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Introduction

This volume comprises the papers presented at a symposium held at Dallas,
Tex., in April 1956, which was sponsored by the Division of Chemical Litera-
ture and the Division of Petroleum Chemistry of the AMERICAN CHEMICAL
Sociery. We are especially grateful for the help provided by D. P. Barnard,
research coordinator, Standard Oil Co. (Indiana), and Cecil E. Boord, profes-
sor emeritus of Ohio State University, who reviewed the program during its
formative stages, presided over the sessions, and enriched the discussions.
Their assistance was particularly valuable because we accepted the invitation
to arrange the symposium on the basis of our experience in organizing technical
information rather than because of any special competence in the field of
combustion.

Historically significant progress in the technology of the combustion of
petroleum had occurred in the first half of this century. This has gone hand in
hand with the amazingly steady growth in the use of energy in the technically
progressive areas of the world. The accelerative growth of combustion literature
can be attributed in part to technological advances in the automotive and avia-
tion industries, and in part to the impetus given to research on all aspects of
combustion by World War II and the desire for security that followed.

D. P. Barnard put his finger on the special advantages enjoyed by petroleum
as a fuel for engines, which led to its present position as our most important
fuel. The very high rate of heat release possible with a liquid fuel makes it
ideal for use in internal combustion engines, which are a relatively cheap
apparatus made mostly from cast iron. In the internal combustion engine—
with its high specific output, good efficiency, and low cost per unit of power—
combustion takes place for only a brief period in the cycle. More recently, we
have become vitally interested in engines that release heat at a high rate con-
tinuously. In the case of the aviation turbine and the turbo jet, heat release—
although lower than the transient rate in the gas engine—is close to the limit
that even exotic materials of construction can tolerate continuously. The
rocket represents conditions even more drastic in which energy release for many
seconds exceeds that of the transient rate of the gasoline engine.

The diesel engine, the turbine, and the rocket are less amenable to the rule
of thumb and crude experimental approaches that were so successful in the
case of the gasoline engine, hence there has been great interest in the basic
phenomena involved in combustion. In these engines, the combustion of each
individual droplet is extremely important; hence, basic research in the combus-
tion of droplets of fuel has been most extensive and rewarding. Besides the
fundamental work, many practical problems have been encountered and par-
tially solved. With this broad attack on the problem—from both fundamental
and practical points of view—there has been an explosive growth of knowledge
in the last decade.

Much of this knowledge appears in the literature of both petroleum and
combustion—which, like all literature, has become unwieldy. The rapid
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accumulation of chemical literature in areas of petroleum and combustion, as
measured by entries in Chemical Abstracts Decennial Indexes, is shown in Figure
1. From 1907 to the end of this year, about 15,000 items will have been cited
on petroleum and nearly 4000 on combustion. The literature common to
these two major areas—the combustion of petroleum—is hard to handle be-
cause of its growth in several directions and the practice of groups of scientists
to report their work in publications of limited circulation. There will be in this
same period about 2000 citations specifically on the combustion of petroleum
fuels.
FIGURE |
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The chemical literature on the combustion of petroleum is only a fraction of
the total, however, as combustion involves several sciences in a major way.
Physicists, engineers, mathematicians, metallurgists, and others are active in
this field and have provided important segments of relevant literature.

Those specializing in combustion studies have taken steps to co-ordinate
their work and to provide a special literature. This has been done by setting up
organizations designed to aid communication among the disciplines active in
combustion research:

The National Advisory Committee for Aeronautics (NACA) was created by Congress
in 1915 and has published well over 500 technical reports and memoranda dealing with
various phases of combustion.

The Coordinating Research Council (CRC) organized in 1942 jointly by the American
Petroleum Institute and the Society of Automotive Engineers, issues reports dealing with
practical problems in combustion which are of concern to the petroleum and automotive
industries.

Project Squid, a cooperative program for basic research in jet propulsion, supported
jointly by the armed services, has issued reports dealing with the combustion of jet fuels.

AGARD, an advisory group for aeronautical research and devlopment, functions under
the North Atlantic Treaty organization, and has issued books and reports on combustion.

The Combustion Institute, which deals exclusively with combustion, was formally or-
ganized on July 1, 1954, and has held six international symposia, all papers of which have
been published. The sixth was held in August, 1956 at Yale University.

In addition, the Bureau of Mines and the Bureau of Standards have issued
many reports and bibliographies through the years. The publications of these
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special organizations and regular government agencies contain a great amount
of significant information on the combustion of petroleum which must be in-
tegrated with that from other sources.

Our aim in this symposium was to gather a selective and up-to-date inter-
pretation of the literature on the combustion of petroleum to aid further pro-
gress. Our hope is that it will prove useful to petroleum scientists, younger re-
searchers entering this important field, and the harried literature searchers who
are called upon to bring to light facts and theories buried in the archives.

Whatever success we have had in attaining our objectives must be credited
primarily to the authors who have contributed to this volume. These men,
working in such a vital field, have been unusually busy. Their willingness to
give time and talent to improving communications speaks well of their devo-
tion to science and progress.

E. L. d’Ouville, Chairman
M. L. Kalinowski, Cochairman
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Cool Flames and the Organic Reaction
Mechanisms Involved in Their Formation

CECIL E. BOORD
Ohio State University, Columbus, Ohio

The initial step in the oxidation of G hydrocarbon is
substitution. For saturated hydrocarbons such as
open- and closed-chain paraffins and the alkyi
groups of other hydrocarbons, the substitution reaction
moves by a free radical mechanism, and sets up o
chain reaction. This mechanism has been most fully
explored in the field of photochemistry. The substi-
tution product is an alkyl hydroperoxide. The
degradation reaction, essentially a second stage in
the oxidation, may be intra- or intermolecular, and
the degradation may be mono- or bimolecular. The
rate of degradation is a function of the temperature
and is readily subject to catalysis. The ‘“stabilized
cool lame” tube of Barusch and Payne, as modified
by Oberdorfer, and the motored engine are effective
for separating the primary combustion producis.
Chromatography, polarography, and spectroscopy
provide excellent techniques for the analysis of such
products, and may make it possible tc follow the
combustion step by step, from the hydrocarbon to
carbon dioxide and water.

The first recorded observation of cool flames was made by Davy (15). Perkin (33)
further explored the phenomenon, developing what might be described as a lecture demon-
stration technique and noting that aldehydes and acids were produced. Leighton (21),
at the suggestion of W. D. Bancroft, reinvestigated and confirmed Perkin’s observations.

Midgley (29) and his coworkers, in America, and Ricardo (36) and his coworkers, in
Great Britain, during the early 1920's independently discovered that different pure
hydrocarbons behave differently when used as fuels in the spark ignition engine. Follow-
ing the pioneer work of Midgley and Ricardo, other investigators have contributed much
to our knowledge of the engine performance of individual hydrocarbons. Since 1938 an
American Petroleum Institute Research Project (APIRP-45) has addressed itself sys-
tematically to the problem of which hydrocarbons give good engine performance and
which perform poorly.

Callender (12) reporting on work done in the Air Ministry Laboratory by Mardles,
Stern, and Fowler, under the direction of K. O. King, states that paraffins by slow oxida-
tion yield aldehydes, carbon monoxide, and water. These authors belicved the alde-
hydes were not the first products formed and it was argued that the addition of oxygen
to paraffins should form peroxides, which naturally give rise to aldehydes.

Emelius (17), in 1926, describing the spectra produced by the phosphorescent flames
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of carbon disulfide and of ether, found the characteristic spectra of acetaldehyde among
the low temperature combustion products of ether. Reporting further, in 1929, he
stated that interest in this phenomenon was revived by the discovery that substances
giving such a flame have a tendency to promote knocking when used as motor fuels,
while many ‘‘antiknocks” inhibit the flames.

Reporting in detail on these and similar experiments, in 1928, Mardles (28) con-
cluded that the active oxygen obtained during the slow oxidation of fuel-air mixtures is
greatly diminished if the mixture is heated longer than required for the initial formation
of the peroxide, showing that the primary peroxides because of their greater reactivity
are very short lived.

The activity of the primary peroxides formed in hexane-air or ether-air mixtures is
also demonstrated by the autoxidation of benzene and aniline, which occurs readily in
the presence of hexane or ether, but cannot be induced at equally low temperatures in
their absence.

The effects mentioned above have been attributed by others to hydrogen peroxide,
but, expenments lead to the conclusion that the hydrogen peromde produced from com-
bustion in heated tubes or in the engine during compression is a decomposition product
arising from much more active and unstable peroxides previously formed.

The author believes the present experimental work confirms the view previously
expressed, that the detonation in an engine using liquid fuel is due to the formation of
organic peroxides, which become concentrated in the nuclear drops during compression
and ignite them simultaneously where the detonation temperature is reached. The
addition of detonation inducers such as nitro derivatives, amyl nitrite, and benzoyl
peroxide to a variety of fuels shows that the temperature of spontaneous ignition is
lowered in all cases and detonation preventors, such as organometallic compounds, have
the opposite effect.

Pope, Dykstra, and Edgar (34), in 1929, published three papers on the mechanism
of the vapor phase oxidation of isomeric octanes. The flow method was used. n-Octane
was burned in a mixture of oxygen and nitrogen approximating the composition of air.
A chemiluminescence filled the tube with occasional flashes from end to end. The
principal products were aldehydes, water, and carbon monoxide. Some carbon dioxide
was produced also.

The reaction mechanism was explained on the theory that the oxidative attack was
throcugh the methyl group, n-octane being converted to n-octaldehyde and this in turn
to the next lower aldehyde, with the elimination of carbon monoxide. The degradative
action was believed to be repeated step by step, through a ‘“‘nonstop run,” to formaldehyde
as the final product. n-Heptaldehyde and n-butyraldehyde gave essentially the same
products. It was believed the luminescence was due to the chain reaction by which
each aldehyde was converted to the next lower aldehyde with the elimination of carbon
monoxide.

CH—(CH;)—CH; + O, — CH;—(CH;)e—CHO + H,0
CH,—(CH;)e—CHO + O, — CH;—(CH,)—CHO + CO + H0
CH,—(CH;)e—CHO + 150, — CH;,—(CH;)s—CHO + CO, 4+ H;0

The second paper dealt with the oxidation of five isomeric octanes. The results in
these cases were interpreted in an analogous manner, the oxidation starting with the
methyl group of the longest free chain, and the degradation continuing stepwise down to
the point of branching, where the reaction was remarkedly slowed down.

In the third paper it developed that the effect of tetraethyllead was chiefly that of
slowing down the oxidation of aldehydes to the next lower aldehydes.

The authors were aware that Callender, Mardles, and their associates believed that
peroxides were formed. They found some evidence that the reaction mixtures would
reduce aqueous potassium iodide solution but were unable to concentrate any peroxides
in the low temperature condensate of the reaction mixture. They rejected the hydroxyla-
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tion theory on the basis of the findings of Layng and Youker (20) that n-heptyl alcohol
proved more difficult to oxidize in the vapor phase than n-heptane.

Beatty and Edgar (?) studied the oxidation of n-heptane, 1-heptene, and 3-heptene.
They observed that the olefins oxidize more slowly than n-heptane. Iso-octane was
sluggish when oxidized alone. These hydrocarbons show a marked negative tempera-
ture coefficient in the region between 400° and 500° C. The chemiluminescence of n-
heptane was studied but peroxides were not mentioned.

Bone (9), in a lecture before the Chemical Society on October 19, 1933, gave some
consideration to the “peroxidation theory.” He said in part:

In recent years, there has been much talk about the initial association of the hydrocarbon
and oxygen resulting in an alkyl “peroxide” rather than in an hydroxylated molecule, and
. .. we may profitably consider the suggestion in the light of the latest evidence available.

Alkyl peroxides—e.g., CH;—0—O—H and CH—O—O—CH;—which were first described
by Baeyer and Villiger (3) and more recently have been reinvestigated by Reiche (35) and
collaborators, are obtained upon acting a dialkyl sulfate with hydrogen peroxide in alkaline
solution. They are unstable endothermic liquids which readily explode upon being suddenly
heated or subjected to “shock,” producing aldehydes and hydrogen together with hydro-
carbons, alcohols, acids, and steam. .

It was the late Professor Callender (12), who as an outcome of experiments upon the slow
combustion of hexane which resulted in the formation of valeraldehyde, acetaldehyde, and
formaldehyde without any detectable initial hexyl alcohol, C¢eH1;OH, first suggested that the
initial oxidation of a hydrocarbon in air more probably involves the formation of an alkyl
peroxide ﬁ' the direct incorporation of the oxygen molecule in the hydrocarbon molecule
after the collision” which subsequently decomposes into aldehydes and water; thus

R—CH—-CH—R + .0—0. = R—CH—CH,—R and/or R—CH,—0—0—CH—R

|
H

. The idea was then put forward to explain “knock” in petrol engines, though it is rather
difficult to see how; if valid in such connection, it can at the same time be applied to the
normal course of the combustion.

.. Two years later Thompson and Hinshelwood (40) after studying the kinetics of the
oxidation of ethylene in silica vessels at temperatures between 400° and 500° and finding that
the rate is affected by the total pressure approximately in a reaction of the third order, the
effects depending very much more on the partial pressure of the ethylenes than on that of
oxygen, suggested as a via media that while “there is no doubt that Bone’s interpretation of
the course of the oxidation as a process of successive hydroxylations is essentially correct . ..
the first stage in the reaction is tﬁe formation of an unstable peroxide; if this reacts with more
oxygen the chain ends but if it reacts with ethylene, unstable hydroxylated molecules are
formed which continues the chain.” It should be noted, however, that they adduced no
experimental proof of the actual initial formation of the assumed peroxide.

. Although at first sight the notion may seem plausible enough, and obviates the difficulty
which some feel of an initial termolecular reaction, I venture to think that it is not merely un-
supported by any valid experimental evidence but contrary to much that has been established.

3

And so the issue was joined: “hydroxylation” versus ‘peroxidation.” It is true
that if all of the hydrogen atoms of a saturated hydrocarbon were replaced by hydroxyl
groups and if all the carbon to carbon bonds were broken and the carbon atoms com-
pletely hydroxylated, the net result would be an equivalent amount of carbon dioxide
and water. But this does not constitute proof that these were produced in the manner
indicated. In truth, it generally is not clear by what mechanism the hydrogen atoms
are converted to hydroxyl groups.

Within the past few years the experimental proof of the formation and degradation
of organic peroxides which Bone felt so essential to the establishment of the peroxidation
theory has been forthcoming in abundance. The problem is complex (10). The results
vary not only with mixture ratio, temperature, flow rate, and pressure but also with the
hydrocarbon structure and the size and shape of the reaction vessel.

Both the static and the flow methods of experimentation have been used. It is
more difficult to obtain evidence for the formation of peroxides by the static method,
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because the high residence time at high temperatures accomplishes almost complete de-
composition. This, perhaps, explains the failure of Harris and Edgerton (18) to find
peroxides among the products of their static experiments. Recently Blosser (8) (with
Verhoek) working on the oxidation of n-pentane (150 mm.) with oxygen (150 mm.) at
230° C. found measurable quantities of peroxides as determined by the polarographic
method of MacNevin and Urone (22).

The flow method has proved to be better suited to the separation of the products of
the combustion in the sequence of their formation. Pease (32), working with propane
and higher hydrocarbons at 1 atm. in the temperature range of 300° to 400° C., found
peroxides in low concentration. Harris and Edgerton (18), using a 1 to 1 mixture of
propane and oxygen at 1 atm. and in the range of 325° to 355° C., found the peroxides
concentrated chiefly in the residue from the distillation of the condensed reaction products.

Bailey and Norrish (4), using a conical quartz reaction chamber, studied the oxida-
tion of n-hexane with oxygen in a mixture ratio of 1:1 to 1:2. Varying the mixture ratio
as indicated, they were able to produce a cool flame at 300° and a blue flame at 310° C.
Peroxides, which were obtained in easily measurable quantities, were analyzed by both
the titration and the polarographic methods. The organic peroxides and the hydrogen
peroxides were not separated, although both were indicated on the polarogram.

Barusch and Payne (6), in 1951, were successful in stabilizing a cool flame in a
straight tube, and used this device to investigate the relationship between the octane
number of the fuel and its tendency to form cool flames. Using a similar device Ober-
dorfer (30), working in the author’s laboratory was able to study the cool flames of the
isomeric hexanes. In this manner, n-hexane, 2-methylpentane, 3-methylpentane, and
2,2-dimethylbutane were readily brought to cool-flame combustion. The fuel-air ratio
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Figure 1. Cool lame temperature profiles
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was stoichiometric, and the flow rate was 10 cm. per second. By means of a traveling
thermocouple operating through the open end of the combustion tube it was possible to
trace the temperature profiles of the four hexanes as shown in Figure 1. Each pure fuel
was characterized by a minimum cool-flame temperature and a maximum or peak flame
temperature. The difference between thesc two was designated as the temperature
differential, At. The temperature differentials of the four hexanes are recorded in Table
I, in comparison with their performance numbers as derived from the engine data tables
of the American Petroleum Institute (7).

Table I. Temperature Differential

Fuel Tube Temp., ° C. Max. Flame Temp., ° C. Temp. Differential, At°® C.
n-Hexane 270 375 105
2-Me-Pentane 295 380 85
3-Me-Pentane 305 375 70
2.2-Mes-Butane 310 338 28

Using a traveling capillary probe it was possible to remove samples for analysis
from cither the pre- or the post cool-flame regions. Alkyl hydroperoxides were charac-
teristic of the pre-cool-flame region. They were present in highest concentration just
ahead of the flame. These organic peroxides were largely decomposed in passing through
the cool flame and hydrogen peroxide was characteristic of the post cool-flame region.
The peroxide concentration patterns are shown in Figure 2. The concentration of
hydrogen peroxide is from 10 to 15 times greater than that of the R—O—O—H. Both
the chromatographic (24) and polarographic (23) methods of detection, identification,
and estimation of the peroxides were used.

Formaldehyde, acetaldehyde, acetone, and carbon monoxide were common com-
bustion products of the four hexanes. Propionaldehyde, n-butyraldehyde, acrylic
aldehyde, crotonic aldehyde, and methyl ethyl ketone were all found as intermediates in
the combustion of n-hexane. Acetaldehyde and acetone were prominent and propionalde-
hyde and acrylic aldehyde were present among the intermediates from 2-methylpentane.
Acetaldehyde and methyl ethyl ketone were peculiarly characteristic of 3-methyl-
pentane; and acetaldehyde, acctone, and pivalic aldehyde were characteristic of 2,2-
dimethylbutane. In other words, the intermediate monocarbonyl combustion products
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Figure 2. Alkyl and hydrogen peroxide production patterns
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of the simple paraffins are indicative of their structure. This fact becomes of utmost
importance in tracing the contribution of each hydrocarbon when used as a component
in a fuel blend.

In addition to the monocarbonyls, olefins appear as intermediate cool-flame com-
bustion products. At first these were estimated simply as ethylene. Later Watters (43)
and his associates found it possible, by the application of infrared techniques, to estimate
the individual olefins in such mixtures. The data are shown in Table II.

Table Il. Relative Percentage of Olefins

Fuel CeHj4 C3Hg C4Hg
n-Hexane 90 10 —
2-Me-pentane 81 13 6
3-Me-pentane 60 23 17
2, 2-Meg-butane 23 46 31

The analytical data on monocarbonyls, olefins, and oxides of carbon were then used
to strike a carbon balance for the purpose of finding what part of the cool-flame combustion
products had been accounted for. The balance for n-hexane proved to be nearly quanti-
tative. For the more highly branched isohexanes the carbon balance was much less
complete.

Table lll. Carbon Balance for n-Hexane

Monocarbonyls 60%
Olefins 16%
Oxides of carbon 20.6%
Undetermined 3.4%
Total 100.0%

Since the work described above was completed, 23 additional hydrocarbons have
been brought to cool-flame combustion in the same apparatus (19). Any paraffin, cyclo-
paraffin, or olefin having a research octane number not to exceed 90 may be brought to
cool-flame combustion by such a procedure. Aromatic hydrocarbons for the most part
do not fall within the indicated range, but n-butylbenzene yields a cool flame with much
smoke and soot formation.

During the past several years much work has been done on the oxidation reactions
which take place during the compression stroke of an Otto cycle engine (13, 14, 16, 31).
These reactions are very comparable to the cool-flame reactions and, in fact, the motored
engine operating without ignition has proved an excellent tool for carrying preignition
combustion into the higher octane range. Malmberg and Bobbitt (25) have found that
some hydrocarbons, as in the case of n-heptane (Table IV) (26), yields the same products
in very nearly the same relative proportions. Other hydrocarbons, as in the case of cyclo-
hexane, yield the same products but in somewhat different proportions.

These facts prove that the same reactions are operating but at very different rates.

Table IV. Carbonyl Products from Cool-Flame Reactions
DNPH, Weight %

n-Heptane
Product Tube Engine
CHz0 21.9 25.6
MeCHO 24.4 23.9
Me;CO 7.5 1.3
Zone 2 17.3 19.3
MeCOEt and unknown 10.6 7.9
MeCOPr (n) 3.3 3.1
Unidentified product 1.6 2.4

(Zone 2 C-.H;CHO, CH:=CHCHO, CH;3;CH=CH—CHO)
Cyclohexane

CH20 9.4 29.3
MeCHO 15.9 6.1
MeCO 6.5 0.0
EtCHO and CHy=CH—CHO 25.8 10.2
Unidentified product 13.3 16.8
n-C4H9CHO 9.2 6.6
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Reaction Mechanism

The confusion among the theories relating to the oxidation of hydrocarbons is almost
greater than the uncertainty of the facts. Almost every conceivable oxidation equation
has been written into the literature, some of them many times. What is needed is not a
new idea but a central theme around which existing ideas can be organized into a definite
logical pattern.

The formation of organic peroxides as the primary intermediates in the oxidation of
hydrocarbons has been definitely established. The degradation of these peroxides to
aldehydes, ketones, carbon oxides, and olefins has also been experimentally proved.
These facts bring the oxidation of hydrocarbons directly into line with the simpler and
better known operations of chlorination, bromination, and nitration.

The initial step in the oxidation of a hydrocarbon is substitution. For saturated
hydrocarbons such as open- and closed-chain paraffins and the alkyl groups of other
hydrocarbons, the substitution reaction moves by a free radical mechanism, and sets up
a chain reaction. Such a reaction is best illustrated by halogenation.

X, 4+ hv - X. 4+ X.
RH + X. —» R. 4+ HX
R + X, - RX + X.

This mechanism has been most fully explored in the field of photochemistry and is
fully documented by Steacie (39).

In the oxidation of a hydrocarbon the substitution product is an alkyl hydroperoxide.
The mechanism is rendered more complex by the fact that the oxygen molecule is di-
atomic and oxygen atom bivalent.

RH + «0—0. — R. + HOO. 1)
R. + 0 - R—0—0. 2
R—0—0. + RH — R. 4+ ROOH 3)

There is said to be much evidence to support the view that the oxygen molecule is
essentially a diradical, -0—0-. If this is true, one may be justified in writing Reaction 1.
In support of this view one may also write:

RH + HOO. — R. + H,0, and R'CHO + HOO. — R'CO + H,0,

and cite the high yield of hydrogen peroxide in the immediate post-cool-flame region.
Reactions 2 and 3 continue the reaction chain.

When the alkyl hydroperoxide has been fully formed, only one half of the oxidizing
power of the oxygen has been utilized. Alkyl hydroperoxides are therefore unstable, the
stability being dependent upon the structure. Tertiary hydroperoxides are the most,
and primary hydroperoxides the least, stable. The degradation reaction, which is
essentially a second stage in the oxidation, may be either inter- or intramolecular; the
degradation may be either bi- or monomolecular. The rate of degradation is a function
of the temperature and is easily subject to catalysis.

When the oxidation moves by the intermolecular path and the reaction is applied to
n-hexane, the sequence of steps may be written as indicated below. This sequence, for
steps 2 to 5, inclusive, is analogous to the sequence used by Walsh (42) for the oxidation
of iso-octane. Step 1 is different, in that Walsh used the tertiary hydrogen atom as a
preferred point of attack. This sequence is also analogous to the one used by Bailey and
Norrish (4), except that these authors seemed to prefer to start with the methyl group.
They were careful to point out that much, possibly more, of the oxidation would be
initiated at methylene groups and that the alkylhydroperoxides involved in the repeating
sequences of the decadent reaction chain would all be primary hydroperoxides.
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00—00
CHs—CH,—CH,—CH—CH—CH; + HOO.
0 °
Step 2. CH,—CH,—CH,—CH- (I?H—CHg
|r—H 0—o0.
Step 3. CH;,—CH,—CH,—CH,—CH—CH; + R«
| o—o-n
Step 4, CH:—CH:—CHz—CHz—ICH—CHs + HO.
| b
Step 5. CH;—CHO + OCHQ—CHz—CHf—CHa

1. The implications involved in step 1 have been pointed out.
2. The 2-hexyl free radical at step 2 should be a powerful initiator.

3. The initiator in step 3 is portrayed as stripping hydrogen from a new molecule of
n-hexane, producing a new hexyl radical, ¥l «, which continues the principal chain. Additional
proof of the formation of alkyl hydroperoxides has been presented; in the pre cool-flame
region by Oberdorfer (30), in the low temperature oxidation of n-pentane by Blosser (8), and
among the preignition combustion products of an engine by Malmberg, and others (27).

4. Step 4 presents the first real difficulty. While the oxygen-oxygen bond is admittedly
the weaker bond in the alkylhydroperoxide, it is not a very weak bond. Kineticists are
concerned to know where the energy to activate this bond for fission is to be found. A partial
answer to this question may be found in the intramolecular reaction scheme which follows.

5. Step 5 provides a “higher aldehyde” as a source of hydrogen in the formation of hy-
drogen peroxide and a potential source for the carbon monoxide which appears as an accom-
panying combustion intermediate. The free butyl radical continues the decadent oxidation
reaction chain.

Free radicals move in the direction of greater stability. Frequently this results in a
dismutation reaction which stabilizes a portion of the molecule and produces a smaller
frez radical (2, 37, 38).

R—CH.—CH,—O0. — R—CH,. + CH:0
R——CHz—CHQ . — R + CH2 = CHz
R—CO. —- R. 4+ CO

The difficulty met at step 4 will in part be avoided if the further oxidizing power of
the alkyl hydroperoxide is in part expended within its own molecule as indicated by
the following reaction scheme.

& ¥ B8 a
CH;—CH,——CH,——CH,——(I)H—CH;
0—O0.
B — CH;—CH,—CH,—CH—CH—CH; + HO.
\0/
y b CI-L—CHz—-CH—CHg——(IJH—-CH;
| 0—OH
CH,—CHr—CH—CHe—?I—CH; + H0
O
$§ CH;——(EH—CH,—CH,—CIH—CH; + HO-.

. o J
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Alpha (a). It is well known in organic chemistry that the hydrogen atoms attached
to the same carbon atom to which oxygen is bound are easily removed: Primary carbinols
oxidize to aldehydes, secondary carbinols to ketones, and aldehydes to acids. Blosser (?)
found both acetone and pentanones among the low temperature oxidation products of
n-pentane.

Beta (8). In work in progress Hoffman of this laboratory finds copious quantities
of epoxides among the degradative products of certain organic hydroperoxides.

Gamma (v). Barusch, Neu, Payne, and Thomas (5) found 1,3-diketones among
the intermediate oxidation products of n-heptane.

Delta (5). Ubbelohde (41) has reported the derivatives of tetrahydrofuran and
tetrahydropyran among the low temperature oxidation products of n-pentane and
n-hexane. _

Intramolecular oxidation will, therefore, explain the presence of several previously
observed products not heretofore tied in to reaction mechanism.

Acknowledgment

The work deseribed in this paper was sponsored by the U. S. Air Force Air Research
and Devclopment Command under contracts AF33(038)-22959 and AF18(600)787 with
the Ohio State University Research Foundation. Many of the ideas contained in this
paper were evolved during the weekly discussions of the staffs of these projects. In this
group were: John M. Derfer, Kenneth W. Greenlee, Joseph Hoffman, Earl W. Malmberg,
William M. MacNevin, Marion L. Smith, William J. Taylor, Frank H. Verhoek, and
James I. Watters.

Bibliography

(1) American Petroleum Inst., Research Project (APIRP-45) 16th Annual Report, July 1,
1953, to June 3, 1954.
(2) Anderson, H. W., Rollefson, G. K., J. Am. Chem. Soc. 63, 816 (1941).
(3) Baeyer, A., Villiger, V., Ber. 33, 3387 (1900); 34, 378 (1901).
(4) Bailey, H. C., Norrish, R. G. W., Proc. Roy. Soc. (London) A212, 313 (1952).
(5) Barusch, M. R., Neu, J. T., Payne, J. Q., Thomas, J. R., Ind. Eng. Chem. 43, 2766 (1951).
(6) Barusch, M. R., Payne, J. G., Ibid., 43, 2329 (1951).
(7) Beatty, H. W., Edgar, Graham, J. Am. Chem. Soc. 56, 102, 107, 112 (1934).
(8) Blosser, Phyllis, Ph.D. dissertation, Ohio State University, December 1955.
(9) Bone, W. A., J. Chem. Soc. 1933, p. 1613.
(10) Boord, C. K., Ohio State Univ. Eng. Ezpt. Sta. News 25, No. 5, 9 (1953).
(11) Bywater, W., Steacie, E. W. R., J. Chem. Phys. 19, 324 (1951).
(12) Callender, H. L., Engineering 123, 147, 182, 210 (1927).
(13) Corzilius, M. W., Diggs, D. R., Pastell, D. L., S.A.E. Trans. 61, 386-401 (1953).
(14) Davis, W. C., Smith, M. L., Malmberg, K. W., Bobbitt, J. A., Ibid., 63, 386 (1955).
(15) Davy, Sir Humphrey, “Gmelin’s Handbook.”
(16) Downs, D., Walsh, A. D., Wheeler, R. W., Phil. Trans. A243, 463 (1951).
(17) Emelius, H. J., J. Chem. Soc. 1926, 2948; 1929, 1733.
(18) Harris, E. J., Edgerton, A., Chem. Revs. 21, 290 (1937). )
(19) Kyryacos, George, Ohio State University, Columbus, Ohio, unpublished data.
(20) Layng, T. E., Youker, M. A., Ind. Eng. Chem. 20, 1048 (1928).
(21) Leighton, Alan, J. Phys. Chem. 18, 619 (1914).
(22) MacNevin, W. M., Urone, P. F., Anal. Chem. 25, 1760 (1953). ) .
(23) MacNevin, W. M., Urone, P. F., Omoetanski, M. B., Dunton, M. U., “Fifth Symposium
(International) on Combustion,” pp. 402-5, Reinhold, New York, 1955.
(24) Malmberg, E. W., J. Am. Chem. Soc. 76, 980 (1954). .
(25) Malmberg, E. W., Bobbitt, J. A., Division of Petroleum Chemistry, 127th Meeting,
ACS, Cincinnati, Ohio, March 1955. .
(26) Malmberg, E. W., Smith, M. L., Bigler, J. E., Bobbitt, J. A., “Fifth Symposium (Inter-
national) on Combustion,” p. 385, Reinhold, New York, 1955. L
(27) Malmberg, E. W., Smith, M. L., Davis, W. C., Zamnik, F., Bobbitt, J. A., Division of Or-
ganic Chemistry, 124th Meeting, AéS, Chicago, Ill., September 1953.
(28) Mardles, E. W. J., J. Chem. Soc. 1928, 872; Trans. Faraday Soc. 24, 574 (1928).
(29) Midgley, Thomas, Jr., J. Soc. Automobile Eng. 7, 489 (1922). .
(30) Oberdorfer, Paul, Ph.D. dissertation, Ohio State University, Columbus, Ohio, 1954.
(31) Pastell, D. L., S. A. E. Quart. Trans. 4, 571 (1950).
(32) Pease, R. N., J. Am. Chem. Soc. 51, 1839 (1929); 56, 2034 (1934); 57, 2296 (1935).



Publication Date: January 1, 1958 | doi: 10.1021/ba-1958-0020.ch001

14 ADVANCES IN CHEMISTRY SERIES

(33) Perkin, Sir W. H., J. Chem. Soc. 41, 363 (1882).

(34) Pope, J. C., Dykstra, F. J., Edgar, Graham, J. Am. Chem. Soc. 51, 1875, 2203 (1929).

(35) Reiche, A. and collaborators, Ber. 61, 961 (1928); 62, 218, 438 (1929).

(36) Ricardo, H. R., Aulomobile Engineers 11, 51, 92 (1921).

(37) Rice, F. O., Rodowskas, E. L., J. Am. Chem. Soc. 37, 350 (1935).

(38) Spence, R., Wild, W., J. Chem. Soc. 1937, 352. .

(39) Steacie, E. W. R., “Atomic and Free Radical Reactions,” Vol. 2, pp. 637-732, Reinhold,
New York, 1954.

(40) Thompson, H. W., Hinshelwood, C. N., Proc. Roy. Soc. (London) A125, 291 (1929).

(41) Ubbelohde, L., Ibid., A152, 378 (1935).

(42) Walsh, A. D., Trans. Faraday Soc. 42, 269 (1946). . .

(43) Watters, J. I., others, Ohio State University, Columbus, Ohio, unpublished work.



Publication Date: January 1, 1958 | doi: 10.1021/ba-1958-0020.ch002

Fundamental Principles of Flammability
and Ignition

BERNARD LEWIS and GUENTHER VON ELBE

Combustion and Explosives Research, Inc., Pittsburgh, Pa.

No theoretical criterion for flammability limits is
obtained from the steady-state equation of the
combustion wave. On the basis of a model of the
thermally propagating combustion wave it is shown
that the limit is due to instability of the wave toward
perturbation of the temperature profile. Such per-
turbation causes a transient increase of the volume of
the medium reacting per unit wave area and decrease
of the temperature levels throughout the wave. If
the gain in over-all reaction rate due to this increase
in volume exceeds the decrease in over-all reaction
rate due to temperature decrease, the wave is stable;
otherwise, it degenerates to a temperature wave.
Above some critical dilution of the mixture, the latter
condition is always fulfilled. It is concluded that the
existence of excess enthalpy in the wave is a pre-
requisite of all aspects of combustion wave propaga-
tion.

Despibe intensive theoretical and experimental research on the combustion wave over
the past decade, a universally accepted concept of the phenomenon has not been achieved.
This is particularly true with respect to the nonsteady state phenomena of limits of in-
flammability and ignition.

Frequently in theoretical work on the subject, whether dealing with the steady or
nonsteady state, the mathematical development of an adopted model is followed by a de-
seriptive summary of the results which is rarely traced back clearly to the assumptions
inherent in the model. This has often resulted in extravagant identification of the
model with the actual phenomenon and has been an obstacle in the task of reconciling
conflicting views. There is need, therefore, of a purely descriptive exposition, stripped
as completely as possible of mathematical language, to clarify the physical concepts of
the combustion wave phenomenon.

General Description

A combustion wave is established in an explosive medium by application of a local
source of ignition. As heat and, possibly, chain carriers of various kinds flow from the
source into the adjacent medium, reaction is initiated in the layer next to the source
which in turn becomes a source for igniting the next layer, and so on. Let us consider a
mass element of the unburned mixture being overrun by the combustion wave. The
reaction rate is virtually zero at the initial temperature but increases with temperature at

15
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a high order. Therefore, the mass element at first absorbs heat as a heat sink until at
some point inside the wave it becomes a heat source by virtue of the chemical reaction
initiated by the temperature rise. From this instant and until the temperature crest of
the wave has passed, the mass element remains a heat source. Its source strength at
first increases because the rising temperature accelerates the chemical reaction; but
because the trend is reversed as the explosive reactant is exhausted, the source strength
in time passes through a maximum and then decreases steadily even though the tempera-
ture is still rising. When heat liberation has substantially subsided, the mass element
has arrived at the crest of the wave. During the period of heat liberation the element
loses heat to the adjacent cooler regions of the medium upstream—that is, toward the
unburned side—in an amount equal to that which it had received while it was a heat sink.
In this way heat is continuously borrowed and repaid in the wave out of what may be
called a revolving heat fund which travels with the wave and is referred to as the excess
enthalpy (6, 10), h, of the wave.

The above description is of a thermally propagating steady-state wave. It must be
emphasized, however, that the basic feature of a thermal mechanism is not altered by the
superposition of molecular diffusion onto the diffusional transport of heat. This applies
not only to interdiffusion of reactants and products but also to the diffusion of chain
carriers participating in the chemical reaction, provided that the chains are unbranched.
The reason for this is that in a wave driven by a diffusion process, the source strength of
an entering mass element must continue to grow despite the drain by the adjacent sink
region. This growth can occur only if the reaction rate is increased by a product of the
reaction, which may be temperature as well as a material product.

In the case of both nonchain and unbranched chain reactions, temperature is the
only product that produces this result. Therefore, combustion waves depending on such
reactions are all thermal in the sense that the temperature dependence of the reaction
rate and thermal diffusivity control the propagation. A different class of waves is en-
countered in case of a branched-chain reaction. In this case the principal reaction
product responsible for wave propagation is a chain carrier which diffuses into the sink
region, and causes the growth of source strength (represented by its own concentration)
as it multiplies. Because all such reactions are exothermic, this case is never entirely
separated from the simultaneous rise of temperature. However, it appears that the so-
called cool flames are driven principally by chain branching, examples of which are the
cool flames in hydrocarbons and carbon disulfide. The flames normally encountered
with flame temperatures exceeding about 1000° C. are thermally driven. This includes
flames of hydrogen even though hydrogen and oxygen are capable of chain branching by
the reaction

H 4+ 0. = OH + O

It is perhaps intuitively understandable that the steady state, characterized by the
well known property of the combustion wave to propagate at constant velocity in a
homogeneous explosive medium, results from the fact that there is a ceiling on the source
strength imposed by exhaustion of the reactants. Mathematical treatments of the
steady state, of which there are many, involve integration of the various wave parameters
between suitably formulated boundaries representing the unburned and burned states,
and yield the value of burning velocity as an eigen-value solution. Some perplexity
connected with the formulation of the boundary conditions for the unburned state has
arisen occasionally as a result of the assumption of an ideal steady state, in the sense that
the wave was thought to travel ad infinitum in an infinite volume of explosive medium.
Evidently, if such assumption is not supplemented by the further assumption that the
reaction rate is absolutely zero throughout the medium untouched by the wave and
becomes finite only as the wave approaches, the system mathematically ‘“‘explodes.”
The relation of such boundary conditions to reality lies merely in the fact that an ex-
plosive medium is always so recently prepared that it has not reacted appreciably prior
to the instant it is consumed by the wave.

|
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Flammability Limits

It is found experimentally that limit mixtures, incapable of supporting combustion
waves, nevertheless have theoretical thermodynamic flame temperatures of the order of
1000° C. or more. It is, therefore, not immediately clear why combustion waves, albeit
slowly propagating, should not develop in mixtures possessing such substantial chemical
enthalpy. The question arises whether the observed limits of flammability are true
limits or whether such mixtures are actually capable of supporting combustion waves but
are prevented from doing so by experimental limitations. Experimentalists believe that
the limits are true. On the other hand, no theoretical criterion for the limit is obtained
from the steady-state equations of the combustion wave. That is, the equations describe
combustion waves without differentiating between mixtures that are known to be
flammable and mixtures that are known to be nonflammable. Therefore, for nonflam-
mable mixtures the combustion wave becomes unstable to perturbations and thus disap-
pears (7). Conversely, for flammable mixtures the combustion wave can overcome per-
turbations—i.e., it returns to the steady state after being perturbed.

This may be understood as follows. Suppose that a steady-state combustion wave
is established with a temperature profile as shown by the solid line in Figure 1, A. If
some small volume of unburned medium, on entering the source zone, would receive a
slightly stronger-than-average stimulus so that it would liberate heat at a rate slightly in
excess of the statistical kinetic average, the temperature in that volume would increase
above the steady-state profile. The flow of heat from the perturbed volume to the cooler
wave regions would accelerate and the flow of heat from the hotter wave regions into the
perturbed volume would decelerate. Because the temperature gradient is steeper on the
cool side of the volume than on the hot side, more heat would flow during the perturba-
tion to the cooler regions than would be retained by the hotter regions. Consequently,
the enthalpy in the perturbed volume would decrease but in the adjacent volume elements
it would increase, the increase being larger on the cool side than on the hot side. As the
wave continues to propagate, the temperature adjacent to the perturbed volume would
increase above the steady-state profile, and within the perturbed volume it would drop
below, so that a ripple would develop in the profile as shown by the dotted line in Figure
1, A. The boundary of the source zone is extended toward the unburned side so that the
width of the source zone is increased beyond that of the steady state.

In the higher temperature region of the source zone the rate of heat liberation de-
creases because here the temperatures drop below the steady-state profile. This is
illustrated in Figure 1, B, where the solid line represents the distribution of the rate of
heat liberation per unit volume, g, in the unperturbed wave, and the dotted line repre-
sents the distribution of ¢ as modified by the temperature ripple. The area comprising
the gdz-integral gains in width but loses in height, the former representing the advance
of the source zone front beyond the steady-state position, and the latter representing the
decrease of the rates g in the source zone. Depending upon which effect predominates,
the total source strength (represented by the qdz-integral) either increases or decreases.
In the former case, the wave momentarily accelerates and then returns to the steady
state as the temperature ripple passes over the wave crest into the burned medium. In
the latter case, the heat transferred to the sink zone plus the heat retained by the com-
bustion products as they leave the source zone, momentarily exceeds the heat generated
in the source zone, so that the temperatures drop still further. This results in further
decrease of the source strength, and so on. Consequently, the wave does not return to
the steady state but deteriorates.

In another description of the flammability condition, the authors (7) introduced the
average rate of heat liberation, g, defined by

+ o
s = / ¢’z 1)

where 8 is a measure of the width of the source zone. If the width is incrcased by an
element, ds, due to an advance of the source zone front beyond the steady-state position,
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Figure 1. Temperature profile of steady-state
combustion wave
A—Temp. profile of combustion wave in steady state. (T, Ti, Ts,
denote temps. of unbured medium, inflection point, and burned,
medium, resp.)—Temp. perturbation.
+ o

B8—Profile of source strength qdx. Source strength corre-
— o
sponding to temp. perturbation (q denotes rate of heat liberation
per unit volume).
C—Same as B, showing source strength in the form

+ o
qs = / qdx,
-

and perturbed source strength as gs + qds — sdq.

the source strength, ¢s, is changed by addition of the element, gds, and by subtraction of
the element, sdg, as shown in Figure 1, C. Depending upon which of the two differentials
is larger the total source strength either increases or decreases, so that the flammable
region is defined by

gds > s|dj| (2)

and the nonflammable region by
gds < s|dg| 3)

the symbol | | indicating that dq is a negative quantity. This is in substance the relation
given in the authors’ treatise (8).

Writing Inequality 2 in the form, ds/s > | dg | /g, the condition for wave stability
demands that the percentage increase of source zone width, resulting from a temperature
ripple, be larger than the percentage decrease of the average reaction rate. The two sides
of the inequality are related by the temperature decrease that results from the distribu-
tion of the sensible heat of the source zone over the enlarged zone width. To illustrate
the type of relationship that may be expected to govern the stability condition, we shall
assume for simplicity that the difference between the flame temperature, T, and the
average source-zone temperature, T, , increases proportionate to the source zone width,



Publication Date: January 1, 1958 | doi: 10.1021/ba-1958-0020.ch002

LEWIS AND von ELBE—PRINCIPLES OF FLAMMABILITY AND IGNITION 19

s, and that g follows a simple Arrhenius law—viz., § ~ exp. (—E/RT..). Thus, ds/s,
becomes | dTuy | /(Ts — Tav), | dg | /q becomes (E/RT%.) | dTav |, and the stability
condition may be written in the form

re > (& - 1)E @

It is reasonable to assume that T,/T,. changes comparatively little with change of T, as
long as the latter is well above T.. Consequently, as T is decreased by adding a diluent
to an explosive medium, a critical concentration of the diluent is eventually reached at
which inequality 4 is reversed. This depends upon the nature of the diluent and consti-
tutes the limit of lammability.

To obtain the flammability criterion from a more formal development of the com-
bustion wave equations, it is necessary to retain the idea of perturbed heat transfer
within the wave independent of the distribution of concentrations of reactants and re-
action products. Such treatment has been given by Rosen (12), whose result expresses
the described physical concept in other form. Layzer (3) has investigated a wave model
in which no change of total enthalpy (thermal and chemical) is allowed to occur in any
wave layer (4, 5). Richardson (11) has investigated a wave model in which the reaction
rate term is a function of only one parameter—e.g., concentration. Neither of these
models yields a flammability criterion in terms of instability to perturbations. Both
models possess, in addition to a stable solution of the steady-state equation, unstable
solutions whose physical meaning constitutes unlimited extensibility of the reaction zone
into the unburned medium, that is, unlimited rate of propagation of the source zone.
It would seem, therefore, that a realistic description of the combustion wave, including a
limit condition, is obtainable only by retaining excess enthalpy in the model.

Ignition

Concerning the origin of the excess enthalpy in a combustion wave, it is obvious that
it derives from either the heat furnished to the explosive medium by an independent source
or from the heat of the combustion products behind the wave. In the example of a
spherically growing flame, the wave area, and hence the total amount of excess enthalpy
continuously increase. Evidently, the ignition source can furnish only an initial amount
of this energy, and after the flame has grown to some size the additional demand is met
at the expense of the heat content of the burned gas—that is, some of the chemically
liberated heat is retained in the wave, so that the temperature T, behind the wave is
somewhat lower than the adiabatic flame temperature T, °.  As the flame radius increases
from r to r + dr, the increase of wave surface per unit area is 2dr/r, and in first-order
approximation the increment of excess enthalpy is dh = h X 2dr/r. It is seen that the
differential quotient, dh/dr = 2h/r, vanishes for large radii but is very large near the
origin, so that a critical flame radius should exist below which the excess enthalpy cannot
be furnished by the heat liberated in the wave but must be furnished, instead, by the
ignition source.

On this basis, it is seen that the source must supply a minimum energy, H, which
enables the flame to grow to a critical diameter, d, beyond which the wave can propagate
under its own power.

Minimum ignition energy may be written

H = =d%h (3)

where md? is the area of the combustion wave at the surface of the critical flame volume
and h being the excess of enthalpy per unit area.

For physical realization of ignition by the minimum amount of energy, it is necessary
that the energy, H, be imparted to a volume that is small compared to the volume of
diameter, d, and that the energy release occur in a time that is short compared to the
time required for the flame to develop to the critical diameter, d. Electric sparks are the
most likely means to realize these conditions. Furthermore, it is clear that no heat
sink must touch the flame before it has grown to diameter, d; hence, the metallic spark
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Table I. Comparison of Experimental and Calculated Minimum Ignition Energies H
Atmospheric Pressure and Room Temperature

Fuel Content, u X 108, Min. Ign. Energy Ratio,
Fraction of_ Su, Ty — Ty, Cal./Cm.Sec., Cal. X 108 Healcd.
Stoichiometric Cm./Sec. °C. °C. d, Cm. Hcaldc. Hexp. Hexp.
CH-02
0.3 80 1900 6.3 0.072 24 10 2.4
0.45 175 2350 6.4 0.050 6.7 3.1 2
0.75 304 2700 6.5 0.027 1.4 1.4 1
1.2 305 2700 6.7 0.058 4.9 5.0 1
1.5 122 2350 6.9 0.165 109 110 1
1.58 87 2200 6.9 0.38 790 430 2
C3Hs-0:2
0.4 240 2200 6.1 0.038 2.5 1.7 1.5
0.6 335 2550 6.0 0.028 1.1 0.68 1.6
0.8 382 2700 5.9 0.024 0.77 0.50 1.5
0.8 382 27! 5.9 0.024 0.77 0.50 1.5
1.0 375 27 5.9 0. 022 0.65 0.48 1.3
1.2 320 2700 5.8 .024 0.88 0.63 1.4
1.4 235 2500 5.7 0.028 1.5 1.0 1.5
1.9 30 1300 5.6 0.045 15 6 2.5
1.1 CH4 + Os. Nitrogen Added
N2/0; = 0.5 240 2640 6.3 0.045 4.5 5.3 0.9
1.0 170 2510 6.4 0.053 8.4 9 0.9
1.86 110 2320 6.5 0.079 2.6 20 1.3
air 42 1900 6.5 0.25 590 110 5
Hj-Air
100 1610 7.2 0.071 18 6.2 3
1.01 195 2 8.0 0.064 10 4.5 2
1.35 265 1940 9.0 0.076 12 6.6 1.8
92 190 1550 9.0 0.165 63 49 1.3
C3Hg-Air
0.7 28 1570 6.5 0.42 2000 530 4
0.9 1870 6.5 0.24 630 140 4
1.0 40 1940 6.5 0.19 360 92 4
1.28 27 1820 6.5 0.17 400 59 7
1.40 17 1730 6.5 0.20 820 62 13
1.50 12 1530 6.5 0 1620 70 23
CH4-Air
0.7 15 1600 6.5 .29 1800 180 10
0.8 27 1700 6.5 0.22 610 100 6
0.9 35 1850 6.5 0.20 430 72 6
1.0 43 1950 6.5 0.21 410 72 6
1.1 42 1900 6.5 0.25 590 110 5
1.25 25 1800 6.5 2900 400 7

electrodes must be separated beyond a critical distance—the quenching distance. In
the first approximation, the latter may be identified with diameter, d, and its experimental
determination is possible by variation of the electrode distance.
The quantity, h, in Equation 5 is not likely to be greatly different from its value in
a plane adiabatic combustion wave. Taking r as the coordinate normal to such wave, h
becomes the integral of the cxcess enthalpy per unit volume along the z-axis, so that the
differential quotient, dk/dz, represents the excess enthalpy per unit volume in any layer,
dr. Assuming the layer to be fixed with respect to a reference point on the z-axis, the
mass flow passes through the layer in the direction from the unburned, u, to the burned,
b, side at a velocity, S, transporting enthalpy at the rate Sdh/dz. Because the wave is
in the steady state, heat flows by conduction at the same rate in the opposite direction,
so0 that
udT/dz = Sdh/dz (6)

where p is the coefficient of heat conductivity. For order-of-magnitude calculations
consider the ratio u/S to be constant and equal to its values on the unburned side. This
is suggested both by the fact that the increase of u with temperature is partly compensated
by the corresponding increase of S and that the enthalpy excess may be expected to exist
predominantly at relatively low temperature levels on the unburned side. The velocity
S is taken to be S., the burning velocity, and Equation 6 on integration yields the equation
originally derived by the authors (9)

R=5(T-T (7

u

n
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Values of u are available for numerous gases and gas mixtures. Burning velocities have
been measured on burner flames, and flame temperatures, T, can be computed thermo-
dynamically. It is thus possible to put Equation 5 to a test by comparing experimental
values of minimum spark-ignition energies with values calculated from data on quenching
distances, burning velocities, heat conductivities, and flame temperatures.

Table I (1) shows a comparison of experimental and calculated minimum ignition
cnergies for several series of fuel-oxygen and fuel-air mixturcs. A discussion of these
results will be prefaced by a consideration of the limitations of the thermal model in
predicting the magnitude of the excess enthalpy h. In gaseous explosive mixtures,
enthalpy is transported not only in the form of sensible heat by heat conduction but also
in the form of chemical enthalpy by the diffusion of reactants into the reaction products.
The transport of heat occurs in the direction, burned to unburned, whereas the net
transport of chemical cnthalpy occurs in the direction, unburned to burned. The
existence of an excess enthalpy in the form of heat is dependent upon the enthalpy flux
by heat conduction being larger than the opposing enthalpy flux by diffusion of re-
actants. If these opposing fluxes were equal then no mass element of the combustion
wave would contain more than the initial total enthalpy of the mixture; there would be
no excess enthalpy and therefore no minimum of the spark cnergy required for ignition.
This does not occur in nature.

However, it is clear that the calculation of the excess enthalpy from a model in
which diffusion is neglected, as in Equation 7, yields values that are larger than those in
an actual wave. The discrepancy between the actual value of & and that calculated
from the no-diffusion model depends on whether change of mixture composition through-
out the wave width is caused essentially by chemical reaction or whether interdiffusion
of reactants and reaction products makes a significant contribution. It may be surmised
that in rapidly reacting mixtures diffusional change of mixture composition is negligible
but that in slowly reacting mixtures it becomes increasingly important. Accordingly,
we would expect the computed value of % to be in substantially better agreement with
the experimental value in rapidly reacting mixtures than in slowly reacting mixtures.
Moreover, the discrepancy would show the calculated values to be always larger than
the experimental values and to become increasingly larger as the mixture is diluted either
by an excess of one of the reactants or by addition of incrt gas. Inspection of the mixture
compositions, and the last column of Table I shows that these considerations are borne
out. The agreement between the calculated and experimental values of & is surprisingly
good for the very rapidly reacting stoichiometric mixtures undiluted with inert gas.

The foregoing demonstrates that the existence of excess enthalpy is a prerequisite
for a conceptual understanding of the real combustion wave. The growing awarcness
of this situation is illustrated in recent discussions (2).
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Application of Chemical Reactor Theory
to Combustion Processes

E. C. WOODWARD
Research Laboratories, Westinghouse Electric Corp., East Pittsburgh, Pa.

Many branches of the kinetic theory of combustion
processes have reached a stage where the theoretical
concepts are fairly clear but where new experimental
facts are essential before real progress can be made.
Though valuable experimental work is proceeding, in
many cases new experimental techniques seem to be
required to provide novel information, without which
theories cannot decide between conflicting views.
This paper gives an analysis and interpretation of the
literature, which may serve as a guide to workers in
the combustion and allied fields.

Minimizing the combustion chamber volume of high output combustion equipment is
invariably a major goal in the design of such equipment. The over-all kinetics of chemi-
cal reaction between the fuel and oxidant generally sets an ultimate minimum for this
volume.

Combustion rates in low output combustion equipment are usually limited by heat
and mass transfer processes. These include the evaporation of fuel drops, mixing of air
and fuel, and heating the mixture to ignition temperature. It is usual to assume that
the actual burning process (of chemical reaction) takes negligible time in comparison
with the time required for the transfer processes. However, as the transfer processes
are made faster, or the reaction rate slower, conditions can eventually arise such that
the time required for chemical reaction becomes all-important. (There are instances
where even though chemical reaction is not the rate-controlling process, it is of primary
importance. The reaction time may be orders of magnitude smaller than the residence
or mi:)(ing time, and still be the critical factor in maintaining smooth combustion in many
cases.

This may occur in low-pressure, high-output equipment where the maximum possible
space heating rates are desired. A knowledge of the reaction times required by chemical
kinetics limitations, with no mixing limitations, is then of great significance. There are
no design improvements in equipment which can possibly reduce the total reaction time
to a value lower than that demanded by the over-all reaction kinetics. Knowledge of
kinetics limiting time helps point out what theoretical gains in performance are possible
in actual equipment.

An intense interest in combustion rates limited by kinetics has been expressed in
many recent reports (2, 11, 13, 41, 42, 47, 51, 56).

This presentation emphasizes current developments rather than a historical review,
and gives an analysis and interpretation of the literature which may serve as a guide to
new workers in the combustion field and workers in allied fields. A more elaborate,
more complex treatment of chemical kinetics and/or reaction rates has been published

22
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(23, 30, 31, 49, 54), as well as a very comprehensive collection of reports dealing with
various phases of combustion (20, 22, 36, 48, 53).

Chemical Reaction Concepts

The use of chemical reaction rates in combustion processes is necessary to remedy
one deficiency in the study of thermodynamics. The first and second law, which in
essence form the basis of thermodynamics, permit the prediction of the transformation
of energy from one form to another and the utilization of energy for useful work. They
fail to predict the rate at which energy can be transformed or utilized. To introduce the
time variable into the thermodynamic system being studied, recourse is made to chemi-
cal kinetics. Hence, chemical kinetics is the study of the rate at which various radicals
or compounds, usually termed species, appear or disappear.

Basic Concepts of Chemical Kinetics. The rate at which any constituent of the initial
mixture undergoing chemical reaction disappears is generally expressed as a modified
form of the law of natural decay (or growth). This law in its simplest form is usually
written as

Do = kG 0)]

where G is the property being measured, ¢ is the time variable, r is the rate at which G is
changing, and k is the growth or decay constant which essentially determines the speed
at which growth or decay processes progress (37). The application of this type of ex-
pression to chemical processes involving more than one species or constituent yields an
expression for the rate (r;) at which any specified species changes as follows,

reo= —ki(CoCHCr ) = L

2)
where the C’s are concentrations (34). The order of reaction, now specified as a, is
equal to the sum of the exponents. In Equation 2, « would be (@ + b + ¢ ---). This
sum, by definition, is one for a first-order reaction, two for a second-order reaction, and
so on. In reactions of simple orders, the exponents are equal to the number of molecules
which must combine simultaneously to form the product. It is important to remember
that Equation 2 corresponds to the number and kind of molecules which actually do
combine, and does not correspond to the molecular proportions used in the stoichiometric
equation representing the over-all reaction.
For example, the reaction equation of carbon monoxide with hydrogen is usually
written as
CO + 2H, — CH;0OH &)

which implies that one molecule of carbon monoxide would have to combine with two
molecules of hydrogen to produce a molecule of methanol (32). Equation 3 implies a
ternary simultaneous collision; however, it is probable that the actual reaction proceeds
along these suggested lines:

CO + H. — HCHO 4)

HCHO + H, — CH;OH (5)

Formaldehyde is formed as an intermediate product. This suggested two-step reaction
would indicate two second-order reactions occurring in sequence. The over-all apparent
order of reaction of Equation 3, if expressed in a form suggested by Equation 2, could be
of noninteger order. If one of the reactions suggested by Equations 4 or 5 was extremely
fast compared to the other, the reaction would essentially be controlled by the slower one
and would appear to be of the second order. Similarly, the standard combustion equa-
tion of hydrocarbons with air is usually written as

C,Hs + (w +§ +C)Oz + 3.76 (w + 17; +6)N~z —
(6)
wCO, + 3 HiO +¢0; +3.76 (w +4 +e)x,
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where e represents the excess oxygen supplied (39). This illustrated reaction might
seem to imply that one molecule of hydrocarbon collides with (w + u/4) molecules of
oxygen. As a result of such a multiple body collision, w molccules of CO, and %/2 mole-
cules of water vapor are formed. For a hydrocarbon such as propane, C;Hs, one molecule
of propane would have to collide simultaneously with five molecules of oxygen. Such a
collision would be extremely improbable. The products of combustion, in addition to
carbon dioxide, water vapor, and nitrogen, also contain to a greater or less extent amounts
of carbon monoxide, free hydrogen, and aldehydes, and we may surmise that the actual
combustion process consists of a large number of intermediate reactions encompassing
many intermediate constituents. The inherent complexity of the intermediate reactions
has prevented any detailed mechanism of combustion from being postulated. Such a
lack of knowledge need not prevent us from collecting the intermediate reactions into one
over-all reaction. This method has been used in many treatments, particularly those
involving the reactions of paraffin hydrocarbons.

Effective Over-all Chemical Reaction Orders. Values of the effective over-all reaction
order o have been obtained by many investigators. The published data are not compre-
hensive enough to permit any definite correlations to be made between reaction orders,
pressure, temperature, and mixture ratios (26). One or more of the three basic types of
flame measurements are used in determining reaction orders, these being flame thickness,
burning velocity, and quenching distance. Reaction order data are available in the more
recent literature for the following mixtures, obtained by the indicated method for various
pressures, temperatures, and mixture ratios.

Method Mixture Reference
Flame thickness Propane-air (24)
Burning velocity Propane-air (17, 36, 38)
Burning velocity Methane-air (17, 38)
guencbgng distance Propane-air (4. 28)
uenching distance Propane + 50; + 2.1N; (6)
Homogeneous turbulent reactor Iso-octane-air 43)

Solvent naphtha-air

The values of a, for the mixtures given, range from 1 to 2.5 over a wide selection of
the variables already mentioned. It is generally agreed that for theoretical studies of
simple flame configurations an over-all reaction order very close to 2 may be used for
paraffin hydrocarbons (7). Longwell and Weiss recently found a value of @ = 1.8,
assuming homogeneous burning in a spherical turbulent combustion chamber (43).
We may, therefore, write an approximate expression for the rate of disappearance of the
fuel as

= —kCsC.8 (7)

where C; is the fuel concentration, C, is the oxygen concentration, and k is the specific
reaction constant. The exponents w and @ are constants of unknown magnitude whose
sum may be assumed equal to 2 in many instances, but in general, must be determined
by experiment.

Specific Reaction Constant. The specific reaction constant k was originally proposed
in the form

k = A exp (—E/RT) ®

by Arrhenius (33). According to this investigator, a reaction can take place only when
the colliding molecules possess an energy content greater than the mean value by some
finite amount. This excess above the mean is termed the activation energy, E. Ac-
cording to a Maxwell Boltzman distribution law, the fraction of the total available
molecules possessing an excess of energy at least equal to E is exp (—E/RT). The steric
frequency, collision factor A, represents a measure of collision frequency—i.e., collisions
per unit volume per second of the right kind of molecules—of molecules available for
collision with a resulting chemical reaction available for the molecules posscssing at
least the activation energy. It is modified by the requirement that, in some instances,
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suceessful collisions occur only when the colliding particles are properly oriented, in
addition to having enough energy. In Equation 8, R is the universal gas constant and
T is the absolute flame temperature. Recent work has extended the determination of
specific reaction rate constants to a much more complex plane to include liquids, but
without any significant change from the form of Equation 8 for gases (29). As a result,
the combination of Equations 7 and 8 yields the following approximation for the specific
reaction rate of the disappcarance of fuel in a burning mixture of fuel and oxygen:

ry = édgt, = —ACC, exp (—E/RT) 9)
Theoretical treatments may include a temperature term in the expression for A in Equa-
tion 9, presumably to make the rate constant temperature-independent (43).

Theoretically Ideal Flow Reactors

In dealing with chemical reactions involved in constant flow systems, the available
reaction time or mixture residence time is essentially the time the reacting mixture spends
within the boundaries of the reactor. However, the chemical reaction time required is a
function of the degree of completeness of reaction. Under idealized conditions, two types
of flow reactors could be visualized. In the first type, an infinitesimal mass could be
considered as moving through the reactor in an imaginary compartment progressively
altering its composition and temperature. There would be no diffusion associated with
this type of hypothesis. The second type could be considered as one in which the tur-
bulence is so great that the charge (fucl and/or air) on entering the boundaries of the
reactor is immediately mixed completely with the charge (combustion products) in the
reactor. The discharge from the reactor would be of the same composition as the compo-
sition throughout the reactor in this hypothesis. Neither case can be obtained absolutely,
although long tubes of small diamcter tend to approach the first type of reactor, while
spherical combustors tend to approximate the sccond type.

Idealized Reactor with Progressive Mixing. A reactor system of the first type under
steady state flow conditions may be described by an expression, as follows, where the
number of moles of constituent I converted in an infinitesimal volume, dV, would be
given by

T.'dV = n.'dy.- (10)
where 7; = reaction rate (moles of I per unit volume-unit time)
V = reactor volume
n; = reactor feed rate of I (moles of I per unit time)
y: = fraction of I converted

If z; is the mole fraction of I contained initially in the molar reactor fecd rate m (com-
posed of all constituents), then

ridV = zimdy; (11)

For the first type of reactor in which the rcactants move progressively through the
reactor, an integration of Equation 11 yiclds

Yo_ [Ty 12)

xm o T

Remembering, however, that by hypothesis r; is everywhere in the reactor a function of
the concentration and the temperature, it is scen that integral Equation 12 can be solved
only approximately.

Idealized Reactor with Instantaneous Mixing. For a reactor of the second type, a
homogeneous system, where the composition, temperature, and pressure is everywhere
the same, Equation 11 is immediately integrable to

rV = zimy; (13)
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In a system where the constituent ¢ is fuel burning with air, r; from Equation 9
may be expressed as

i (fuel) = r, = —ACC# exp (—E/RT) - (14)
The product z:m is equal to W,/M, where W, is the weight rate of fuel flow and M, is

the molecular weight. The concentrations may be expressed as the mole fraction times
the molar density or

Ci = ziyr = 2eym(Tm/T) (15)

where yr = mixture density at temperature 7' (molar)
Ym = mixture density at temperature T (molar)
T = ambient inlet temperature

The combination of Equations 13, 14, and 15 yields

VA@rvmTn/T)*(@ovnTm/T)? exp (—E/RT) = (W;/M,)y; (16)
where the mole fraction, z;, is expressable as
z; = (W"/M‘)(l - t‘) (17)
m

the subscript o denoting oxygen. Equation 16 may be rewritten as
- T W, “ W, s W
Vavae [ ew BED [JLa - i [ [0 - w ] = Bemey  a8)

In theory this equation is solvable if the kinetic constants A, E, and the reaction order
a (= w + B) are known, and if two additional conditions are satisfied—namely, the
relation between y, and y, and variance between T and y;.

Both Longwell’s group (42) and Avery’s group (2) originally assumed that the con-
centrations of fuel and oxygen are equally important in determining the reaction rate
and fixed w and B at unity. [Longwell and Weiss have recently determined o experi-
mentally (43).] Longwell further assumed that, if the mixture is lean, all the fuel that
burns does so by consuming a stoichiometric amount of oxygen; and, if the mixture is
rich, the oxygen and fuel combine in the proportions present in the original mixture.
That is, if y,W,;/M, moles of a saturated hydrocarbon having a composition of CuHau+s
are consumed, a stoichiometric number of moles of oxygen (y.W./M,) which equals
(Bw + 1)y,W,/2M, must be used. These assumptions along with Equation 6 yield a
relation between y, and y;, as follows:;

=3w+1v_V[1l_L

y. 2 M J Wo y’ (19)
or, because there are g moles of air per mole of oxygen in air, where p = 4.76,
3 1M, W,
vo = P v (20)
The substitution of y, in Equation 18 yields, forw = 8 = 1,
LT o (—E/RT) ——L—QLI W, MOWM, =™ (21)

where 8§ = (3w + 1)uM.W,/2M W, when the fuel-air ratio is less than the stoichiometric
weight fuel-air ratio and & = 1 at weight fuel-air ratios richer than stoichiometric.

The relation between the temperature of the reactor, T, and the fraction of fuel
burned, y;, can be expressed from an energy balance of the reactor system. This yields

¢T — cnTm = ysAHn — Q (22)

where ¢ = molal specific heat
AH,, = molal enthalpy of combustion referred to the initial temperature, T,
Q = heat losses or gains per mole of reactor fluid



Publication Date: January 1, 1958 | doi: 10.1021/ba-1958-0020.ch003

WOODWARD—CHEMICAL REACTOR THEORY AND COMBUSTION PROCESSES 27

Assuming that ) is zero and the specific heat does not change, y, as a function of T' may
be expressed as
Yyr = (T — Tm)/(TI - Tm) (23)

where T is the adiabatic flame temperature.

By combining Equations 21 and 23, y, or T may be eliminated and a solution may
be obtained if the kinetic constants E, A, and T, are known. The solution would be in
the form of the molal flow

m = “—‘Z"l’ T2y (T, Wy/Wa) @24)

Another method of treatment used by DeZubay and Woodward (14) is to revert to
Equation 13 for each constituent. If the constituents are considered as fuel, oxygen,
and diluent (nitrogen for fuel-air combustion)

vV Z rTi=m Z Ty (25)

The model of the reaction may be hypothesized in the following manner. The total
molal flow, m, splits into an infinite number of elemental masses on entering the boundaries
of the reactor. A certain fraction, y, of these elemental masses burns to chemical equi-
librium composition and attains the adiabatic flame temperature. The remainder
(1 — y) remains unburned. It is further assumed that all of the constituents of the
burned fraction act only as diluents and can in no way contribute anything further to
the reaction.

This would mean that for every mole of fuel consumed per unit time an amount of
oxygen equal to the initial molal oxygen-fuel ratio would be consumed. It is expected
that this assumption would be good near the stoichiometric ratio and be poor in the very
rich and very lean region. As a result of this assumption, y; must equal y, the nitrogen
in the burned elemental masses being credited to the reacted portion. Then Equation

25 reduces to
VZT; =mny.~ (26)
But, Z 2; is the sum of all the mole fractions, which by definition is unity; therefore
14 Z i = my @n

The total reaction rate of the mixture undergoing combustion would be the sum of
the reaction rates of the individual constituents—namely, the fuel and oxidant. Hence,

(28)
=7 + 1W.M T,
s " W/ M, s
From Equation 14, we express r, as
vy = A(exp —E/RT)vn*(Twm/T)x.2s
where the mole fractions of oxygen and fuel are given as
To = (1 - y) Wa/ Ma
° - W,/ M Wa/M,
® /My + Wa/ 29)

-1 — ) /M
zs (1 y) W//M/ + Wa/Mu
Proceeding as before we have an equation representing the molal flow, m, which corre-
sponds to Equation 21 as follows, forw = 8 = 1,

AV [Ta (1 — )21 + (/WM /WM
p [T] (exp —B/RT) T Mu WML + MWa/W,Ma = ™

(30)
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An inspection shows that Equation 30 would give smaller values of molal flow m than
Equation 21.

For a comparison of these equations, we may assume a fuel-air ratio and inlet ambient
temperature and use an accepted activation energy of 30,500 cal. per gram-mole for
propane fuel burning with air (Table I). Having an inlet temperature and the fuel-air

Table I. Kinetic Constants

Reference Fuel Oxidant 4/u. CC./Gram-Mole E. Kcal./Gram-Mole a
(2) Hydrocarbon Air 3.0 X 10M 33 2
(11 C3Hs Air 1.89 X 101 31 2
1n H; Air 1.55 X 1012 14 1.8
(n CiHuw 0: 5.4 X 1081 21 2
(43) Hydrocarbon Air ... 42 1.8
(26) C:Hs 0--N- e 33 2
(16) CsHs Air L 25 to 38 2
(19) CH, Air o 26 2
(19) C:H¢ Air .. 26 2
(19) C:Hs Air . 26 2
(19) CsH)2 Air A 26 2

(19) H: Air e 16 2

ratio fixed, the flame temperature may be found from Figure 1, which contains some of
the findings of Smith, Edwards, and Brinkley (50). On Figure 2, Equations 21 and 30
are shown for an activation energy of 30,500 cal. per gram-mole, an inlet temperature of
537° R., a (Rankine) flame temperature of 3280° R., and a propane-air ratio of 0.0425
pound per pound. The large differences are due to the fundamental assumptions made
in formulating each hypothesis and to the use of the same kinetic constants in both
equations.

Determination of Kinetic Constants

The flame temperature, T, can be evaluated by thermodynamic methods. A
simplified treatment of a method is given in detail by Lichty (40). Excellent extensions
of this method are available in a series of machine calculated reports (50).

To evaluate the activation energy, E, and the collision frequency factor, A, recourse
may be made to Semenov’s cquation (18). To accommodate noninteger orders of
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Figure 1. Flame temperatures of propane-air mixtures
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Figure 2. Flow parameter vs. reactor temperature

reaction Scmenov’s equation is suggested as

BN (Tu/ O ferd)e(No /Ny

v - T - T

(exp —E/RT) 31)

where A = thermal conductivity

C = moles of reactants per unit volume (oxygen + fuel)
d = diffusivity

N = number of moles

V; = flame velocity

Subscript @ refers to the ambient state; quantities without subscripts refer to the
final state.

Avery (2) suggests a further modification of Equation 31 for second-order reactions,
a = 2, in the form

2AC\, T, 1.09
Tt (Na/N)?(\a/Cavada)*(RT /E)(exp —E/RT) T = Ty
where the variation in the properties A, ¢, 4, and d is estimated at the flame state by the
temperature exponentials. If experimental data are available for flame velocities (V)
at various fuel-air ratios, and the flame temperatures are also available from experimental
or calculated sources, Equation 32 can be applied at two fuel-air ratios. Such an applica-

Vi = (32)
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Figure 3. Variation of collision factor with temperature for
propane-air mixtures using the Semenov equation

tion results in two equations in two unknowns, A and E. If such a scheme is carried
out, the following values are obtained for propane-air mixtures:

A = 1.44 X 103 cubic feet per pound-mole-second
E = 30,500 calories per gram-mole

Table I contains kinetic constants for various fuel-oxidant mixtures from various sources.
A different procedure of evaluating kinetic constants and reaction orders has been
described (43).

DeZubay (12) has calculated the change in the collision factor with temperature
(propane-air mixtures) by use of the Semenov equation based on the following conditions:
activation energy of 33 keal. per gram-mole; flame velocities at an air-fuel ratio of 14.1
of 38.4, 58.2, and 83.3 cm. per second at inlet temperatures of 537°, 672°, and 852° R
respectlvely, flame temperatures [extrapolated to an air-fuel ratio of 14.1 (50)] of 4022°
4091°, and 4185° R. at inlet temperatures of 537°, 672°, and 852° R., respectively. ThlS
variation of A vs. inlet temperature is shown in Figure 3.

General Assumptions and Limitations of Equations

Mathematical interpretations of the homogeneous chemical reactor have been
presented along with the major assumptions attendant in formulating the models. The
general assumptions and limitations of the equations are discussed here.
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The previous intent has been to use kinetics simply as a tool to describe qualitatively
the particular aspect of combustion under study. Numerical values of the kinetic
constants were thus assumed for illustrative purposes or approximated from other types
of data by making admittedly questionable major assumptions. Approximations include,
for example, the extrapolation of low temperature hydrocarbon oxidation rates to high
temperature hydrocarbon combustion rates. Other schemes involve application of
semiempirical laminar flame speed theories or of flow patterns in the wake of a bluff
body immersed in an air stream (43).

An assumption involving heat losses from the reactor is made in most treatments.
The effect of heat transfer on the maximum reaction rates of a homogeneous reactor has
been treated by DeZubay and Woodward (14). It was found that a lowering of the
reactor surface temperature appreciably lowered the chemical reaction rates. Longwell
and Weiss (43) found, for example, a loss equal to 5% of the maximum adiabatic heat
liberated reduces the maximum heat release rate by more than 30%, while a 20% heat
loss reduces the rate about 85%. One should not assume an adiabatic system without
some definite knowledge of the magnitude of the heat losses.

Equation 6 implies that all the carbon reacts with oxygen to form carbon dioxide
and all the hydrogen reacts with oxygen to form water. This, however, is not the case,
as the temperatures obtained during the combustion process are generally sufficiently
high to dissociate an appreciable part of the products of combustion. This dissociation
is accompanied by the reconversion of thermal energy to chemical energy. Thus, the
dissociated products will have chemical energy associated with them, so that the net
chemical energy available for conversion to thermal energy is lowered. The maximum
attainable temperatures for hydrocarbon-air mixtures will be lower than those indicated
by an energy balance, assuming complete conversion of chemical energy to thermal
energy. Any results based on data taken at temperatures above about 3500° R. would
be of questionable significance without some adjustment for dissociation effects. Approxi-
mations for these effects may be made from the work of Mulready (45).

The burning velocity is controlled by the rates of chemical reactions and transport
processes in the reaction zone, and chemical reaction rates vary exponentially with
temperature and depend on the partial pressures of the reactants (concentrations).
These arc strongly influenced by diffusion (molecular and/or eddy). Any treatment,
therefore, which ignores these effects would not be complete.

A judicious choice of the activation energy is most important in treatments in-
volving chemical kinetics. For example, Friedman (23) states that for a propane-air
mixture, the data of Dugger and Heimel (16) lead to a value of about 37 keal. per gram-
mole for E when a first-order reaction is assumed and about 27 keal. per gram-mole
when a second-order reaction is assumed. If this is considered to be a complex reaction
involving both first-order and second-order steps, then little can be concluded from these
measurements—i.e., data of Dugger and Heimel (16)—concerning the activation energies
of the individual steps. In connection with the choice of activation energy, the Rice-
Herzfeld treatment of isothermal chain reactions shows that the apparent activation
energy of the over-all reaction may be considerably less than the activation energy of
the slowest step (46).

One must also consider whether it is meaningful to speak of a temperature in the
reaction zone. If internal degrees of freedom are ignored, one should ask whether a
translational temperature always exists in the reaction zone—i.e., in each layer is the
distribution of molecular velocities approximately in accord with the Maxwell-Boltzmann
law? Rough calculations show that the thickness of the zone of intense chemical re-
action for a deflagration wave is of the order of magnitude of the ratio of the mean free
path to the Mach number (27). For relatively slow burning flames (cold flow velocity
~40 cm. per second), the reaction zone is ~1000 mean free paths in thickness; hence,
there is very little possibility of abnormal molecular velocity distributions. For very
fast flames (cold flow velocity ~1000 cm. per second), the reaction may be only 20 or
30 mean free paths in thickness; and, some slight departure from the Maxwell-Boltzmann
distribution is conceivable (23, 30, 31, 49, 54).
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The collision factor and the activation energy were obtained previously for propanc
by the simultaneous application of the Semenov equation (Equation 31) at two fuel-air
ratios where the values of the flame velocity and flame temperatures were available.
The accuracy of this method for determining A and E is expected to be fair, since for
accuracy, the Semenov equation must meet the condition that E/RT 2 10. For propane,
E/RT is of the order of 8.

Great care should be exercised in formulating any assumptions pertaining to the
stoichiometry of the reactions. For example, in the models used herein, the final results
are critically dependent upon the relation between the oxygen consumed and the fuel
consumed and how the flame temperature is assumed to vary with the fuel consumecd.
The range—i.e., lean and/or rich fuel-air ratios—over which the needed assumption must
be valid should be thoroughly investigated.

Applications of Kinetic Theory

Stability of Combustors. Several applications to actual combustion phenomena are
possible with the concept of the homogeneous reactor. For stability or blowout pre-
dictions, it is possible to evaluate the maximum values of the flow quantity (mu/AVy,?)
as a function of the fuel-air ratio in accordance with Equation 30. This is shown as a
curve on Figure 2, which can explain blowout phenomena. If a flame exists in the
reactor at low flows, it will be at a temperature near T, where the concentration of the
reactants in the reactor is very small. As the flow is increased, the concentration of the
reactants increases; but, the exponential component of the specific reaction rate decreases
until 2 maximum flow is undergoing partial reaction at a temperature corresponding to
T*. If the flow is further increased, the temperature can no longer accommodate the
larger flow. The only region to which the temperature can shift is T, where any flow is
possible with no reaction occurring. Hence, the maximum flow that can pass through
the reactor and still maintain combustion would be the maximum value at temperature
T*. This would imply that instability or blowout would be determined by the condition
that the partial derivative of the flow quantity (mu/AVy.?) with respect to temperature
must equal zero for a constant fuel-air ratio (Equation 30). In theory, it is possible to
evaluate maximum values of the flow quantity (mu/AVvy.? for any fuel-air ratios,
provided that the flame temperature 7', and the kinetic constants A and E are known.
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Figure 4. Flame stability of disks in propane-air mixtures
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An experimental verification of this has been presented (14), and the correlation is good,
considering the nature of the assumptions and the uncertainty connected to the kinetic
constants.

An explanation of the blowout characteristics of simple disks can be made with
simple reaction rate theory. The works of DeZubay (9, 11), both verified by cxhaustive
experimental results, serve as an example of the application of reaction rate theory to a
homogeneous reactor for the purpose of predicting stability—i.e., the reaction zone in
the wake of a bluff body located in a high velocity gas stream was assumed to be a homo-
gencous reactor. A typical curve of DeZubay’s is shown on Figure 4. On this curve K
is the ratio of the flow introduced into the reactor to the free flow intercepted by an area
the same size as the disk. The maximum valuc of (mu/A V.2 can readily be shown to
be proportional to (u/PD) where u is the flow velocity past a disk of diameter D and P
is the burner pressure. A dircct application of simplified reaction kinetics is made by
Bragg (6, 7) in his theorctical treatments of high altitude combustion chamber operation
and the qualitative prediction of stability limits.

Specific Heat Release Rate. To utilize many combustion systems most effectively,
the maximum power output is to be obtained for the smallest possible size and weight.
As a result, the physical size of the combustion chambher as well as all other components
should be held to a minimum. This requirement specifies that the specific heat release
should be as high as possible. This quantity, usually expressed in cnergy units per unit
volume, unit time, and unit pressure squared, is a measure of the ability to heat the gases
used in the thermodynamic cycle. Some idea of the orders of magnitude of prevailing
heat releases in combustion equipment can be obtained from the values in Table II.

Table ll. Specific Heat Releases in Combustion Equipment

Equipment Heat Release, B.T.U./Cu. Ft.-Hr.-Atm.2
Domestic boiler 0.01-0.03 X 10¢
Navy boiler 0.20-0.25 X 10¢
Industrial gas turbine 0.70-3.00 X 108
Aircraft gas turbine 4.00-11.0 X 108

The specific heat release can also be estimated from the flow quantity (mu/VAyn?).
The specific heat release, denoting it by S, is defined and evaluated as follows

S = me(T — Tn)/VP? (33)
S = muc(T — Tm)A/VyniAR T (34)

Using the conditions for obtaining Figure 2, one may also obtain Figures 5 and 6. Figure
5 shows the heat release as a function of the combustion efficiency (defined as the enthalpy
rise of the mixture divided by the maximum available chemical energy). From this
curve, it can be seen that the high heat releases can be realized only if the combustion
efficiency is sacrificed. Figure 6 shows the maximum heat release as a function of the
equivalence ratio—i.e., Figure 6 is the locus of the maximum values of curves like the
one of Figure 5, determined at various fuel-air ratios. A maximum heat release occurs
at slightly rich mixtures and has a value of about 170 mega-B.t.u. per cubic foot-hour-
atmosphere2. This value is about one half of the heat release of that obtained in a
laminar flame reaction zone, and occurs at all fuel-air ratios at a sacrifice of maximum
attainable temperature. That is, the reactor temperature rise is only in the order of
eight tenths the adiabatic flame temperature rise. Specific heat release rates are discussed
and attempts at predicting them (based on homogeneous reaction rate theory) for a
spherical reactor are made by Longwell and Weiss (43). The difference between the
predicted value of 170 mega B.t.u. per cubic foot-hour-atmosphere? of Figure 6 and the
maximum value of about 300 mega B.t.u. per cubic foot-hour-atmosphere!-# determined.
experimentally by Longwell and Weiss may be due to the reactor type, fuel type, and the
differences in activation energies employed. A different method for predicting heat
release rates through the use of simplified reaction kinetics is presented by Bragg (6)
along with some experimental verification of the theory.

Scaling of Combustion Systems. Recently, some attempts to predict the scaling
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Figure 5. Specific heat release as a function of
combustion efficiency

characteristics of combustion systems—i.e., “scaling up’’ small scale prototype dimensions
to full scale models—through the use of reactinn rate theory have becn made (3, 43, 55).
These predictions have not yet been verified experimentally, although the work of Long-
well (43) and of the writer offers preliminary justification. A paper on the scaling of
gas turbine combustion systems has recently been presented by Stewart (52). The
component processes occurring in a combustion chamber are examined to determine the
operating conditions under which a geometrically similar model chamber should be tested
to produce results applicable to a full size unit. A paper by Bragg and Holliday (8)
deals with the applicability of simple combustion data—laminar flame speed, and ignition
delay—to the problem of turbulent combustion, with correlation, in the light of such
data, of the performance of combustion chambers under altitude conditions, and finally,
with the application of such data and correlations to the design of the best combustion
chamber to fulfill the requirements of a given project.

Miscellaneous Applications. The work discussed thus far has dealt mainly with the
treatment of the combustion zone as a reactor of the homogeneous type. To extend the
treatment of the concept of the homogeneous reactor to can-type burners—i.e., similar
to those used in aviation gas turbines—it would be necessary to reduce the burner to a
series of volumes, each behaving as a homogeneous reactor. The piloting zone could be
considered as the first of such homogeneous reactors. Each subsequent section could
then be treated in a similar fashion, if sufficient allowance could be made for the additiona