
With rising pressure -the roaction tonds to a constant final value With
" 'a shape thnt is. different. from- ‘that of an- 1-pqreff1n. ‘Betweon 250° ¥
~'and. 300 % tho reaction prcsonts o region of dis continuity. ‘For instance
~we sco in tho 2920C curvo that--explosion occurs spontaneously with a
small pressure 1ncruase beyond a critical Iimit, This devolopmcnt ecan . -
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be particularly well observed in mixturesgcontaining hydrocarbons in
excess of ‘the stoichiometric level. 1In these mixtures the:critieal
Joint moves towards lower pressdres and temperatures. 'Fig. 9. shows :
Jhe'corresponding curve for a double-stoichiometric n-heptane-air '
nixture at 25000. The discontinuity appears &t about 400 mm.,pressure.
This process ' is very similar to the thermal behaviour of certain
peroxides, which according ‘to Harris, Egerton—etc. decompose with an
eprOSion above & certain eritical: pressure and dissociate slowly
‘below it. A dissociation process must occur here too, as proved o
“first of all by -the" 20% prossure rise and secondly by the gas. analysis

- which gave a nearly. equal content. of 'CO and Ho (about 17%), +the 1atter
“can only be the result of dissociation, the lack of oxygen preventing“—“
“its further oxidation. “The. s;mplest compound the ‘decomposition . of =
which wonld give oqual quantitios of CO and. HQ i3 HCHO, which often
“appears ‘in oxidation processes, To Wwhat extcnt the positi”n of the—
point of discontinuity doponds on accidental conditions is-proved by

a special .point in Fig. 9, obtained when the. test was repeated at a.
prossurae. far above 400 mm. This point connects oxactly—with the .
'values obtained at lower pressures, as shown by the-broken line,: -
Presumably similar displacemonts are duo. to small variations in the
surface condition of the vessel wall Which has a strong influence' .

indeed on the whole process. . - , ) ‘,(__‘ .

‘ : Fig. 10 shows the oxidation process in richer mixtures as a
functicn of temperature., -In doublé and triple stoichiometric mixtures:
the discontinuity appears in: the shape of a’ ~Sudden steep ascent at T
‘about—2509C; the richer the mixture, the lower the temperature at '
which tho ‘first peak appears. At the pressures in question, the
discontinuity does not appear in the theorotical mixture, It ‘should

“also be noted that the oxygen consumption as aﬂ% of the thooretical

quantity, i.e. in molecules per.molecule of hydrocarbon, varies‘but

- little for the various mixtures, As regards the further shape. of the
" curves, 1t must bo borne in mind that in richer mixtures the available

05 - quantity is only a fraction of the theoretlcal valuey. in ‘the
triple stoichiometric mi with 33% 09 consumption the reaction _f

must die down ow1ng to. 1 ck of oxXygen, ]\ : B

: Fig. 1l and-12 show the reaction as a function of time and
pressuret the 0o consumption appoars to be directly proportional to
the available hydrocarbon quantity and independent of the. 0o S
concéentrations. In both cases the results are compared with the.
corresponding curve for the theoretical mixturo show1ng practically.
no difforence. g R o
' _ It was therefore surprising that the oxygen consumption
should go up in a mixture in which 1/4 of the air nitrogen had been
replaced by oxygen, so that the initial Og concentration was 40%

-(fig. 13 and 14), This effect is clear only at the lowest temperatures;

<at-which a reaction -can just be observed under these test- conditions,
As -the graphs show, this process largely disappears. at higher -
tomporatures. At very low temperatures the. reaction is- presumably _
. characterised by hcterogencous processes; it can theraefore be
inferrod that this offoct is probably due to absorption processes ST
which are ropressed at higher temperatures.t — e ‘

: As already . shown abovo the offect of pressure on- reaction
volocity is extremely different . in n-and:i-paraffins. ' In the preceding
tests tho pressure was varied by admitting into the reaction cylinder,
varying quantitios of a previously propared hydrocarbOn—air mixture.‘
klso the conceontrations of the reactants were always variod in equal
proportion, Wow it is known that in cHain roactions as is always
-the-case- here, important ‘conclusions can be drawm on the chain C
mechanism from the results. obtained by kooping constant the R
concentrations of the reactants, end varying only-the pressure by
adding inert gasos. As .a result of the changed diffusion ratios, th
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recombinatlon process of the chain carrlers also varles.
wthe reaction in i-<octane and n~hexane-oxygen mixtures of- ‘theoretical

composition as:-a function of the.nitrogen addition;
such that the same reaction takes place without inert gas:, '

the

Fig. 15 shows

conditions are’

‘The. .

different behqv1our of n-and i-paraffin is quite cleéarly marked, With
i~octane a pressure increase ‘of not. quite .double produces the explosion,

whilst practically no change is apparent in n-hexane.

Accordlng to the

obtain for th% i- octane-o ygen mixturealprOV1ded that ‘1, the prmmary

roaction occursTin the ‘gaseous state,

¢2. ‘that chain’ branchlng ‘takes.

place in the gas phaso -and 3. thah_the chain ‘breaks-on the cylinder
which practlcally

wall .with a probability net ‘much 'less than- 1
essures that the active particles: reaching. tho wall aro really .

neutralized there: In chain reactions: the resdction: volocity bccomos-

“indopendent of external gas pressure*elther when there is a very .
"8light probability of the chains-getting broken’ on:reaching the: wall
~or when both the induction and the breaking: of the reaction chains ,

The N has no effect in the n-hoxane- oxidation,

take place -on the wall, .

that this is not due to the low probability of the chain carriers -
‘%ottlng de-activated as they reach tho-wall, will bo proved below.

n tosts reocently puvlished by Maess (1),

“the oxidation of n-heptune B

was induced artificially by the addltlon of azomethane which was

then photochenically decomposed by ultra-violet rays

“radicals induced..an oxidation of- ‘hoptano -at temporatures,

~no spontanecous. oxidati

would occur,

the rosulting =
at which
There is no;doubt therefore

that in these circumstances: tho radicals. arc. producod and- the reaction .

' chains are induced in the gascous phase.
these circumstances a- N2

It is interesting that in
addition 1ntonsifiad_con31derably the

roaction, as shown in- Haess' Lﬁﬁlo.'
I L N e
- Numerlcal table - -
Test Nos | . mm. e | mme | o #fmme || omm, oxygen‘
-~ | Heptane ~Azomethano jwoxygenp -~Nitrogon ;absorptlon
79 40,0 | Q;;ysaaz_j 90, 4 64 i411;4f°,.
T4 39.8 | . 38,0 2.2 104.0 19,5
80 ' 39,0 39,2 T| . 918 | 349.4 28,9 .
T 40,0 38,4 | .101.6 | 387.2 31.4
76 39.0 | s9.2° | 92,6 | 512.8 47,4
/‘-Ab . B
Table: Influonce of nitrogen on n-heptane oxidation (1759¢). =~

: photochomlcally induced by moans of azomethanes

1f wo plot the values as a function of the Ng addltion (Flg. 16),
correcting the latter value to the samoc azomethane pressurc uscd in

" the othor tosts,
linocar: functlon of; the -pressure,

as expected..

wo see that the reaction-velocity grows a3 a neap-—
This applies when

chain induction occurs with very great probability in the gas volume

_vlthkcholn breaklng on’ the wall

and when no chaln branchlng ‘takes

(1)

vm;‘l‘ RrMuess s

01 u. Kohlel15 (1939),

-4 ..,/

219 u.

521, -



’place whlch is. 1ndeed the case w1th the speclal test condltions viz;‘

':very low temperature. L *j;. S R RN S S ‘_,,,\

~PFrom these results we ‘can draw the conclusion that the

faddltlon of gas has no effoct in the case of- n-hexane only: because

chain induction—and breaklng occurs pn the. wall whll t with 1-octane :

_the reactlon beglns An the gaseous phase.;-‘

» The oxidatlon has often heen cxplalped withfthe thormal ‘
docomposztlon of the hydrocarbons, This might be the case -in i- octane
especially as the oxidation bocomos noticeable in a temperature reglon

‘<‘1n_wh1ch also a measurable thormal  dissociation sets in, ~The assumptlon

carbons is induced by a thermal dissoclation is confirme

that .in our tost conditions the oxidation of certain type ﬁ of. hydro-- _
by . tests -

-on ketones (unpublished tests by Maess). . ow boillng point: or strongly‘

" branched ketones are-equally stable in the presence of oxygen as

strongly branched paraffins,’ The ir ‘decomposition can be ‘easily

“detected with our test arrangement through the resulting CO., It wasi‘ /
found for instance- that in methylothylketone, to which once air-was. v
.added and another ‘time nitrogen, the oxidation became noticeable only

in ‘a tomperature region within which, in the presence of N co .
resulted from thermal decomp031tlon.= The fact that with i-paraffin
oxidation is induced in the gaseoous phase conflrms the assumption tl at
thermal dlSSOClatlon is/tho flrut stage.. T ‘ .

!

Thls parallel botween +thermal dlssoc13tlon and oxidation

start éannot be detectod. in n-parafflns under; our test conditions, -

Thormal dissociation isstill quite negligible - at about 200°C, when

" tho oxidation: bocomes noticéable.  As the above tests ‘havo sﬁswn,"f+4n

the first stage: ‘of 'tho oxidation roaction doos not occur in tho gaseous
phase but on the” cyllndcr walls  tho assumption of a hotorogcnoous -
catalysis can indcod be made. The quostion still remains open why

~“the strongly branched paraffins ‘cannot roact similarly. So far only 1/

" hypothoses can be advanced, i that this catalytic rcaction roquirgs~tho —

prosenco of at loast two adJaccnt socondary C toms in" the moleculcs

’ As to tho applicatlon of these results to engino condltlonsr

1% must be borno in mind that cohsiderably higher ‘pressures and very

short rcaction times-are—involved; -‘diffusion-processcs from and to-the
¢cylinder wall can certainly play only a secondary part. . iMoreover in

~our tests whonever possible we have producod ‘an equal temperature 1n

the whole reaction volume;- strong temperature differences prevail

in the engine, and particularly in the"decisive stuge the cylim

wall is much cooler than the gases, which affects its catalytiv - =
efficiencys - One of the 1ndlcations that in altered conditions the‘

- process devclops dlfferently is in-the fact that -the tumperatures at

:% notlceable ox1datlon in the tmo fuels.

‘_whlch self-ignition occurs in condltlons gimilar to the engine with n-

heptqne and i~octnne differ by. only 100° ’C3- whereas in our tests a N
temperature differcnce of about 300 C’was found between: the start of

Sl Summqrv, ,

By . \

When subaectodlto low oxllptlon at pressuros below ono

iatmosphere straight chain. pa raffins mixed in corrcct proportion w1th

:In these. conditions it is only at about 500

air at over 200°C presont an-initial oxidation; this remsins noarly
constant for & considerablc tomperature range or even abates slightly.
C that the oxidation

velocity increases again as .the temperature rises, then to-turn rapldly

into ignition. Tests on the effect of, inert gas addltlons on the :
reaction velocity show that at low. tomperd%urcs the oxidation is"

induced By ‘the formation of active centres in & catalytic reaction

‘on the cylinder wall- also that it 1s not directly connocted with thé 5
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'”Jtharmal stablllty of the moleculeS-‘.

S In contrasb to the above the oxidatlon of" strongly branched B
parafflns is noticeable only beyond a. temperature at which the thermal’
dissociation: of the compounds -also appears. - Tests: on the" ‘action of
inert gases show that the reaction begins in. ‘the -homogeneous gaseous -
-phase, thus probably connectlng dlrectly thermal dlssoclatlon and
oxidatlon. S / Sl o LT e
B> : . : . i
SRS These tests were carried ‘out- in 1936 in the Institut fﬁr —
_Phy81kallsche Chemie der Technischen Hochschule Hannover, 'as part. -

) of research work entrusted o W, Jost by DVL Berlin—Adlershof.r
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