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FOREWORD

Nature and Scope of
"SURVEY OF THR LITERAT'RE OF COMBUSTIOR"
as prepared by Arthur D, Little, Incor-
porated, for the Applied Physics Labora-

tory, The Johns Hopkins University.

I. Description of Project

A. Task Statement - "to provide a survey of information avail-
able on chemical reactions which may be of interest for
rockxet and ram-jaet propulsion systems; information is par-
ticularly dusired on studies leading to the elucidation of
mechanisms o0f gas-phase oxldation reactions, including in-
vestigations of the initiation of reaction, explosion
limits, flame propagation and stadllity, nature of reaction
intermediates, and of accelerating and inhibiting agents."

B, Problem Statements

1., Experimental Methods - "to consiat in the preparation
of a report dealing with experimental methods which
have been developed for the elucldation of reaction
mechanisms; report should include a description of each
method, nature of the information obtained, critical
evaluation, references and suggested methode of apply-
ing aev experimental techniques.”

Renction Studies - "to consist in the preparation of a
card index glving,

Chemical oxidation reactions on which significant
data are available for the problems outlined in the
task statement; each reference should include con-

ditions of pressure, temperature and flow, nature of
measurements, and summary of results,

Short abstracts of the more significant papers in
the field covered by the task statement,

Short abstracts of all publications dealing with re-
actions which have been applied in the propulsion of
rockets and ram-jets."




3, Summary of Status - "to consist in preparation of a re-
port which summarizes -briefly the material examined up-
der Problem 2 above, showing the state of present krow-
ledge with reszard to the various aspects of the study
of gas-phase oxidation reactions,?

II. Scope and Preparation Procedure

A. Classified Material - the successful accompiishment of the
task as outlined above required a review of both unclassi-
fied and classified information because most of the work on
combustion carried out during the war - both here and a-
broad - was of a classified nature. Unfortunately no com-
plete index of such material had been made nor had all of
the pertinent classified reports, which mumbered several
thousand, been collected in a single agency. Convequently,
with minor exceptions, within the time and funde at the
task's disposal it was possible only to determine the

rce classified ma and to indicate what general
information was available from each. A description of
these sources and a resume of the information obtained has
been submitted as a separate part of the report to APL/JHU,
Index cards were prepared for the few pertinant classified
references which were disclosed in the investization of
these sources; in addition index cards and abstracts were
prepared of the clasesiried reports pertinent to this task
which are located in the files of the Chemical Engineering
Department of Massachusetts Institute of Technology. One
rsopy of the classified abstracts and a set of all claseified
index cards are located at APL/JHU.

B. Unclassified Materisl - Review of unclassified material was
carried out as follows:

1. Inder carde carrying short abstracts were prepared for
all refarences (approximately 3000) listed in CHEMICAL
ABSTEAMTS under the headings given below for the period
beginning with 1936 (Volume 30) and running through Aug-
ust 1 1946. (Earlier work was not abstracted because of
the existence of excellent summaries of combustion re-
search, prior to 1936, by Jost, ven Elbe & Lewis, and
others). Subject headings abstracted were:

Calorific Value Heat of Combustion Oxygen
Combustidbility Hydrocarbvon Oils Ozone
Combustidbles Hydrocarbons Para magnetisn
Combustion Igniters Photochemisi.y
Decompoeition Ignition Projectiles
Detonation Inflamrability Promoters
Explosibility Inhititors Reaction Kinetics

Explosions Isotopes Reactions



Explosives Jet Propulsion Rockets

Flames Mass Spectrograph Sound

Flash Point Mirrors Spectroscopy

Free Radicals Molecular Baams Thermal conductivity
(Detection of) Ortho & para hydrogen Thermodynamic properties
Fuels Oxidation Thernodynamice

Heat of Activation Turbines

2, On the basis of the short abetracts on the index cards,
the references were divided in tsrme of relative import-
ance into A, B, C and D groups. Articles rated A were
Judged to be of first importance to the general under-
standing of the mechanism and phenomena of cowmbustion,
Those grouped under B were judged to be sither of less
general excellence or more limited pertinence; T refer-
ences were thought to have significance such that they
would be worthy of consideration only in a thorough study
of somo phase of combustion research; the ]) group com-
prised references believed to be relevant only to special
or derivative phases of combustion research.

3. After the references had been grouped as indicated above,
abstracts of the A and B items as given in CHEMICAL AB-
STRACTS were reviewed., If the importance of any given
article seemed to warrant a more complete treatment than
appeared in this publication, the Centralblatt reference
vas consulted, If neither appeared adequate the original
article was studied and a more thorough review prepared,

4, Typed copies were prepared of all 4 and B abstracts plus
those from CHEMICAL ABSTRACTS of the { srticler which
were not reviewed before being copied., Although these
abstracts numbering some 2,000 were not requesfed in the
task statement, it was felt that they would add greatly
to the value of the survey., They, along with the card
index are on file at APL/JHU,

5. With the A and B references as a basis, supplem~nted by
the reading of selected references in whole or in part,
the summary reports requested in Problems 1 and 3 were
prepared,

I11. Distribution of Results of the Survey

A. Problem 1 - Summary report has beer issued by APL/JHU as
Section ¥ Memorandum CM-366, dated October 1946,

B. Problem 2 - The card index and abstracts described above
aré located at APL/JHU where they can be consulted by any-
one vigiting the laboratory,.

C. Problem 3 - Summary report is presented herewith as BUMBLE-
BEE Report No. 47, dated October 1946,
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A SUMMARY CF THE STATUS OF RESEARCH

ON_THE

MECHANISM OF COMBUSTION

A. Introduction.

In the preparation of this summary approximately 3000 papers, reports,
and patents have been reviewed. Of these, roughly 800 were found to be
of sufficient importancs to merit further consideration. Unfortunately,
because of time limitations, it has not been possible to read all of the
pertinent papers. However, abstracts of these papers have been read and
those papers, which from their abstracts seemed to be of primary importance,
have been used as a basis for the preparation of this summary. Since the
primary emphasis of this review has been placed on mechanism of reaction,
detalled discussion of empirical phenomena is omitted. An attempt is
made, however, to indicate sources of material,to aiz the reader, inter-
ested in any special topic, to find the published reports on that topic.
All compounds listed in Chemical Abstracts as promoters or inhibitors
of reaction have been incorporated in the card index supplied with the
report. No further explicit reference is made to them in this summary.

B. Fundamental Considerations.

Through the work of a large number of investigators, among whom
Nernat, Bodenstein, Bonhoeffer, Polanyi, Rice, EByring and Semenov may be
mentioned particularly, the fundamental principles underlying the pheno-
mena of gaseous oxidation reactions are rather well understood. Very
briefly the salient features of the theory may be summarized as follows:

Reaction between two molecular species, such as H2 and 02, pro-
ceeds through a series of bimolecular or, occasionally, termolecular
collisions of molecules or atoms until final products are formed
which are stable under the given experimental conditions. Usually
reaction between two molecules or atoms does not take place unless
the particles possess energy considerably in excess of the mean
equilibrium thermal energy for the given temperature, i.e., an
activation energy is required for reaction to take place. This is
true even though enerzy is liberated in the reaction, i.e., internal
energy is converted to translational, rotational, vibrational,
electronic energy or radiation.*

In addition to fulfilling the energy reouirement, the colliding
molecules must also be properly oriented if they are to react. Thus,

* Although accurate values of the activation energy cannot usually be
calculated, it is possible from thermodynamics to set lower limits to
these values, Thus, the activation energy for an endothermic elementary
reaction cannot be significantly less than the energy absorbed in the

process.



the expression for the reaction rate includes & factor giving the
collision probability of the two species which may be interpreted

as representing the probability that the two colliding particles

will possess sufficient energy to react, and finally, a steric factor
representing the probability that the orientation regquirements will
be fulfilled., The first term will depend on the concentrations

of the reacting particles, on their dimensions and on the forces

of attraction or repulsion which act between them. The general
expression for the rate will have, then, the following form:

Rate = 2 8 £ (T) g ([ reactants 7])
in which Z is the number of collisions in unit volume, in unit time,
s is the steric factor,
f (T) is an undetermined function of the temperature,
g (C reactants _|) is an undetermined function of the
concentration of reactants, products and additives,
For a particular system reacting at constant temperature,
Rate = K g ([ reactants J),

The constant K is called the rate constant of the reaction.

To an approximation sufficiently close for most purposes, the product
(at constant pressure) of Z and s may be considered proportion.l to
the square root of the temperature and equated to AT /2 where A is

a constant, and f£(T) may be replaced by e=E/RT, in which E is the
activation energy (equal to the difference betwean the energy required
for reaction of the given particles, and their average thermal energy,
and R is the gas constant. With these substitutions,

K = AT1/2 ¢-E/RT,

An understanding of the mechanism of a reaction, for our purposes,
will be taken to mean the ability to estimate quantitatively the
effects on the reaction of changes in temperature, concentration
of reactants, nature and dimensions of the reaction chamber, and
presence of additives. Both the rate of the reaction and the nature
and amounts of products formed may be affected by these changes.

Investigations of a wide variety of chemical reactions have
shown that only in rare instances can the mechanism of a reaction
be understood without the postulation of one or more intermediate
steps between the initial reaction and the formation of final pro-
ducts. This follows from the fact that the lowest energy process that
can occur during the collision of two molecules is ordinarily one
that involves the breaking of only a single bond. Thus reaction
between molecules is most likely to occur by separate steps, involving
first, dissociation of the least tightly bound molecule, followed by
reaction of atoms or radicals so formed with other molecules., The

o



radicals or atoms produced in this step react further, the process
finally being stopped by the reactants being consumed or the inter-
mediates being neutralized by chain breaking reactions in the gas phase
or adsorption on the container walls,

One of the eihplest examples of reactions of this type is that
between Hy and bromine. The reaction involves the following steps:l

(1) Brg—) 2 Br - 45.2 Kcal

(2) Br+H =HBr ¢+ H - 16.4 Kcal

(3) He+Br2a HBr ¢« Br - 40.5 Kcal
(4) Br +Br «+ M a Bro + M + 45,2 Kcal

Inspection of the above scheme shows that steps (2) and (3) constitute
a cycle or chain in which the active hydrogen and bromine atoms are
regenerated, while two molecules of HBr are formed. Thus, if other
considerations did not prevent it, all of the Hy and Brp could react
by the continued repetition of steps (2) and (3) once reaction (1)

had furnished an initial bromine atam.

Two factors prevent ramification cf the chains in this reaction.
First, rsaction (2) requires an activation energy of something over
16 Kcal so that only unusually energetic bromine atoms or hydrogen
molecules can react and, secondly, bromine atoms are removed by reaction
(4). The chain length is determined then by the relative probability
of reactions (2) and (4).

The probability of reaction (4) is decreased by the fact that atoms
can recombine only if a third body is present to carry off the energy
released in the reaction. Polyatomic radicals may in some cases be
able to recombine in the absence of a third body, since the possibility
exists of distribution of the energy among several types of vibration
and stabilization of the molecule for the period between collisions,

The hydrogen bromine reaction introduces several concepts of
value in understanding the mechanism of gaseous oxidations:

(1) The importance of intermediates in bimolecular reactions,

(2) The influence of the energy requirements of the
individual processes on the reaction kinetics.,

(3) The possibility of chain formation.

(4) The termolecular character of most recombinaticn or

association reactions,



(5) The possibility of the course of the reactionts
being affected by the reaction chamber's dimen-
sions, because of chain breaking or initiation
at the surface oi' the vessal.

Two further concepts are required for the elucidation of
gaseous oxidation reactions: That of chain branching and that
of formation of degenerate branching chains. Chain branching,
originally postulated by Semenovz, may be illustrated by the follow-
ing sequence of reactions, which form part of the mechanism for
the hydrogen oxygen reaction proposed by Von Elbe and Lewis3a,

(1) H02 + ¥ w 2 OH
(2) OH # H2 w H20 + H
(3) He 02 mOH+0
(L) O+ H2mOH<H
(5) HeO02+MaHO2 +M
(6) HOp ¢ H2 m H202 + H

(7) 2 HOp surface, Hy02 + 02

00000 0008000002000 0000000

(12) H, 0, OH surfacg destruction.

Consideration of the above scheme shows that each hydrogen
atom reacting according to (3).leads to two particles capable of
carrying on chains. A similar situation holds for reaction (4).
As a consequence, if conditions are provided whereby reactions (5)
and (12) become relatively unimportant, the number of chains will
increase at a rate comparable to the collision number and explosion
may result. Reactions in which chain branching may occur may be
expected, therefors, to show great sensitivity to experimental con-
ditions, since the effect of the branching is to raise to a high
power ( ~ 109) any slight change in the relative probabilities
of the chain branching and chain ending processes. E(Z)and(B) Vs,

(5)and(12)]

"Degenerate branching" of chains was postulated by Semenov3b,3c¢,3d to
explain certain phenomena observed in the oxidation of hydrocarbons, such
as the induction period and "cool flame". The phenomenon may be illus-
trated by the following hypothetical series of steps.

alls



(1) RH— R + H

(1) RH+ H—R » Hp

(2) R——R! ¢ olefin

(3) olefin + 02 — peroxide

(4) peroxide ——aldehydes

(5) aldehydes —— free radicals + CO + H
(6) R' + RH — R'H + R

This (purely illustrative) chain is propagated by reactions (1), (2) and
(6). Branching can occur by (3), (4) and (5). However, since the products
formed in (3) and (4) are relatively stable, the branching reactions are
insignificant until an appreciable concentration of these intermediates is
built up. Reaction may then proceed with rapidity or even violence.

The above review indicates that even a gualitative understanding of
the mechanism of a reaction requires a knowledge of the identity, rela-
tive concentrations and method of reaction or destruction of the inter-
mediate particles. Quantitative understanding requires, in addition, an
estimation of the rate constants and activation energies of the individual
step reactions,and the accommodation coefficients, collision cross-sections,
diffusion rates, radiation probabilities and the rates of interchange of
translational, rotational, vibrational and electronic cnergies among
species and degreses of freedom.

In the following pages a brief attempt is made to show what progress
toward these objectives has been made in the study of the oxidation of
hydrogen, CO, methane and other hydrocarbons. Other oxidation processes
are then reviewod and finally reference is made to papers dealing with the
theory of chemical kinetics, with various physical. aspects of combustion,
with thermodynamic studies of fuels or combustion, and with rocket propellants,

C. The Hydrogen-Oxygen Reaction.

In common with cother oxidation reactions, in whica chain branching
occurs, the hydrogen-oxygen reaction shows sharply defired regions of
temperature and pressure in which the reaction rate increasas rapidly
with time so that explosion may result. Within these regions, as
explained above, the probability of chain branching is greater than that
of chain breaking. The boundaries of the regions ars characterized by



the manner in which they are observed experimentally,as the low pressure
limit, the second limit and the high pressure or thermal li~it. Thus,

if a mixture of given composition is introduced into a vessel at a
temparsture of 5750 C., and the pressure gradually increased, reaction will
be negligible until the pressure reaches about 5 mm., when an explosion

will occur. Mixtures introduced at pressures in the range 5 tc about 150 mm.
will explode in approachinz thermal and kinetic equilibrium. Above this
pressure, reaction proceeds at a finite but constant rate until a pressure
of about 350 mm. is reached, when a third explosion occurs.

The effects on the hydrcgen-oxygen reaction of pressure, temperature
and vessel dimensions are well explained by the most recent mechanism
proposed by Von Elbe and Lewis2a,

(1) H02 ¢+ M = 2 OH

(2) OH ¢ H2 = HO + H

(3) H+ 0 =0H+O0

(4) O+ H2mOH ¢+ H

(5) He+Oz+MaHOR +M

(€) HO2 + H2 w H202 + H

(7) 2Ho, surface, %, + 0

(8) H # 02 + Hp02 = Ho0 + 02 + OH
(S) HO2 + Hp02 = HoO + O + OH
(10) Hg0p surface Hy0 + 1/2 0
(11) Hp + Op gurface, Hp0p

(12) H, 0, CH surface,destruction

In a very detailed examination of the kinetic consequences of this
scheme, Von %lbe and Lewis show that it is in quantitative agreement with
the observed low and high pressure explosion limits and third explosion
limit, and that it correctly predicts the effect of change in vessel
dimensions. The authors give values of the rate constants and activaticn

energies of all reactions except (2) and (4). Concentrations of HOy and
H are also presented.



The scheme has been substantiated by work of Nalbandjan8;P,¢, who
derives a theoretical expression for u.e dependence of the induction
per.io. >n pressure and temperature, from which the activation energy of
reaction (3) is deduced to be 23 K calories. (Instead of the value of
17 Kcal quoted by Von Elbe and Lewis). Zel'dovich and Semenov, hcwever,
from a study of the combustion of moist CO arrived at a value of 18 Kcal
for the same reaction. The Von Elbe and Lewis scheme is also in agree-
ment with results of photo chemical experiments by Smith? who postulated

reactions (2), (3), (4), (5), (6), and (7) plus

02 + hV— 20
O+02+N—303 + M
to explain his data,

Oldenberg and Morris® state in a preliminary report that the Von Zlbe
and Lewis theory does not correctly predict their observations on the effsct
of Pyrex vessel size on the third explosion limit although it ie strikingly
successful in predicting the effect of added gases on the second explosion
limit., Undoubtedly further inconsistencies in the quantitative aspects of
the theory will appear as further experimental work is performed, but it
seems unlikely that major changes in the basic mechanism will be required.

Studies of various phases of the hydrogen-oxygen reaction by a
number of inveatigators are listed below under appropriate headings,

(1) Vechanism and Kinetic Theory.

An early treatment upon which most of the later work is based
was given by Kassel. Polyakov and co-workers8-16 have
discussed the mechanism with particular reference to the pre-
diction of Hy0, formation. Frank-Kamenetskiil? has applied

his theory of thermal explosions with success to the third
explosion limit, Behrensl8 and Clusius and Gutschmidtl9 have
discussed the effect of hydrogen diffusion on the rate of flame
propagation. The latter authors experimented with light and
heavy hydrogen.

(2) 1Induction Period.
In addition to the work of Nalbandjan previously mentioned,

Shtern, Kravets and Sokolik<0 have studied the auto-ignition
of mixtures of hydiogen and air.

T



(3)

(4)

(5)

(6)

(n

Thermal Reaction.

The thermal reaction has been the subject of a number of
studies by Oldenberg and co-workerszl‘zh, by Chirkov25, who
concludes from his work that the mechanism of the reaction
is different at high an% low ressures, and by Neimark,
Kulashina and Polyakov<®,

Lower Limit of Ignition or Explcsion.

The effect of various experimental conditions, including the
presence of metal wires of different compositions, was inves-
tigated by Kimata, Aomi and Coto27 and Horiba and Goto<€.

Data on the lower region of ignition in quartz and pyrex
vessels with and without added argcn were obtained by Biron
and Nalband jan?9. Tangin?0 and Garner and Pugh3l have studied
the gropagation of low pressure flames in tutes. Hayakawa and
Goto32 have studied the spark ignition of Hp - 02 mixtures

at low pressures,

Second Explosion Limit.

An extensive investigation of tgg explosion limit as a funciion
of pressure was made by Dyksman”” using various types of sparks
for ignition. Von Elbe and Lewis34 have discussed the con-
sequences for the theoretical mechanism of the effect of

water vapor on the second explosion 1limit. Much of the work
mentioned under Section (4) is also pertinent to this topic,

Reaction in the Region of the "hird Explosion Limit,

The theory and kinetics of the third exglosion limit have been
studied by Von Elbe3> Heiple and Lewis3 , Oldenbery and SOmmera37,
Cldenberg 8and Ziskin39.

Effect of additives.

References are listed without discussion under appropriate
headings.

(a) Nitrogen Dioxide.
Von Elbe and LewisbO,41, Norrish and Daintonl2, /5,
Crist and Wertzh3,
(b) Nitrosyl Chloride.
Dainton and Norrishi4,45,
(c) Nitrous Oxide
Danbyh6,



(e)

(9)

(d) Inert Gases
Von Elbe and Lewish7, Jorrissenhs, Valkenburgh?

(e) Hydrogen Peroxide
Dainton and Norrish50

(£) silver
Nalband jan>1,52

(g) Carbon Monoxide
Prettre’3

Measurement or Calculation of Concentration .r Reaction Rates
of Intermediates.

Studies of the concentration of hydroxyl radicals in reacting
hydrogen-oxygen mixturgs have been made by Avramenkosu,55, Ey
Kondrat'ev and Ziskin ° and by Oldenberg and co-workers>75586,59,60,
Kondrat'evbl has reviewed zgectroscopic Jata on OH obtained from
various sources. Rodeoush®< has studied products obtained from
reactions in a glow discharge and mentions the use of the
luminescence of the reaction NO + O 23 a test for the presence

of oxygen atoms. Von Elbe and Lewis 3 discuss reactions of HO2
and give rate constants for the reactions

H <+ C2 ¢+ H2 = HO2 + H2

and
He 02—y O0H + O,

Samenovba gives rate constants for the latter reaction and
H2 « 02 = 2 OH.

Baker65, Kondrat'eva and Kondrat'ev66, and Mackenzie and Mowbray67
discuss the decomposition of hydrogen peroxide.

Photochemical and Spectroscopic Observations,

In addition to the work of Smith”, the photochemical oxidation of
hydrogen has been studied by Nalbandjan®® and Pavlyuchenko®9.
Kitagawa’O has found spectroscopically, water molecules with
vibrational energies as high as 50 Kcal, A chain mechanism is
proposed in explanation. Kondrat'ev/028 has computed the tempera-
ture dependence of the lower limit from spectroscopic measurements
of hydroxyl concentration. Oldenberg?/O¢ has studied OH radicals
produced by a discharge in water vapor,

-9-



(10) General

A clear and interesting review of the mechanism of the
hydrogen-oxygen reaction has been given by Von Elbe

who lists the following values for some of the rate constants
for the reaction steps.

Absolute Values of Rate Coefficients and Activation Energies

k3 = 1 x 10-17 \JT/BOB e-(1-1/803)17000/803R cm,3 sec.-1
kg = 4.23 x 10719 \J1/803 e-(1-1/803)24000/803R ¢p,3 sec, =L

kg = 2.0 x 10716 \/1/303 o=(1-T(803)14000/803% cn,3 sec,-L

ki,Ho = 3.39 x 1022 \[1/803 e~(1-T/803)45500/803R ¢p,3 sec.-1
ks,Hp = 3.7 x 10-35 V/1/803 cm.b sec,-1

kHZOZ +H 4+ 02—9H20 ¢+ 0 +OHF 6.2 x 1035 \1/803 cm.b sec.-1

17,2 x 1020 \/1/803 cm.=l sec.-1

kp,H

D. Combustion of Carbon Monoxide.

Although the reaction of carbon monoxide and oxygen uppears super-
ficially to present less complicating features than that of hydrogen and
oxygen, the details of the mechanism are less well understood. Experi-
mentally, the reaction shows a low mressure and high pressure explosion
limitsoccurring at 600°C at about 13 and 30 mm. respectively (Zyono?l).
There is some doubt, however, that explosion can occur in the absence of
sources of hydrogen atoms. 3uckler and Norrlsh72, Lewis and Von Elbe’3
have proposed a roactinn mechanism involving CO3, ozone and oxygen atome
which satizfactorily explains the upper explosion limit as a function of
pressure and added gases, This mechanism has been criticized by Jost7h
who feels the evidence favors a_branching due to energy chains rather
than radicals. Work of Gaydon9 on the absorption of hot oxygen in dry
CC-0O, flames is of interest in this connection. Zatsiorskii, Kondrateev
and Solnishkova87P have studied spectroscopically the reaction between
CO and 03, which is of importance in the mechanisms proposed by Von Elbe
and Lewis3 and Jost7h,

Interpretation of the reaction is rendered difficult by its extreme
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sensitivity tc traces of hydrogen or other impurities, and most of the
work since 1638 has been concentrated on mixtures of carbon monoxide
and oxygen containing additives,

Buckler and Norrish?5,76 appear to have established the following
mechanism for the hydrogen sensitized reaction:

H+02=0H+0) : .
0+ Ho m CH + H) Chain Branching

OH + H2 = H20 + H)

OH + CO m CO2 + H) Chain Propagation

HeO2¢MaHO2 M . . . .

O+ CO+MMaCO2+W SRRA. SHEng

Support for the mechanisr was found in experiments on the ignition

limits using Dy instead of Hy and using inert gases. The work of Norrish

is in agreement with experiments of Kondrat'eva and Kondrat'ev!/ who have

measured the concertiration of hydroxyl radicals present during the reaction.

Their measurements show that the hydroxyl concentration is one hundred

times the equilibrium thermal concentration and prove that the radical

is produced by chemical means. Comparison of the rate of disappearance of

CH with the rate of formation of COp shows that the two rates are in

agresment, substantiating the hypothesis that CO2 is formed primarily by

CH « CO = CO2 « H

with an activation energy of 10 Kcal. From a study of the emission of
radiation of moist and dry carbon monoxide flames, Kondrat'eva and
Kondrat'ev/8 concluded that the reaction mechanism was different in the
two mixtures. Their measurements of the total amount of radiation 79
indicated that one molecule in ten of COp was in an excited state.
Kondrat'ev80 and Zel'dovich and Semenov€la,8lb have reviewed experimental
work,

Additional work on carbon monoxide oxidation is summarized below
under appropriate headings.

(1) Slow Thermal Reaction.

Korneieva8? has studied the effect of platinum wires of various
lencths on the rate of the slow oxidation. The results are
interpreted to indicate a preuominantly homogeneous chain reaction
at temperatures above %00°C but with some evidence of catalysis

or inhibition by surface effects. BRelow 600°C, the reaction

becomes more heterogeneous,
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(2) Reaction in the Region of the Upper Explosion Limit.

The effect of quartz surface on the reaction has been studied
by Kondo and Toyama83,

(3) Spectroscopic and Photochemical Studiss.

Kondrat'eva and Kondrat'evB4 have determined the chain length

in the photo-oxidation of CO as a function of the temperature.
The length varies from 2 at 400°C to 560 at 4L90°C where the dark
reaction 38 appreciable. Faltings, Groth and Herteck88 and
Groth88a have studied the photochemical decomposition at room
temperature using CO and CO, Hp mixtures. In the latter case,
HCO was postulated as an intermediate product to explain HaCO
production, Flame studies haze been made by Kondrat'eva and
Kondrat'ev77:78:79;80:84:85:8 187,870 Tawde 5 Bonhoeffer90, Gaydon
91’92’93’9h’95’96, who finds evidence in the last reference for
a high concentration of atomic oxygen in both dry and moist CO
flames, and Jorissen?".

(4) Mixtures and Additives.

Further studies have been conducted by Walla98, who found evidence
for a change in mechanism with change in pressure in Hz, CO
oxidations; Karzhavina9? who studied the effect of water at
temperatures over 1000°C; by Dijksmani’® who studied CHy,~CO=0
mixtures; by Drozdov and Zel'dovichlOl who investigated the e%fect
CCl, on the flame propagation; and Calhounloz, Brown and Cristl93
who studied CO-NO»-O, mixtures.

E. Oxidation of Hydrocarbons.

Because of the large number of intermediate reactioris possible in the
oxidation of hydrocarbons, only a few general conclusions have been drawn
regarding the reaction mec: anisms. The oxidation of &ll hydrocarbons
displays certain general features indicating that the reactions proceed
through the formation of degenerate chains, but the specific intermediates
involved have not been established., It is evident that much more extensive
studies, possibly supplemented by new techniques, are required of the
oxidation of the specific hydrocarbons before an approach can be made to
a quantitative understanding of the processes involved,

(1) Vethane.
Studies of the partial oxidation of methane by a number of

investigators, e.g. Garner and Ham,104 Slotin and StylelO5,
Bone and Gardner106, and Degenslo7 have shown that fcrmaldehyde
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methyl alcohol, formic acid and traces of peroxides are
formed, as well as water, carbon monoxide, hydrogen and
carbon dicxide. The reaction shows an induction period
vhich varies with pressure and temperature in accordance
with the degenerate chain theory of Semenov (Gardner and
HamlO4), Addition of any of the intermediates shortens
the induction period, indicating that they or products

of their decomposition play a part in the chain reaction.
Formally, these observations may be explained by a number
of theories, of which, supserficially at least, the most
satisfactory is that of Von Elbe/Ob, The following escheme
is proposed:

(1) OH + CHy==—) H20 + CH3
(2) CHy ¢+ 02 —) CH302 — H2C0 + OH
(3) OH + H2CO—3 H20 + HCO

(4) HCO + Op— HO2 + CO

(5) HOz + H2CO —— HCOOH + OH
(6) HCOOH —— Hy0 ¢ CO

Evidence for all of the above reactions appears to be on
rather firm ﬁrgund through work of Von Elbe and Lewislos,
Van Tiggelenl36P, and Harteik, Groth and Faltings®8 among
others. The mechanism explains the induction period and,
qualitatively the explosion limits, but additional steps
would be required to explain the remaining intermediate
products. A more extensive discussion of these points is
given in references 70b, 74, 109, 110 and 14l1.

Additional work pertinent to the oxidation of methane
is reviewed below,

(a) 1Ignition and Induction Period.

Kanelll has compared ignition temperature as a
function of pressure for a number of the simpler
aliphatic hydrocarbons, alcochols and aldehydes,

The purpose was to determine the relative reactivity
of alcohols, aldehydes and parent hydrccarbons.

For the single C-atom set, the order aldehyde) alcohol>
hydrocarbon was observed. rownend112 has tabulated



(b)

(c)

(d)

(e)

ignition temperatures and inflammability limits
of a wide variety of hydrocarbons. Sachssell3
has measured induction times and ignition
temperatures in methane oxygen mixtures by a
flow method. Polyakov and Kuleshinallk have
studied the effect of mixture_ratio and addgd
gas. Malinovskii and Malyarll5and Daviesll
have studied the ignition of methane by hot
wires.,

Second Pressure Limits,

Explosion pressure as a function of mixture
composition was studied by Dijksman and Brandhot117,

Reactions of Intermediates and Products.

Kushnerev and Shekterll® obtained about 50% H,CO
by reaction of methane with oxygen atoms.
Soloveichik1ll9found that ozone gave only partial
oxidation of methane. Staronka and Czerskil<20,121
studied the variation in the amounts of methyl
alcohol and formaldehyde formed as a function

of time and mixture ratio. Polyakov and Stadnik122
found that an organic peroxide is not a primary
oxidation product,

Photochemical and Spectroscopic Studies.

Groth and Laudenklosl?3and Grothl24 studied the
photodecomposition of methane. An extensive study
of flames of hyu.ocarbons including methane has been
made by Vaidya.l2> Bands of OH, HCO, C,, CH

have been identified. The bearing of the obser-
vations on the mecharism of combustlion is d%ggussed.

Similar studies have n made by Guenault
Coppens,iz% and Bell.Egg :

Studies of Additives and Mixtures.

1. Ethylene
Rivinl29 found that purified methane air mixtures
did not detonate. On addition of .3% ethylene,
the mixture could be exploded,

2. Nitrogen
Polyakov and co-workersl30, 1308 have studied
the formation of nitrogen oxides as a function
of composition pressure and dimensions of the
reaction vessel.
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3. Methyl Nitrite
Gimmelman and Neimanl3l found that methyl
nitrite sliminated the induction period
in methane and ethane comhustions.

4. 3urface
Norrish and Roagh132 liave examined theoretic-
ally and experimentally the influence of sur-
face o1 the reaction and the bearing of the
results on_the chain theory. Polyakov and
co~workersl33,134 investigated the effect
of platinum_on the induction period. Jorissen
and Lebbink135 found that the reaction tempera-
ture of methane~oxygen mixtures varied hetween
170°C and 540°C depending on the salt used to
coat the inside of the reaction vessel. LiF
gave the lowest temperature, RbI the highest,
while in the uncozted vessel, the minimunm
temperature for observable reaction was 250°C.

(£) Studies of Reaction Mechanism or Kinetics,

Van Tiggelenl368,% has proposed a mechanism for
methane oxidation depending on hydraxyl radicals and
HCO radicals for chain propagation. This is essen-
tially the same process as proposed by Von Elbe,
Prettrel37 proposes that two mechanisms operate in
the oxidation of methane and ethant , one involving
peroxidation at temperatures around 200 to 300°C

and the other above 500°C, where peroxides apparently
play no part. Polyakov and Korneeval38 have inves-
tigated the kinetics of slow combustion of methane

at low pressures in the presence of platinum
surfaces. Norrishl39 has studied in considerable
detail the kinetics of methane combustion. Among
other things, his work shows that chlorine at low
pressures inhibits reactions, but at high pressurss
catalyses it; iodine has a marked anti-catalytic
effect in the neighborhood of ignition temperature,
Addition of small amounts of formaldehyde removes

the induction period but does not alter the maximum
velocity of the reaction. Nitrogen peroxide has a
strong sensitizing reaction and HCl catalyses the
production of formaldehyde. The mechanism proposed
involves an atom chain modified to include the
phenomena of degenerate branching. Semsnovl39a

has also proposed an atom chain to expiain oxidation
of methane and other hydrides. Newitt and Gardnert390
have investigated the compounds formed during the
inductign period in the slow cxidation of methane,
Oguralh has reviewed the oxidation of methane.
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(g) Thermal Decomposition of Methane.

Patat140,140a has studied the reaction CH3 4 Hp

by means o{hsara hydrogen. Hinshelwood and
co-workers »143 used nitric oxide to study the
chain length in the methane decomposition, and
Letort and Duvallll found evidence with tellurium
mirrors that CH, radicals are formed in an electric
discharge through methane.

(2) =thane.

No examinations of ethane oxidation of sufficient generality to
serve as a basis for a complete inechanism have been propcsed.
However, various aspects of the oxidation have been studied and
these are summarized under the appropriate headings.

(a) Reaction Kinetics.

Sadovnikovl46 has studied ethane oxidation at pressures
of 50 to 200 mm., temperatures in the range of 600 to
750°C with various reaction vessels and found that

the kinetics can be explained in terms of the Semenov
theory of branching chain reactions. Andreevl47 has
investigated the infiuence of water, carbon dioxide

and carbon monoxide on the kinetics. Gimmel'man, Neiman,
and Sokovl48 have investigated the effect of nitrogen
dioxide and methyl nitrite on the region of inflammation
of ethane-oxysen mixtures. Fernandezld9 has investigated
the effect of ozone on the combustion of a number of
hydrocarbons including ethane, Chirkovi®0 studied the
action of water vapor on the kinetics of ethane oxidation.

(b) Photochemical Studies,

The photochemical decomposition of ethane has been
studied by Faltingsl51, who found the primary products
to be methyl radicals,

(¢) Thermal Decomposition.

Thermal decomposition of ethane has been investigated by
Hobbs and Hinshelwoodl®?, Theilel53,154  storch and
Kassell55, Steaciel®6, steacie and Shanel57, ruchler

and Theilel58, and Dintsesl59. Rice and Herzfeldl60
have examined the bearing of new values of the heats of
activation on the mechanism of the thermal decomposition
of ethane, which they proposed earlier.
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(3) Propans.

A tentative ascheme for the oxidation of propane,proposed by
Von Elbe’0Ob, is presented on the following page. An enormous
amount of research would be required to prove or disprove

its validity. In the main, the mechanism predigts zorrectly
the products obtained by Newitt and co-workeral6l,162 who have
made careful studies of the intermediates formed by slow
oxidation. These workers found n propyl, isopropyl, ethyl and
methyl alcohols, formaldehyde and higher aldehydes, acetone
and traces of peroxides in the product of the slow oxidation
at pressures above ten atmospheres. Harris and Egertonlézafound
propylene and Hy0, also. Other investigations of propane are
summarized below under appropriate headings.

(a) Inflammation Ranges.

The cool flame range of propane in air at ordinary
temperatures and pressures above 12 atm, has been
determined by Hsieh and Townendl63, Van der HoevenlOl
has studied the low pressure limit.

(b) Reaction Kinetics and Physical Measurements.

The kinetics °£ Yrgpane oxidation have been studied
by Peasel 5,166,166a gngd by Newitt and Thornesl67,

Van der Poll and Westerdijk168 have measured the f{lame
temperature of propane oxygen mixtures and Ribaud

and Gaudryl 9 have investigated the effect of pressure
on the velocity of flame propagation.

(c) Studies of Mixtures and Additives,

Fernandezl49 found that ozone accelerates propane
oxidation, Kanel70 has studied the effect of nitrogen
peroxide on the ignition of propane butane and
acetaldehyde. His results suggest a different mechanism
of oxidation at high and low temperatures depending on
the stability of the intermediate hydrocarbons. From
studies of the effect of surface treatment on the
ignition characteristics, Dayl7l concluded that peroxides
were not of primary importance in the phenomena of cool
flames,

(d) Mechanism.

A mechanism of propane oxidaticn”%nvolving propane
molecules was proposed by Peasel?” in 1935.
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Tentative Scheme of Chain Reaction Between Propane and Oxygen

C3H700 ~SHICHO 4 pranching Path
L CH40 C3H CH30H + C3Hp
;o:

—eali CH4CHO CO + Hy + OH
H20
Hoo\ HO2
ot [-HGHO {H . . \EHE_ L, Hoo2 # C3Hy
2 co

— HCHO* + CO < OH
<: W Oy : CH3CH: CH

= CH300(00H) & CH3CH{CH) OOH

HCHO* + CO + H20

Branching Path: 0.
C4Hn00 LH3CHO, C4Hr00. C . CHy L3HR
H
_C3Hg y C3H7OH + C3Hy
0
OH CaH70 B2 \CoH50H + CO + OH
CaH7O00CHCH ——) 5
CoH502 —2—3 HCHO® + CO + H0 + OH
C3Hy

\Ea‘ia_) CH3CHO + Hy0 + C3Hg

Side Reactions:
CHBCH(OH)OOH_BQEQ.) CH,CH(OH ) OOCH(OH)H ———
CH[‘

2HCOOH——2C0 + 2H20
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#* Pease and Munro report that a test for this aldehyde was negative.
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(e) Thermal Decomposition.

Burk1?3 has proposed a theory for the decomposition
of straight chain hydrccarbons which he feels is
superior to that of Rice., He assumes that every C-C
bond is equivalent and that reaction occurs when

a given amount of energy is accumulated in a single
bond. The rate is given then by the probability of
the localization of the requisite energy.

(4) Butane.

The mechanism of the oxidation of butane and the higher straight
chain paraffins is presumably similar to that of propane. No
general discussion will be attempted of the mechanism of these
reactions,

(a) Ignition.

Andreevl74 has investigated the effect of pressure and
temperature on the '"cold" and "hot" flames of butane.

Neiman and Tutakinl75,176 studied the kinetics of the

cold flame phenomena and concluded that the results

were evidence for the chain theory of reaction. Pushlenkovl77
showed that the silent discharge reduces ihe induction

period of the cold flame,

(b) Studies of Mixtures and Additives,

Aivazov, Neiman &nd Khanova178, Avramenko and Neimanl79,
and Aivazov and Neumannl798 studied the effect of Hy,
COp, diethyl and diisopropyl ethers, acetone, NO, and
acetaldehyde on the induction psariod or the cold and hot
flames. Only diethyl ether, aldehyde and NO, promote
ignition. Blat, Gerber and NeimanlBU,181 studied the
effect of diethyl peroxide and methyl hydroperoxide on
the induction period and derived an expression, pased on
the Semenov theory, which gave quantitative agreement
with their results. Smittenberg and KooijmaniBla have
studied the effect of lead tetraethyl on the flame
velocity and concliaed that the antiknock action of the
lead was caused by its effect on the preflame reaction
rather than on the flame speed, The effect of ozone has
been investigated by Fernandezl49 and the effect of

NO, by ¥anel?0, Schuitl8lP has made an extensive study
of the effect of surtace and of a large number of additives,
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(c)

(d)

(5) Pentane.
(a)

(v)

(e)

(d)

Vechanisan,

The role of peroxides in the formation of cold and
hot hydrocarbon flames has been reviewed by Neimanl82,

Thermal Decomposition.

The thermal decomposition of butane has been studied
by Echols and Peasel83,184, The decomposition }gguced
by free radicals is discgrsed by Rice and Polly

and Steacie and Folkinsl®6, the NO inhibited reaction
by Steaciel®?, An alternative to Rice's theory has
been proposed by Burkl?3,

Ignition,

The ignition delay and slow oxidation of tane oxygen
mixtures have been shown by Prettrel88,189 ang Shtern,
Kravets and Sokolikl90 to be in accord with predictions
of the Semenov theory.

Reaction Kinetics,

Further kinetic studius have been made by Aivazov and
Neimanl9l and Prettrel92,

Studies of Mixtures and Additives,

Al azov and Neimanl79a,193 observed the effect of addition
of Ny, NO, and CH;CHO on the induction period of cold
flames. Belovl?3 investigated the eflect of diisopropyl
ether and proposed an integral equation valuable in pre-
dicting the length ol the induction period. Prettrei®4
has studied_the inhibition_action of hydrogen and of the
metal wallsl9%., Fernandezl49 has studied the action of
ozone in the slow combustion and Kanel70, the effect of
NO2. Neimanl82 reviews the role of peroxides in the
formation of hydrocarbon flames.

Mechanism.

Aivazov and Neimanl96 propose a two stage mechanism to
explain the low temperature combustion of pentane,



(e) Thermal Decomposition.

Gray and Traversl97 have studied neopentane decompo-
sition. Mechanisms of hydrocarbon decomposition have
been proposed by Rice and Polly185 and Burkl?3,

(6) Ethylene.

Apparently the mechanism of ethylene oxidation resembles that
of the saturated hydrocarbons, the principal differenca in the
products being the appearance of ethylene oxide. Jost198

has found evidence from the spectrum that the reaction involves
hydroxyl radicals, as reactions of saturated hydrocarbons
appear to. Smit.hi98a has also studied the flame spectrum.

(a) Ignition.

Forsyth and Townendl}99 and Kane200have determined the
inflammation range of ethylene at various pressures
and found that NO, facilitates combuation.

(b) Reaction Kinetics.

The slow oxidation cf ethylene in the preseice of
varying lengths of platinum wire has been stuiied by
Polyakov and Vainshtein?0l and Polyakov202, Buirning
velocities and inflammability ranges were investi-
gated by Young and Krase203,

(¢) Studies of Mixtures and Additives.

Bone204 has studied the effact of dilution with inert
gases on explosions of ethylene and oxygen.

(7) Acetylene.
The oxidation of acetylens probably proceeds through the initial
formation of an acetyl radical,which reacts with oxygen to form
a glyoxal radical (Lewis and Von Elbe’Ob);
OH + CoHp —HC=C— + H20
HC = C— + 02 —(CH = C.03) — CHO « CO_—

CHO » CO——+ C2H2 — —>CHO . CHO + HC 2 C—
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(a)

(b)

(c)

(8) Aromatics.

Reaction Kinetics.,

Steacie205 investigated th: oxidation of acetylene
and prcposed a mechan'sm i.volving direct oxidation
as the first step. Bo,e<204 studied tiue effect of
inert gases on the explusive combustion. Khitrin205a
studied the effect of pressure on the rate of flame
propagat..on.

Spe:troscopic Studies.

Avramenko206,2068 peasured the OH concentration and found
that the number of OH radicals .vas proportional to the
combustion rate. Jorrisen97 stuiied the behavior of
flames burning in a cambustible a‘'mosphere. Rossikhin
and Timkovskii207,208 studied the :ffect of & high fre-
quency dischargs on the flame spectrum. No significant
effect was found. Geib and Vaidya<l8a studied the flame
in atomic oxygen and Tominaga and Okt moto208b the flame
in Cl2 and Brp.

Thermal Reaction,

Frank-Kamenetskii209 investigated the kizietics of the
polymerization reaction.

An extensive series of investigations of the oxidaticn of aromatics
has been conducted by Burgoyne and Newitt2lO-2lhand F.hlbuschllda,
The reactions are characterized by primary oxidation c¢f the side
chains followed by phenol formation and then ring rupture. A
detailed mechanism has not been proposed. Vaidya21h concludes
from s™ctroscopic studies that oxygen is first incorporated ‘n the

ring.
(a)

(b)

(c)

Ignition.

Maccormac and Townend2l) studied the snontaneous ignition
under pressure. Liviu?l6 investigated the igniiion
potentials of the xylenes.

Reaction Kinetics.

The kinetics cf 3E$ slow combustion of benzene h:ve been
studied by Amiel . The products contained phenol and
benzojquinone but no peroxides. Fahlbusch2lk® has reviewed
(1942) the oxidation, thermal and photochemical dacompo-
sition of simple aromatic compounds,

Thermal Decomposition
Hein and esee?l8 studied free radical formation froa

"=



pyrolysis of benzene and toluene at $00 - 1100°C.
Unequivocal evidence for the tolyl radical was found
but the product from benzene could not be identified.

(9) Studies of Miscellanecus Hydrocarbons.

(a)

(b)

(c)

Ignition and Induction Phenomena.

Damkohle- and Eggersglusszl9 investigated the products
formed by rapid compression without ignition of
gasoline air mixtures, Ueing a similar technique

Jost et a1220,2208 ohtained curves of induction period
vs temperature for heptane, isooctane and benzene.
Spontaneous ignition and slow combustion of paraffin
and olefin hydrocarbons have been discussed by Newitz
and Townend2¢l, Hsieh and Townendl63, Day and Peasel®ba,
Teichmann?22, and Townend?23, Reutenauer<?4 determined
the upper and lower ignition regions of ketene, decalin
and dipentene. Tree % has tabulated values of the
constants in an equation useful for predicting ignition
timeﬂ .

Reaction Kinetics.

Thermal studies of hydrocarbon oxidation have been made
by Estradere226, Kroger and Kaller227 studied the con-
centration of peroxides in cetane oxidized for varying
time intervals. Maillard and Friedrich<<8 determined
the products of incomplete combustion of light hydro-
carbons The preliminary reactions ia a gssoline

engine re studied by Peletier, van Hoogstraten,
Smitter._org and Kooyman?29, and the oxidc.ion of cracked
gases by Pigulevskil and Gulyaeva230,

Mechanism,

Gervart and Frank-Kamenetskii23l have discussed the
periodic character of the cold flame of hydrocarbon-air
mixtures under turbulent flow, in terms of the Frank-
Kamsnetskii theory. George, Rideal and Robertson232
found support for the primary formaticm of hydroperoxides
in oxidation through experiments on catelyzed and
uncatalyzed oxidation of airyl benzenes and long chain
aliphatic hydrocarbons. Jost, Muffling and Rohrmann<33
proposed (1936) a generalized chain reaction for hydro-
carbon oxidation. Prettre<34 discusses the negative
temperature coefficient of hydrocarbon oxidation in terms
of the formation of an intermediate which may decompose
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to give branching or stable products. Semenov<3>
gives a preliminary tgeory to explain hydrocarbon
oxidation. Townend23® discusses the possible con-
nection between "blue flames" and peroxide decompo-
sition. Ubbelhode237,238 has reviewed the oxidation
of paraffins. Von Elbe239 proposed (1937) a mechanism
for hydrocarbon oxidation. Von Elbe and Lewis240

have discussed the relation between hydrocarbon
oxidizability and engine knock,

(d) Studies of Mixtures and Additives.

Briner, El-Djabri and Paillard?4l and Tawada<i<
studied the ozonization of hexane, heptane and octanes,
Maess243 studied the accelerating effect on the
oxidation of heptane, of free radicals formed from
azomethane decomposition, Ubbelohde<i# discusses

the effect of pro-detonant additives on hydrocerbon
combustion. Vyrubove45 studied the effect of czone
and hydrogen on oxidation in Diesel engines.

(e) Spectroscopic Studiss.

Kondrat'ev and Ziskin246 showed that the hydroxyl
radical conceritration in hydrocarbon flames is several
hundred times the equilibrium concentration, indi-
cating that these radicals are 32 important factor in
hydrocarbon oxidation. Townend 7 mentions cando-

lumine 9nco as a test for hydrogen atoms in flames,
Gaydon<~#/2 discusses the spectra of chilled hydrocarbon flames.

(£) Thermal Decomposition,

Kichler248 has found the thermal decomposition of
cyclohexene to be a homogeneous first order reaction.,
Mayor249 has reviewed the free radical theory of
hydrocarbon decomposition. Rice and Polly25 have
explained the inhibiting effect of nitric oxide in

terms of chain breaking. Burkl73 has proposed an alter-
native to the Rice theory.

F, Oxidation of Aldehydes.

Although aldehydes occur as intermediates in the oxidation of hydro-
carbons and are themselves important as fuel constituents, few studies of
their oxidation have been attemptec. The theory of their oxidation has not
progreseed beyond the stage at which it was discussed by Jost.Th
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(1) Formaldehyde.
(a) Mechanism and Kinetics.

Snowden and Style251 and Spence252 postulated the
intermediates CHz02 and CH303 to explain their
obssrvations of the kincticz of formaldehyde oxi-
dation. Bone and GardneriOC measured the oxida~
tion rate and found no evidence of an induction
period.

(b) Thermal Decomposition.

The thermal decomposition has been studied by Patat
and Sachsse<53 using para hydrogen as a test for
free radicals. Rollefson and Faull?4 investigated
the effect of iodine.

(¢) Photochemistry.

Photochemical investigations of formaldehyde decompc:
sition have been made by Gorin255, The photooxidation
has been studied by Carruthers and Norrish256 who
obtained about 50% conversion of formaldehyde to formic
acid.

(2) Acetaldehyde.

More extensive kinetic studies have been made of acetaldshyde
than of any other oxygen containing hydrocarbon. Unfortuately,
most of these studies have dealt with the photo or thermo
decomposition and, consequently, give only indications of the
manner in which the oxidation proceeds. Thers is some evidence
to support the view that the reaction chain involves the tws
radicals: CH3CO- and CH3C0O-00- (Bodenstein257). Aivazov<58
in a careful study of the oxidation and the effect of peracetic
acid on the kinstics, (peroxides were determined by analysis and
polarographic means), concluded that his data were in accord
with the peroxide theory of axidation,

(a) Ignition and Induction Pericd.

Atvazov?59 has studied the cold and hot flames and
determined the temperature dependence of the induction
periods. Barcn?60 studied the effect of pressure on

ignition temperature. Keyer and Neimann26l investigated
the variation of induction period with composition,
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(b)

(d)

(o)

Mechanism and Experimental Kinetics.

Newitt262,263 in an extensive study of the oxidation
determined the products formed at various degrees of
reaction as well as the dependence of ignition on
tempserature and pressure. In the analysis two types
of peroxides were distinguished.

Studies of lMixtures and Additives,

Kanel70 showed that nitrogen peroxide catalyzed the
ignition of acetaldehyde,

Thermal Decomposition.

The thermal decomposition of acetaldeZZde has begn
studied by Brenschede and Schumacher?64, Burton205,266,
Fletcher<®?, Leifer and Urey268, who analyzed the
products with a mass spectrozraph, Letort<69,270,

Patat and Sachsse<7l and Rollefson<5h,

Photolysis.

Grahame<72, Gorin<73,274, Mitchell and Hinshelwood<75,
Leighton27 , who reviews (1938) the status of the
knowledge of zldehyde and ketone photolysis. Carruthers
and Norrish?5© studied the photo-oxidation and showed
that peroxides and biacetyl are formed.

(3) Propaldehyde,

The only extens%geztnvestigation of propaldehyde combustion is
b

that of Newitt?

3, who showed that the boundary values for

the upper slow combustion is given by the Semenov squation.
Newitt and Tewnend<?!! have reviewed the combustion phenomena
of the higher aldehydes.

(a)

(b)

Thermal Decomposition.

The thermal decomposition has been studied by Patat
and Sachsse<7l and Rollefson and Faull?Sh,

Photolysis.

May, Taylor and Burton<78 have used the Paneth method
for detection of free radicals from photolysis of
propaldehyde. Litchell and Hinshelwood<!5 have studied
the NO inhibition and Leighton?76 (1938) has reviewed
the photochemical studies of aldehydes and ketones.
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(4) Butaldehyde and Higher Aldehydes.

Newitt ard Townend?!' have reviewed the processes taking place
during the autoignition. Briner and co-workers?79-283 have
investigated the oxddation of butaldehyde and benzaldehyde by
mixtures of oxygen and ozone. Chain lengths end inhibitor
effects have also been studied. Payne and Lemon284 have

studied the mechanism of aldehyde axidation by Ho0z. Leighton285
has investigated the photolysis of butaldehyde and isobutaldehyde.

G. Oxidation of Ketones.

Fahlbusch2l78 has reviewed work prior to 1942 on the oxidation, and
thermal and photo decomposition of ketones. No further work has been done
on the direct oxidation.

(1)

(2)

(3)

H.

Photo-oxidation.

Rice and Schildknecht?86 showed the products from the photo-oxidation
of acetone to be principally acetic acid and formaldehyde. Small
amounts of peroxides were formed. Fuga331287 found that the
photo-oxidation of acetone produced a blue fluorescence, which
changed to green when tie oxygen was all consumed. This provided

a test for traces of oxygen.

Thermal Decomposition.

Gantz and Walterazee, Gantz289, Smith and Hinshelwoodzgo, Davoud
and Hinshelwood?91, Steacie and Alexander<92 have studied the
thermal decomposition of acetone under various conditions,

Photolysis.

The photolysis of acetone has been investigated by Feldman, Burton,
Ricci and Davis?93, Gorin55,274, Spence29i and Glazebrook and
Pearson?95. Gorin<55,274 has studied also methyl ethyl ketone

and Glazebrook and Pearson295,296 have determined the ralative
amounts of radicals formed from XeztCO, MePrCO, Me(iso-Pr)CO,
MeBuCO, PryCO, (iso-Pr),C0, (tert-Bu),CO and (sec-Bu)oCO.

Combustion of Formic Acid.

Bone and GardnerlO® showed that only CO, CO2, H2 and H20 are formed in
appreciable amounts from the combustion of formic acid. Patat and Sachsse?53
studied the thermal decomposition in the presence of para hydrogen and
concluded that no radicals were present in tne decomposing gas.
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I.

Oxidation of Ethers.

(1)

(2)

Methyl Ether.

Ermolova and Neiman297 have studied the reaction kinetics and

induction periods for dimethyl ether and found good agreement

with the predictions of the Semenov theory. Addition of diethyl

Bssoxzde decreases the induction period. Pannetier and Laffitte298
determined the inflammability limits of mixtures of methyl

ether with air and oxygen using a spark. The effects of surface

and nitrogen addition were also investigated.

(a) Thermal Decomposition.

The thermal decomposition has been studied by Thom
and Yeissner300, Stavely30l, and Leifer and Urey?

Diethyl Etner.

Ignition phenomena and the kinetics of gropagatlon of cool and hot
flames have been investigated b Baron? 5 Trmakova3 02 G1byanskii303
and Townend and co-workers304=306, Kane and Pandit3o7 by study

of the sensitizing action of nitrogen dioxide on low temperature
ignition found evidence that acetaldehyde is primarlly involved

in the formation of cool flames.

(a) Spectroscopic Observations,

Kondrat'ev308 has pointed out that bands found by
Emeleus in diethyl ether flames (C.A. 27, 238l) appear
in the fluorescence spectrum of formaldehyde. This is
evidence that the cold flame of diethyl ether contains
excited formaldehyde molecules. Hsieh and Townend309
have studied the green flames oproduced in ether oxida-
tion and showed that they may be ascribed to Cp.

(b) Thermal Decomposition,

The thermal decom sitlon of dietnyl ether has been
studied by Patat310, Hobbs3ll and Fletcher3}2,

(¢) Electrolytic Decomposition,

Pearson313 has studied reactions of the radicals
produced by electrolysis of ether in solution.
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(3) Diisopropyl Sther.

Belovl93a gtudied the ignition phenomena of diisopropyl ether
and obtained an integral equation expressing the dependence
of the induction period on the pressure and temperature,

(4) Dioxane.

Kuchler and Lambert3l4 have studied the thermal decomposition
of dioxane in the temperature range 723 - 808° K. at pressures
fram 30 to 80mm,

J. Oxidation of Alcohols,

The combustion of methyl alcohol has besn investigated by Bone and
GardnerlO0 who showed that it was more resistant to oxidation than for-
maldehyde. Jorissen, Van Selms and Kreulen3l5 showed that oxidation of
methyl and ethyl alcohols occurs with simultaneous decomposition. Geib3l6
studied the flame of CH30D and showed that OD bands were not emitted.

K. Peroxide Formation and Decomposition.

RBvidence has accumulated during the past two decades which indicates
that peroxides play an important part in the oxidation of almost all
organic compounds. (See, for example, Von Elbe's scheme for propane
oxidation page 18). Since it is also known that stable peroxides act as
prodetonants in internal combustion engines, a considerable stimulus has
been given to the study of their mode of formation and decomposition and
to the development of kinetic theories in which they play an important part.
It is likely that the phenomena of the induction period and of cool and
hot flames can be explained in terms of an initial accumulation of peroxides
followed by branching chain reactions when the peroxide concentration reaches
a critical value. At high temperatures, intermediate formation of peroxides
may not occur, A

(1) Studies and Theories of Peroxide Formation.

Bakh3l7, 1.0 was the first to propose the peroxide theorg ot
oxidation, has reviewed its status as of 1941. Medvedev318,319
hes shown that some features of hydrocarbon oxidation can be
explained in terms of the superposition of two chain reactions,
one initiated by thermal activation of the hydrocarbon molecules,
the second by the decomposition of the intermediate peroxides.
Substantiation of the theory was found in experiments with tetralin
in which the peroxide intermediates could bhe isolated and studied
separately. Neimanl82 has discussed the role of geroxides in

the formation of hydrocarbon flames and Dumanois3 O, Oosterhoff321
and Sokclik322 have proposed explanations of the behavior of
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internal combustion engines based on peroxide formation in the
compressed fuel air mixture,

(2) Peroxide Decomposition.

Harris and Egerton323'327 have studied the decomposition of
ethyl hydroperoxide, propyl hydroperoxide and diethyl peroxide.
Neiman and Tutakin328 have investigated the kinetics of diethyl
peroxide decomposition; Ivanov, Savinova and Mikhailova329
investigated the decomposition of tetralin, its hydroperoxids, the
hydroxymethyl derivative and hydroxgmethyl derivative of tetrahydro-
naphthyl peroxide. Walker and Wild O studied the thermal and
photochemical decomposition of acetyl peroxide.

L. Oxidation and Decomposition of Miscellaneous Compounds,

The work in this section is too special and heterogeneous to make a
detailed summary worthwhile., Pertinent references are therefors listed
without comment.

(a) Ammonia.

Bodenstnin33l, Tokarev and Nekrasov332, Verb 333,
Atroschenko and Sedasheva334 and Frejacquos33

(b) Butyl Amine.
Beachell and Tay]or336.

(c¢) Carbon Disulfide and Carbonyl Sulfide.
Griffith and Hi11337, Kondrai'ev and co-workers338-342,
(extensive spectroscoplc tudies of in rmediates in
CSp flamesz Nalbandjan , Pavlovish 5 Semenov and
Voronkov340,

(d) Chlorine - Hydrogen.
Bodenstein348 and Bodenstein and Launer349,

(e) Chlorine Moncxide Decomposition,
Bodenstein and Szabo3590,

(f) Diacetyl Reactions.

Rice and Walters351,
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(e)

(h)

(1)

(J)

(k)

(1)

(m)

(n)

(o)

(p)

Diethyl Acetal (Inflammation)

Dugleux and Laffitte352,

Ethylens Oxide (Free Radicals from)

Fletcher and Rollefson393,

Hydrazine

Bamford>%%, Bamford and Bamford3%5,

Methyl Amine.

Travers and Hawkes356, Emeleus and Jolley357.
Methyl Iodide.

Blake and Iredale38, and Vaidya359 (both studies
of flame spectra).

Methyl Isocyanate.
Bamford and Bamrord36°.
Nitrogen Oxides.

Lemon36l, Lowry362, stoddart363, Murzin364, Lewis and
Hinshelwood365, Furman366,367, Briner368,

Nitrates and Nitrites.

Appin, Todes and Khariton369, Carter and Travers370,
Taylor and Vesaelovaky371, Thompson and Dainton372
Steacie and Kata373, Steacie and Shaw37h, Purkis375,
Nitrosyl Chloride.

Natanson376, Krauss and Saracini377,

Silanes.

Shantarovich378, Emeleus and Welch379,
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(@) Sulfur Compounds.

Yakovlev and Shantaxovich38°, Schenk and Jablonows21381,
Emanuel382,383,384,385 ,Emanuel, Pavlov, Semenov38 ,
Kondrat'eva and Kondrat'ev387,3 8, Brodovich389,

(r) Sodium and Organic Halides.
Allen and Bawn3%0,
M. Theory of Chemical Kinetics,

In this section a short survey is made of the more important develop-
ments in the kinetic theory of the processes occurring in chemical trans-
formations,

Akulov391-394 has extended the theory of branching chains and studied
the application of the theory to the determination of induction periods,
etc. He has also developed squations relating the effect of a negative
catalyst (e.g. surface) to the volume of the reaction space. Dijksman395,396
has investiigated the explosion limits for spark ignition of mixtures which
pass continuously into the limits for high temperature inflammation. Evans 37
derives Kassel's formula for the rate of an unmolecular reaction from
transition state theory. Von Elbe378 derives an expression for the steady
state rate of a chain reaction in which there are varying efficiencies of
chain breaking at the walls. Frank-Kamenestskii399-405 has published several
important papers on the theory of thermal reactions and has discussed the
mechanism of two—stage inflammation and periodic processes in oxidatior
reactions., Gurney4O0 derives a theory for reaction chains where intermediate
particles react with members of preliminary and following steps. Geib407
has studied the relation of moleculer structure to reaction mechanism,
Hulburt408 derives eguations for reaction rates in reacting flowing systems.
Josth09 and Landau#10 discuss the theory of thermal explosions. Meixneridll
has discussed the "thermodynamics" of irreversible processes. Prettrefi2
discusses wall effects in chain reactions. O. K. Rice4l3 has applied the
Frank-Kamenetskii theory to explosions of azomethane, ethyl azide and methyl
nitrate. The evaluation of specific rate constants in chain reactions is
the subject of a review article by Rollefsonllh, Szczeniowski4l5 has derived
a generalized combustion equation taking into account dissociation at high
terperatures, Stupochenkohl6 discusses the possibility of accumulation of
molecules of a certain type around an active center and its effect on the
kinetics of reaction. Semenov4l7-419, in an early paper (1936) gives a
review of his theory. Two later papers discuss methods of determining
concentration of intermediates and the effects of diffusion of chzin centers
to the vessel wall. Todes and co-workersi4<0-424 have presented several

papers on the theory of thermal explosions.
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The theory and mechanism of combustion in 1nternal ombustion en nes
has been the subject of articles by Blumeh25 Broersma’20, Boyd4<
Boerlage and Broezsk<9,430, Dreyhaupth31 Evansh32 ;soga1h33 Joath3
Jost and Mufflingh3>, xltngh Kneulel3’ ueurer458 Kockb39, Newi tg4hO
E. Schmidt and Muhlnerihl, F, A.F. Schmidths2 sbh3 Serruyshhh, L5, Zeiselh6,L4?
and Zinner448,

Studies of various experimental aspects of internal combustion have
been made by Ernsths9, Funck450, Herele45l, Laure452, Lichtenberger and
Seeberi53, Lonnk54, Rassweiler, Withrow and Corneliush55 Rothrock , Spencer
and Miller 456 Scheuermeyer and Stei erwaldsd7, Shoemaker and Gadebuscht58
Sokolik and gantovak11h5 ggzncer4 Starkmanb6l, Wolfers62, jatts and
Lloyd-Evans®63 and Widmaierk

Zhe role o free radic in chemical reactionzehas been examined 26
AtenkO5 | Grothl l(andala , Pearson and Purcell4#68 Rice and Teller%
Rice, alters and nuoff#70 Staveley and HinshelwoodA?1 , Smith472
Ubbelohded?3 and Watersh7h

General reviews gf combustion kinetics and phenomena have been fublished
by Euckens75, Fiockd76,477, Josth78, Lewish?9, PrettresB0, Stevelst®
Steaciel83, Sokolikbsh Sach339485 Thiemannt86 and Wittig437 Berger“sa

lists data on ph sical properties and oxidation phenomena for over LOO com-
pounds. Vaidya489 has reviewed the evidence for various intermediates which

has been obtained from spectroscopic studies of the processes in intsrnal
combustion engines. Kondrat'ev49C,491 and Czerlinsky and Seibt492 have

have published s‘milar reviews,
N. Studies of Physical Aspects of Combustion.

A large number of investigations have been made of phenomena, such
&s detonation rates, which are intimately related to combustion mechanism,
but for which the physical and thermodynamic properties or state of the
reactants are of more direci importance than the detailed chemical

mechanism in their quantitative treatment. References to these reports
are listed below under appropriate headings.

(1) Studies of Physical Aspects of Ignition.

tmes'c,l*93 Landaub Linnett, Ragnor and Frost“95 Jorissen et a1&96
Mole“97, Pa'c.ersom‘*‘;é 49 9 Schade?%0, Semenovo0l, Silver50
Vaillard503,50k Zel'dovich505.

(2) Flame Propagation.

Coward and Payman506, Coward, Hartwell and Georgeson5o7, Dicent
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(3)

(&)

(5)

(6)

(7

(8)

and Shchelkind08, DenuesS09, Damkohler’10,554, Piock and
co-workers>1l, 515:513 Jost and Mufflingslk, Khi1rin5l5
Kolesnikova51l6, Kolodtsev517 Lewis and Von Elbe''18, 519
Mache>20, Hanson521 Malinovskii522 Smith523, Tywmend and
Maccormac52 , Van de Pol1525, Zeltdovich and Semanov526,
Detonation,

Becker527, Broerama528, Jost529, Jost and Muffliig530, Laffittes3l,
Manson532 Pfriem533 Reingol 5‘ Shtsholkin535i Tokarev and
Nekrasov535, Thomas537, Veron538,539, zelidovicht40,541,542,
Zouckernann and Heyberger5h3

Theory and Properties of Burner Flames.,

Bshrens54k, Garside, Forsyth and Townend545, Khitrirn546, Lewis
and Von Elbe5“7 Von Elbe and Mentsers48, Vasilesco5*9 "Wolfhard550,

Diffusion Effects in Shock Waves.

Cowlings51,

Turbulence and Mixing.

Dreyhaupt552,553, Damkohler554, Shvab555, Shchelkin556,
Latent Enargy in Flanmes.

David and co~workers557'570 Leah>71l, Lewis and Von Tlbe572,
Zeise573,

Flame Temperature Measurements.
(a) Discussions of Errors and Reviaws,
Bosanquet57h Eggert575 Von Elbe576, Fishenden and
Saunders>77, Hase 78, Hatthews579 Meissner580, Pirani58l,

Ribaud and co-workers582 583, Richardson (l9h5)58h
Schroder585, Swallow586 and Tewes537

(b) Flame temperatures from the Emission Spectrum.
Brinkman’88, Coheur and Coheur’89, Graff?%0, Knauss591,
(¢) Measurement by Thermometry.

KobayaaZi592 Larsen et al593 Schack % Severinghans595
Swart596, Thring>97, Zhukovskii®98,
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(d) Temperatures by the Na-line Revsrsal Method.

David®99, Van de Poll et 81600, Rosenth31601,
Yosidabl<,

(e) Two Color Pyrometry.
Graf£603, NaesertOk, Urehara et al605,

(£) By pressure rise in closed bomb,
Le&.h6067 w" .

0. Thermodynamic Studies.
(1) Experimental Measuremsnts.

Mathews and Hurd®08 have determired the thermodynamic properties
of methane. Rossini and Knowlton®09,610 give data on the heats
of combustion of the normal alkenes-l, Wartenbergbll determined
the equilibrium conszigt for acetylene-hydrogen and graphite at
17509C. Coops et al have measured the heats of combustion of
a numbgr of olefinic and phenul substituted methanes and ethanes.
Jessup®l3 has determined the heats of combustion of ghe liquid
paraffin hydrocarbons from hexsne to decane. Dlitzer U 4igcusses
methods of calculating free energies and heat contents of gaseous
hydrocarbons and gives tables of values for the paraffins through
heptane and for the simpler unsaturated hydrocarbens;Zeise©®l>,0l7
presents data on the thermodynamic functicns of water, CO2 and

of some additional molecules and radic~ls important in combustion.
Burks and Hunt618 have determined the neat of combustion of acetone.

(2) Calculation of Thermodynamic Quantities.

Benedict6l9 has derived empirical equations for the thermodynamic
properties of light hydrocarbons and their mixtures. Hottel

and Eberhardt®20 show how the use of Mollier diagrams simplifies
combustion calculations, Pitzerb2l gives tables useful for the
calculation of thermodynamic functions of molecules having restricted
internal rotations. Rossin and Fehling622 discuss the use of I-T
dlagrams in combustion calculations. Von Stein623 discusses

methods of calculating dissociation equilibria. Halkerb2k,625
derives expressions for the temperature, pressure and specific volume
changes of a dissociating gas. Wiebeézg gives lollier diagrams
calculated according to Hottel and Eberhardt for octane-air and
octane-water-air mixtures., Withrow and Cornelius®<7 discuss the

use of thermodynamic charts in the analysis of flame picture and
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pressure data. Zeise628 discusses the thermodynamic calculation
of combustion temperatures and reactions in gas mixtures with
precise consideration cof all possible cracking phenomena.

P. Rocket Propulsion Chemicals.

Only a few unclassified reports on this subject have significance.
Kuhn et a1629 summarize the chemical combinations used for jet propulsion
in Germany. Monofuels included 65-85% methyl nitrate in methanol, ammonium
nitrate plus ammonia, nitrous oxide plus ammonia and tetranitromethane plus
8~hydroxyquinoline in 80 to 85% H02. Bifuels were made up of an oxidizing
agent and a fuel., Oxidizing agzents considered were: 98 - 100% nitric acid,
98-100% nitric acid plus 5 - 10% strong sulfuric acid, liquid oxygen,
80-85% hydrogen peroxide wiih or without calcium permanganate, and ammonium
nitrate. The fuels considered were: Methanol, ethanol, hydrazine hydrate,
hydrazine hydrate plus methanol, 57% m-xylidine plus 47% triethylamine,
8-hydroxyquinoline, furfuryl alcohol, vinyl ethyl ether, gasoline, diesel
oil, Optol (a hydrogenated lignite tar fraction, Ergol (a mixture of Optol,
tetrahydrofurane, furfuryl alcohol and aniline). Bellinger et al30 report
on propellant systems consisting of (1) concentrated hydrogen peroxide plus
permangan’ e, (2) red fuming nitric acid and anil_ne, and (3) mononitromethane
plus catalyst. Lawrenceb3l jas discusced engineering aspects of the

operation of an ethyl alcohol - oxygen propulsion unit.
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