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PHYSICS AND CHEMISTRY OF OXTDATION AND FLAMES
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A). Reaction Kimetics af the Slow Oxidation

of Hydrocaxbons}

‘ Laboratory experiments made in Garmany om
hydrocarbon oxidation had, as their uain'puzpose;
the invo.tiéation of ignition behaviour, and were
usually made im some form ef adisbatic compress— -
iem spparatus. A certain amount of work, how-
sver, was done im tubes and statie apparatus oa
the reactien kimetics of slew exidatiem er pre-
flame cembustionm. | -

The slew oxidation of mormal amd iso-
paraffins at pressures less tham atmospheric was
studied by Mufflimg b in & static system. With
the ifpararfins, hexane and heptlne,'oily a
slight pressure effect was ebserved, although at
certaim imtermediate temperatures the reaotien
presemted a region #f discomtimuity - explesiom
occurfing spbntaneously on raisimg the pressure
siightly. This reactiom was compared with that
of some peroxides which dissociate spontanecusly.
above a oritical preasure, but only slewly belew
1t; thus a dissociation precess is shown in Muff.
ling's experiments with the m-paraffims bj the
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appearance of almost equal doncaptrations of oar-
bom momexide and hydregea. ‘

In contrast to the m-paraffins the ise- .
paiaifin, iso—octqno, showed a stremg pressure
effect. Changing the pressure im the system by
inert gas additiem had a marked effoot\on»th.
1so-para£tii exidation, the mechanism of which
was. therefore comsldered te consist of priﬁary
reactien and chain branching in the gaseous phase
with breaking on the wall, This, togethor with
the Iaot that exidation was only ebserved at tea-
peratures at which thermal dissociatien occurs .
suggested that the exidatien resulted frem this
dissociation. In contrast, imert gas additiom
had little effect en the reaction of the.
n-paraffing, this and ether ebservatiems indi-
ocating that with the n-paraffins both chaia 11?
duction and breakisg ecourred on tﬁe walls. The
appearanoo‘of dxidation‘at tenpbraturou far bve
low these of thermal disseciatien of the mele-

- oule supported'thiﬁ.view.

The oxidatiem of two types of highly kmook
resistant compounds - aromatics amd ketomes -

- at preassures less tm atmespheric Was alse beem

invoatignxod using a static apparatus.
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Ketono oxidatien was studiod - with methyl-
othyl ketone nd diothyl kotone. w11;h mnothyl-

ethyl ketome,. reactien omly eccurred at tempe-
ratures greater thanm '430°C. Within certain time

1imits the reactiom speed follewed the Semeneff

equation

| *w-Ae¢t cesssee (1)
and the reactien was therefore assumed to be of
a chain charsoter and to imvelve chain bramch-
ing. The ef:oct of changes in the wall surface
of the ro@ctien veasel imdicated that it played
an essemtial part for chaim imductiom er break- -
ing. The appareat activation emergy foumd fer
the reaction was apﬁrox_:l.n.toly 60 k.cals., |
which appeared oonoorda.n"t with the high kmeck
resistance of the cempound. ‘Carbom momexide
and carbon diexide formed im the nain roact:lon
were found te account for at least 85 — 90 % eof -
the 'carbcn burat. With imcreasing tnporature,
at & comstant reasctiem time, the carbon momexide
formed reached s maximum at about 495%C. Here
the exidatiem eof methyl ethyl ketome was
essentially oonplétdd and h:;gher temperatures
resulted in oxiéation of the carbom momexide. At
temperatures greater than 520%, exploiion
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ecourred, prebably by a chain-thermal mechanism.
The dependencé of the oxidation reaction omn
preassure suggested a formula invelvimg a mimimum
starting pressure - ‘ '

X = X (p—p‘:’)n eveeeee(2) where p2 po
=l
and K is im.
dependeat of
| tenpqrature .
In‘_i_ﬁ;he pressure ramge used, ceol flames were not
ebserved. The effect of imcreasing the nﬁxturé
s‘i:rength was to displace markedly the curves to
lewer temperatures, and there was a considerable
divergemce in the calculated éotiratio:_a enér’gi.es
for the different mixture strengths. Diethyl ke-
teme behaved similarly.

Using the same apparatus, thelzrona.t :I.cs;

benzene and toluene were studied. yv:l.th benzene .

the temperature at which exidation first became
meticeable was 560°¢, the reaction appearing
after a definite imduction ~p91jiod which decreased
expenentially as the temperature was raised. -
Again the reactiom velecity fellewed the Semenoff
equatien, but omly withim & very limited time im-
terval; the reactiom was comsidered to be of a

e
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chain character involving ohain.branchiné.'ror |
the slew extidation, an appaiont activation enexmy
of 6226 k.cals. was obtained. The slow oxidation
up to tqmper;tures of 619°C gave a pfessure-

time curve of assymetrical sigmpidrshape and

_only the first development of reaction ocourred

exponentislly. The assymetrical course of the
curve was attr;buted to the initial stqg.s of
the reaction rosultingiin the formation ef car-
bon monoxide as a stable intermediate product |
which anly.undoinnt qxidation at.the end of
the reaction. At temperatures greater than 619°%,
this carbon monoxide oxidation resulted in a
pure carbon monoxide explosion following the
signoid shaped pressure-~time course. The acti-
vation energy for this explosive reaction was

calculated to be appreximately 89 k;calsg At

- 629°C a "direct" explesion occurred without any

prreliminary sigmoid shaped pressure-time curve,
the reaotion prier to the explesion following
the exponential law. The activation energy of
this !direct; explosion was feund te be the
same as that of the pure carbon monoxide ex-

plosion. The oxidation of benzene was found to
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be propo:!:t:l.ona.l ta a pewer of the total piosnu‘é.
As with the ketones, ihcreaaing the partial
prouure.displaced' the exidation curves te lewer
temperatures. Also, the ratis m’aximml preésnre
change / initial pressure was found to be a cha-
racteriaf_ic of the hydrecarbon partial pressure
and to inorease with inoreasing stoichiometric
proportions. Inert foreign gases were found te
aid the reaction by prevqnt,:l.ng the diffusion of
active particles to the vessel walls. Helium had
a less marked effect than nitrogen. Beth the
addition ef hydrogen and of acetaldehyde caused
a lewering of the activation energy of _the ben-
zene oxidation. Acetaldehyde in particular caused
a -ha.rp decrease. There was a marked ohahge in
the course of the reaction becsuse of active in-
texrference of fhe ra,d:l.cala‘ resulting from the
acetaldéhyda. Oxidation of folnene was obgerved
to fellew in a similar manner to that of benszene,
with the reaction ocourring at gsomewhat l'ower |
temperatures. In all the experiments with ben-
zene and toluene cool flemes were never observed.

The previously desoribed investigations were
a1l made by the static method. A flow type ef

-
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apparatus was, however, developed 4 for the ki-
‘netic investigation of very rapia homogeneous gas
reactions. Th§ apparatus is shown in FIG. 1,
throttle valves in the inlet and exit lines per-
mitting the absolute pressure:in the reaction
tube to be changed. In the development of the

s

appgratus the following requirements had to be

met , , |

(i) Concentration and ease of collection of the

reaction products. , ’

(11) Exclusion of wall reactions.

(111) Simple and definite standardisation of -

; to 10~4 seconds. S
(iv) Production of comparable concentration an: ;

times of reaction of 10~

temperature relatianships in the reaction zone .
with th; different reaction times. ‘
The first réquirement was met by cooling'
after the predeterminéd reaction time. Wall re;
actions were excluded by separate heating snd

!

e

correct choice of reaction chamber dimemsions,
so that the active‘matgrial concentratiqp at the

wall could be kept negligible until the coeling
zone was reached. Forejual linear velocities of

the two concentri¢ gas streams, suitable di-

—
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meﬁaiogg were caloulated to ensure that the ac-
tive material concentration at the wall did net
exceed a pred;terminod value. Reactien time was
standardised by the choice of gas veleoity and
was altered by changing the absoiute pressure so -
that the mass velocify'remained constant.
Assuming negligible chemical heat evelutien,
v'thi- ensurod that the relativo;temperature and
concentration fields would remain uﬂiltered.

(2

Both these fields depend upon fhree'dinunsiané
less numbers which remain oonstaht when the mass
iolocity is constant even though the jiessure
varies, previding the free path of the gas mo- -
lecules is small in comparison with the vessel
dimensions. | o '

- The complete apparatus was never used be- ,
cause of the 1nadequacy of existing metheods of
analysis, but a model apparatus, for experimen-

b»'

tal work, was constructed according to the cal-
culated dimensions. In this model apparatus pro-
vision was made both for sampling and determin-
ing the'tenperature.at anylpoint in the reaotion
gone. It was found that with different stresam
velecities the concentration ?retilo remained
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unchanged, part,icularly in the region of- greatest
chemical change. Also, although widely different

temperatures prevailed over the whole reactien

‘zane, the tempersture altered but little in the

regien of greatest chemioal ohange; thus, in-
vestigatiens under isothermal conditions were
possible, previded the heat liberated locally

‘was slight. Experiments wéro made in the model
, apparatus on the effect of :anreasing the vele~

city of the inner gas stream so that the two gas

‘streams entered at speods considerably different

frem each other. In this particular apparatus,

ooncentration of material at the wall of the re-
actien zene zenainod negiigible until the ifmer
stream velecity reached 1500 cms/sec. Under até

| mospheric pressure this meant :that, the heating

time could be reduced to 2 x '10-.-2

seconds, and
even shorter' times were possible under vacuum.
Se .the apparatus could be used to investigate
systems initially containing thermally labile
materials, like tetraethyl lead or peroxides.
Methods were given by Demkthler and Sender *
whereby for Val homogencus gas reaction the re-

action erder ‘and .'the apparent heat of activa-

‘tion could be directly determined in the com-
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plste apparatis (FIG. 1). In order to determine
‘the é.bsolut‘e velue of the velocity comstant of
the reaction, however, measurements of rélative
iconcentrations have to ‘be made in the model a.pp;-,—'
ratus for a particular type of reaction m
to allow the’ calcnlation of &n :lntogmﬂ. for ’t:ha
-entire reaction zone.

The method of sound Mw hem bemn
suggested 5, as am altez:nati_ve to spectroscopy,
for the determination of reaction kinetic data.
Tt was assumed that it would be applicable in
the high temperatm'e region to study dissocia-
tion reactions of between 2 x 10™6 and 1 x 10~3
secé.,‘ such as those occurring in flame and de-
tonation fronts. The -procedu:e would | be to déter—
mine experimentally at constant temperature and
pressure, the :troquéncy function of the sound -

velocity or of the émplifude damping consté.nt'.

Then from & genersl expresaion Sexiveld for the
differential adiahatic W»n - :

ward end reverse reaction weloeities. Theoreti-

. 2
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cal curves can then be calculated for velocity
or émplitude damping constant as & function of
frequency. The curves comparing best with the
experimental curves are those obtained using
correct values for the reaction vélocities.
The metﬁod is without ambiguity if only one
diqsoéiation equilibrium moves in the aoupd
wave, Otherwise, a method employing successive
approximations must be used. Moreover, only
the forward and reverse velocities of the over-
all reactions are given, additional hypotheses
being required to deduce the elementary re-

" action velocities.




